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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 44: TRADITIONAL POWER ENGINEERING. NUCLEAR POWER
STATIONS: RETROSPECTIVE VIEW, STATE AND PROSPECTS OF THEIR
DEVELOPMENT

Purpose. Preparation of brief scientific and technical review about a retrospective view, modern state, achievements, problems,
tendencies and prospects of development of world nuclear energy. Methodology. Known scientific methods of collection, analysis
and analytical treatment of the opened scientific and technical information, present in scientific monographs, journals and
internet-reports, world level in area of nuclear energy. Results. A brief analytical scientific and technical review is resulted about
a retrospective view, modern state, basic achievements, existent problems, tendencies and prospects of development of nuclear
energy in the industrially developed countries of the world. Considerable progress is marked in development and creation of
technical base of modern nuclear energy, including the nuclear power stations (NPP) such their basic devices as nuclear
reactors, steam generators, steam turbines and turbogenerators. The basic charts of construction of NPP producing in the world
now about 11 % are described annual production electric power. It is indicated that in Ukraine a production of electricity volume
at NPP makes more than 50 %, and in France — more than 70 % in annual power balance of country. Nuclear-physical bases of
work of nuclear reactor are resulted on thermal-neutron, widely in-use at NPP. The design of most safe water-waters of nuclear
power-reactor of type of WWER-1000 is described by thermal power 1000 MW, applied presently at NPP of Ukraine. Basic
classification of nuclear reactors is presented. Technical information is resulted about largest NPP of the world. Master data are
indicated about a nuclear fuel and radio-active offcuts of nuclear reactors of NPP. Basic measures and facilities are described for
the increase of safety of nuclear reactors and NPP. Advantages and lacks of NPP are marked by comparison to the thermal power
plants. Nuclear energy of Ukraine is considered and basic technical descriptions of operating domestic NPP are indicated. Basic
problems, tendencies and possible prospects of development, are marked in the world and to Ukraine of nuclear energy.
Originality. Systematization of the scientific and technical materials touching functioning of such important sector of world
economy as nuclear energy known from the sources opened in outer informative space is executed. It is shown on the basis of
approach of the systems that in spite of row of existent problems in area of world nuclear energy has the real prospects in the
further development and to service society at satisfaction of his increasing requirements in electric and thermal energies.
Practical value. Popularization and deepening for students, engineer-technical and scientific workers of scientific and technical
knowledge in area of modern nuclear physics and energy, extending their scientific range of interests and further development of
scientific and technical progress in society. References 20, figures 13, tables 1.

Key words: nuclear physics and energy, nuclear reactor, nuclear power station, safety of nuclear reactor and nuclear power
station, problems and prospects of development of nuclear energy.

Ilpuseoen kpamxuii Hayuyno-mexHuuecKuii 0630p 0 pempocneKmuege, COBPEMEHHOM COCHMOAHUL U MEHOCHUUAX 8 PA3GUMUU
Mupoeoii sadepnoli Inepzemuxu. Ilpusedenvt a0epHo-pusuuecKkue O0CHOGHl GYHKUUOHUPOSAHUA U ORUCAHbL OCHOBHbBIE
ycmpoiicmea A0epHOz0 peaKmopa Ha ypane u menioevlX HelmpoHax, WUPOKO UCHOIb3YeMO20 HA AMOMHbBIX INEKMPUYECKUX
cmanyuax (A9C). Ilpeocmasnena knaccupurkauua adepuvix peaxkmopos. Ilpusedenvt oannvie o npumensemom na AIC
A0epHOM mOonauee U paouoaKmMuHvIX 0mMxo00ax A0epHuix peakmopos AIC. Ykazanvl mepovl 01a nosevluienusn Oe3onacHocmu
a0epnuvix peakmopos u AIC. Ommeuena saxcnas ponv AIC 6 200060m 00veme 8bIPAOOMKU INEKMPOIHEPZUU 6 MUPE U psde
cmpan. Ykazauvl npeumyuwiecmea u neoocmamxu A3C. Paccmompena adepnasn ynepzemurka Ykpaunvt. Q603nauensl 0CHOGHbIE
HpOOIEMbL U REPCREKMUBHL PA3sUmMUs 6 mupe u YKpaune soeproii snepzemuxu. bu6n. 20, puc. 13. tab6mn. 1.

Kniouesvie crosa: sinepHast ¢pu3nMKa M JHEPreTHKA, SIIEPHBIN PeaKkTOp, aTOMHasi YJIEKTPHYeCKasl CTaHIMs, 0e30IMacHOCTH
SIIEPHOTO PEaKTOPAa H AaTOMHOM 2JIeKTPHYeCKOl CTAHINH, TPO0JIeMbI H MepPCNeKTUBBI PAa3BUTHS SIIEPHO JHEPTeTHKH.

Introduction. As is known, for the first time in the
world, a controlled chain nuclear reaction in natural
uranium ¢,>>%U containing not more than 0.71 % per unit
weight a rare isotope of uranium ,>*U fissioning by slow
(thermal) neutrons [1], was carried out on December 2,
1942 by a group of physicists and engineers of the
University of Chicago (USA) headed by the Nobel Prize
winner in physics for 1938, Professor Enrico Fermi [2, 3].
The world's first uranium-graphite nuclear reactor in the
form of an ellipsoid of rotation (with polar by vertical
radius of about 3.09 m and equatorial by horizontal radius
of about 3.88 m) known as «Chicago Pile-1» or CP-1 and
containing 57 layers of uranium-graphite blocks (with 46
tons of natural uranium, of which 6 tons was metal
uranium and 40 tons uranium dioxide and 385 tons of
block uranium graphite of extraordinarily high purity [3]),
ensured the receipt of a self-sustaining controlled (due to
the radial neutrons of the cadmium rods, radiated through
five three-level horizontal channels into the active zone of

the reactor), the chain nuclear reaction [2]. With a
minimum energy release power level (about 0.5 W) and
radioactivity for personnel in this uncooled nuclear
reactor, the multiplication factor k, of neutrons was
almost equal to unity [3]. By &, which determines the
reactivity p, = (k,~1) of the nuclear reactor we mean the
ratio of the number of neutrons in one of the succeeding
generations from the fission of the nuclei of the uranium
isotope 4,”°U to their number in the previous generation
from the fission of these nuclei [1]. It was the creation of
a uranium-graphite nuclear reactor that opened the main
path to the military and peaceful use of the nuclear energy
of a number of radioactive chemical elements (for
example, the uranium isotope 0> U and the isotope of
plutonium o,”°Pu [1, 3]). It should be noted that in the
framework of the Uranium project of Nazi Germany (the
scientific advisor of the project was Nobel Prize winner in
physics for 1932, Professor Werner Heisenberg), a fully-
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fledged controlled nuclear chain reaction in uranium
0°U was obtained only in February 1945 in an
experiment conducted in the mining near Haigerloch [2].
After almost two months, Germany's nuclear program,
due to the defeat of the latter in the Second World War,
ceased to exist. Let us also point out that in the former
USSR the first Soviet experimental uranium-graphite
nuclear reactor created under the scientific supervision of
Academician of the Academy of Sciences of the USSR
Igor Vasilievich Kurchatov at Laboratory No. 2 (now
Russian Research Center «Kurchatov Institute», Russian
Federation (RF), Moscow) and called F-1 (in my opinion,
the letter «F» in the name of the reactor comes from the
name of the outstanding Italian-American nuclear
physicist Fermi, the first to invent this type of
heterogeneous nuclear reactor; this is a kind of homage of
Soviet nuclear physicists to this all worldwide known
scientist), on December 25, 1946 was put into its critical
state (k,~1) [2]. Reactor F-1 was almost a ball with a
diameter of up to 7.5 m, in the central part of which a
diameter of about 6 m along the holes in the graphite
blocks were placed working uranium and controlled
cadmium rods. It did not have a cooling system and
therefore operated at minimum power levels. Based on
the experimental data obtained at the F-1 reactor, in July
1948 in the Southern Urals (Ozersk city), the first Soviet
industrial uranium-graphite reactor, called A-1, was
designed to produce weapons grade plutonium o,*’Pu for
the first Soviet atomic bombs [2, 4]. It is important to
emphasize that as early as 1948 (before the completion of
the work on the creation of the first Soviet plutonium
atomic bomb successfully blown up at the Southern
Nuclear Test Site of the USSR on August 29, 1949 [4, 5])
Academician of the Academy of Sciences of the USSR
I.V. Kurchatov achieved, by the appropriate decision of
the Government of the USSR, the initiation of
experimental and development work on the practical
peaceful use of atomic energy to generate electricity. In
May 1950, in Obninsk (Kaluga region, RF), where one of
the Soviet leaders in the field of reactor building, the
«Physico-Energy Institute» (now the world-famous State
Research Centre of the RF «Physics and Power Institute
named after A.I. Leypunsky» [6]) placed, construction of
the Obninsk nuclear power plant (NPP) with installed
capacity of 5 MW began [2]. June 27, 1954 Obninsk NPP
(Fig. 1) was put into trial operation. It was the first in the
world NPP connected to a common electrical network [2].

Fig. 1. General view of the main building of the world's first
pilot industrial Obninsk NPP with installed power of 5 MW
(Obninsk, Kaluga region, RF, 1954) [7]
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In 1958, the first stage of the Siberian NPP (Tomsk
city) was commissioned in the former USSR with power
of 100 MW (soon this NPP was brought to design power
of 600 MW) [2]. On April 26, 1964, the first stage of the
Beloyarsk NPP (Middle Urals, RF) gave electric current
to its consumers. In September 1964, the 1st power unit
of the Novovoronezh NPP was commissioned with
installed power of 210 MW [2, 7]. The 2nd power unit of
this NPP with installed power of 365 MW was launched
in December 1969. In 1973, the first power unit of the
Leningrad NPP with installed power of 1000 MW was
commissioned. We point out that outside the former
USSR the first industrial NPP with installed power of 46
MW was put into operation in 1956 in Calder Hall (Great
Britain) [2]. In 1957, the US launched its first NPP in
Shippingport with installed power of 60 MW. In 1959,
France built its first NPP, Germany in 1961, Canada in
1962, Sweden in 1964 and Japan in 1966 [2, 7]. In 1976,
around the world, work was begun on the construction of
a record number of NPP in the history of world nuclear
power, numbering 44 new nuclear power plants. In 1979,
a serious accident occurred in the United States at the
Three Mile Island nuclear power plant, which led to the
long-term «freezing» of the US nuclear power program
[2]. It should be noted that in the United States the idea of
putting into operation new peaceful nuclear facilities was
not returned until the beginning of the 21st century. Only
during 1984-1985, in the world 33 new nuclear power
plants were built [2]. The massive catastrophe on April
26, 1986 at the Chernobyl nuclear power plant (the
explosion of the nuclear reactor of the 4th power unit with
power of 1000 MW) had a negative impact not only on
the nuclear power of the former USSR and then on
independent Ukraine, but on the entire nuclear power
industry of the industrialized countries. Undoubtedly, the
recent catastrophe at the Fukushima-1 nuclear power
plant, which occurred in March 2011 in Japan due to a
strong earthquake in the nearby fault zone of the Earth's
crust and the huge ocean waves (tsunami) that followed it,
had a negative impact on the world nuclear power
industry [8]. Undoubted scientific, technical and
educational interest is an overview of the current state and
possible prospects for the development of world nuclear
energy, which has great socio-economic significance for
mankind.

The goal of the paper is compilation on the basis of
published materials of a scientific and technical review
on the retrospective, current state, main achievements,
problems and prospects for the development of nuclear
power in the world with its powerful nuclear power
plants.

1. General characteristics of nuclear power plant,
its main construction schemes and power units. As is
known, NPP is an important strategic object of any
country in the world, containing a nuclear installation
with the necessary technical facilities and technological
systems, intended for industrial production of electricity
(heat) [7, 8]. The cost of building a NPP according to
modern expert estimates is about USD 2300 per 1 kW of
electric power of this nuclear installation, commonly
called a «nuclear reactor» [8]. Proceeding from this, the
approximate cost of building at a NPP of its one 1000
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MW power unit will be at least USD 2.3 billion. As we
can see, nuclear power is the branch of the country's
economy that requires huge investments. In Fig. 2, 3 in

enlarged form the schemes of construction of modern
nuclear power plants with powerful nuclear reactors and
power units of increased safety are given [2, 7, 8].

Reactor building
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Fig. 2. Scheme of modern NPP on a two-circuit water-water power nuclear reactor of the WWER-1000 type [8]
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Fig. 3. Scheme of the structure of a powerful power unit of a modern NPP with a nuclear reactor of the WWER-1000 type [8]

According to Fig. 2, 3, the core of the NPP and its
each power unit is a nuclear reactor (our accepted
abbreviation WWER-1000 stands for «1000 MW water-
water power reactor») which converts purified water with
the addition of a solution of boric acid to a non-boiling
boron mixture with a temperature of up to 320 °C,
directed by the main circulation pump along the first
radioactive circuit to the steam generator.

The operating pressure of the boron-water mixture
in the first circuit of a nuclear reactor of the WWER-
1000 type is up to 160 atm (16.2 MPa) [8]. The pressure
compensator in this circuit serves to equalize the
pressure fluctuations caused by the thermal expansion of
its coolant. In the heat exchanger of the steam generator,
this mixture heats the water of the second non-
radioactive closed circuit to boiling, the superheated

steam is directed to a steam turbine at pressure of about
63 atm (see Fig. 2, 4) rotating the rotor of a synchronous
generator producing electricity. From the outlet pipe of
the steam turbine, the spent steam is sent to a condenser,
where it is cooled by water flows from the cooling pond
(cooling tower) and by means of a circulating pump of
this closed circuit is fed back to the heat exchanger of
the steam generator. Note that the use of liquid metal
coolant (for example, sodium) in the primary circuit
instead of water makes it possible to simplify
considerably the design of its metal casing in the core
(the pressure of its liquid metal coolant does not exceed
atmospheric pressure) and to get rid of it from the
pressure compensator [7, 8]. Let us dwell further on the
nuclear-physical features of the operation of powerful
nuclear reactors of nuclear power plants.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.3 5
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Fig. 4. Installation of a powerful domestic ste
TIT-1000 (in the right side of the turbine axis, the body of the

corresponding turbogenerator is visible) in the power plant hall
of the NPP [9]

1.1. Nuclear physics and nuclear reactor. From
atomic physics it is known that the energy barrier hinders
the spontaneous transition of a microparticle of matter to
a different state. It can overcome this barrier only in two
ways [1]: either due to the kinetic energy of the colliding
particles, or due to the binding energy of the joining
particle. The excitation of matter by the attached particles
does not require large values of their kinetic energy. The
main thing here is to have these particles, leading to
«exoenergetic reactions» occurring in the excited
substance, in which, in the subsequent transformation of
the substance, energy is released more than required for
its excitation itself. When energy is obtained in this way
on a macroscopic scale, such reactions in matter must be
chain-like, following one after another. Chain reactions in
a substance can arise only when the particles that excite it
in the exoenergetic reaction appear again as a product of
the course of these exoenergetic reactions. Nuclear
physicists have long been looking for a similar substance
(chemical element) and similar microparticles, leading to
the emergence of «chain nuclear reactions» in it and,
accordingly, to the allocation of large wvalues of
intranuclear energy. In January 1939, the Austrian-
German «tandemy» of physicists Otto Frisch and Lisa
Meitner, interpreting the results of a nuclear experiment
conducted in December 1938 by German scientists Otto
Hahn and Fritz Strassmann, concluded that in the natural
uranium o,*U the nuclear reaction of dividing the
«mother» nuclei of itse,”"U isotope into two fragments
with their «daughter» nuclei and the emission of several
fast neutrons [3, 10]. The scientific discovery of the chain
nuclear fission reaction in the uranium isotope o8 U
pointed to the practical reality of mastering nuclear
energy for both military and peaceful purposes. Now we
know that for each act of fission of one nucleus of the
uranium isotope o> U, energy of about 197 MeV
(3.15-10"" J) is released and an average of 2.47 fast
neutrons are «born» (produced) [1, 3]. Most of the fast
neutrons (with energies up to 0.7 MeV [1]) are emitted
almost instantaneously (in a time on the order of the
relaxation time of free electrons in a copper conductor —
10" s [1]), and about 0.75 % of all secondary neutrons is
emitted by nuclear fission fragments with delay in time
equal to (0.05 - 60) s [1, 3]. Such neutrons in nuclear

physics are called «delayed», which play an important
role in the management of nuclear chain reactions in
nuclear power plant reactors operating on thermal
neutrons. For a stable course of the nuclear chain reaction
in the uranium isotope 01U, impurities that absorb
neutrons should be absent in it, and a minimum amount of
a nuclear substance called the critical mass should be
present [1, 3]. In addition, the neutron energy in the core
with nuclear fuel should be sufficient to cause fission of
the nuclei of the uranium isotope o,>>°U. When using slow
neutrons in the reactor for these purposes, their energy is
~0.025 eV [1, 3]. A controlled chain nuclear reaction in
the uranium isotope 023U underlies the construction of
nuclear reactors operating on slow neutrons and used at
nuclear power plants. Fig. 5 shows a unique photo image
of the core of a working water-cooled nuclear reactor [2].

Fig. 5. The rarest view of active zone of the active research
water-water nuclear reactor (in the active zone of this type of
reactor there is clearly observed a blue glow caused by
Vavilov-Cherenkov radiation) [2]

The nuclear reactor (Fig. 6) consists of the following
main parts [2]: an active zone with nuclear fuel and a
neutron moderator; a neutron reflector surrounding the
active zone of the reactor; liquid (usually purified water)
coolant that takes heat from nuclear assemblies of fuel
assemblies and transmits it to the steam generator of the
power unit of the nuclear power plant; nuclear chain
reaction control systems in the reactor core; emergency
protection of the reactor; radiation protection of the
reactor; remote control systems for reactor operation.

The data of Fig. 5 clearly demonstrate to the reader
the complex nuclear-physical processes taking place in
the active zone of a water-water nuclear reactor operating
on thermal neutrons. In these processes, the formation of
powerful neutron fluxes and fast charged microparticles,
which cause intensive Vavilov-Cerenkov radiation in the
water coolant of the reactor, takes place in the reactor
core. We recall that the Vavilov-Cerenkov effect is due to

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.3



the emission of electromagnetic energy (light) by a
charged microparticle moving rapidly with velocity v, in
an optically transparent medium, when v.>c/n [1, 3],
where ¢ = 3-10® m/s is the speed of light in vacuum; # is
the refractive index of the coolant (for water n~1.33 [1]).

!

1

4
2
3 =N

Fig. 6. Simplified diagram of the structure of a heterogeneous
nuclear reactor on thermal neutrons (1 — control rod, 2 — massive
radiation protection, 3 — heat-insulating housing, 4 — neutron
moderator, 5 — nuclear fuel, 6 — liquid coolant) [2]

The current state of any nuclear reactor is
characterized by two factors [2]: the multiplication factor
k, of neutrons in its core and the reactivity p,. At k,~1 and
p,~0, the number of fissions of the uranium isotope nuclei
0> 3U in the reactor core is constant and the nuclear
reactor is in a stable critical state. The conversion of the
multiplication factor &, of neutrons to unity is achieved by
balancing the process of neutron multiplication in the
reactor core and their losses. There are two main causes
of neutron loss in a nuclear reactor [2, 8]: the first is the
capture of neutrons by uranium nuclei without their
fission; the second is the neutron escape from the
reproduction zone. Control of the nuclear chain reaction
of fission of uranium isotope nuclei , in fuel assemblies
is provided by «retarded» neutrons. It is due to the
considerable time of «life» in the active zone of the
reactor of «delayed» neutrons that its control system
manages to move the control rod-absorbers (usually made
of boron or cadmium) and thereby select for the nuclear
reactor the necessary multiplication factor k, of neutrons
and accordingly its reactivity p,. Note that one important
circumstance is that in the described nuclear reactor on
thermal neutrons the nuclei of natural uranium 92238U,
capturing fast neutrons from fission of uranium isotope
nuclei 9,®U or neutrons in the process of their
deceleration, do not test their division. Such excited
uranium nuclei o,>>*U in the process of a long chain of
nuclear transformations (for a time of up to 2.3 days) pass
to the stable nuclei of the weapon isotope of plutonium
02 Pu, which, like the nuclei of the uranium isotope
028U, can be divided in the uranium assemblies of the
reactor fuel assembly thermal neutrons [1, 3].

1.1.1. Classification of nuclear reactors. According
to the design, modern nuclear reactors of nuclear power
plants are divided into two large groups [11]:

e channel reactors (fuel assemblies in them are placed
in separate channels that penetrate its active zone and are
made in graphite blocks of neutron moderators,
assemblies with each other can be swapped and flowed by
the flow of a liquid heat carrier);

e hull reactors (fuel assemblies in them are
permanently located inside a massive metal casing, and
the active zone is washed by an intensive flow of liquid
heat carrier).

Fig. 7, 8 show the general views of the channel and
hull types of nuclear reactors used at Ukrainian NPPs,
respectively [2, 9, 12].

Fig. 7. General view of a powerful nuclear reactor of the
RBMK-1000 type installed in the reactor plant of one of the 4
operated power units of the Chernobyl nuclear power plant

(before the catastrophe in 1986) from its assembled of

separate lead blocks of the upper protective cover [2, 9]

As is known, in April 1986 on the 4th power block
of the Chernobyl NPP, it was exactly on the RBMK-1000
nuclear reactor of high power of the channel type with
thermal power of 1000 MW that the most serious accident
in the world nuclear power history took place which
undermined people's confidence in the safety of nuclear
reactors. Some countries (for example, Italy) after the
catastrophe at the Chernobyl nuclear power station passed
laws prohibiting the location of nuclear power plants on
its territory (the existing nuclear power plants were
stopped and their nuclear reactors conserved) [8]. In
Germany, government decisions have been taken to
reduce the number of nuclear power plants operating on
its territory [2, 8].

At present, the most secure design of a powerful
nuclear reactor on thermal neutrons used in modern
nuclear power plants is shown in Fig. 8 design of the
WWER-1000 reactor [9, 12]. The overall dimensions of
such a nuclear reactor are [9]: the height is up to 20 m and
the hull diameter is up to 4.5 m. Control and regulation of
the process of the chain nuclear reactions in the
assemblies of fuel assemblies filled with uranium fuel
elements of plate or cylindrical shape, and the process of
heating the water coolant of a nuclear reactor of the
WWER-1000 type is carried out with the help of rods of
the control and protection system (CPS) and a block of
protective tube (BPT). The housing of such a reactor is
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calculated for the maximum pressure of an overheated
mixture of its water coolant which is about 160 atm [8].

Fig. 8. The scheme of the structure of a powerful nuclear reactor
of the WWER-1000 type (1 — drive of the CPS, 2 — protective
cover of the reactor, 3 — reactor housing, 4 — block of the BPT,

5 — water shaft, 6 — core fence, 7 — fuel assemblies) [9]

It is interesting that the geometric shape of a nuclear
reactor is chosen from the condition of a minimum ratio
of the area of its massive radiation-resistant enclosure to
the volume it occupies. This condition corresponds to the
shape of a sphere, a short cylinder, and a cube [1]. This is
done to minimize the leakage of neutrons from the core of
the nuclear reactor, which has a critical volume in the
critical state of the reactor (k,=1; p,~0) (for modern
nuclear reactors this volume can be hundreds of m® [2]).
The critical volume of the reactor corresponds to the
critical mass of the fissionable nuclear fuel. We note that
nuclear reactors have the lowest critical mass, in which
the water solutions of the salts of pure fissile radioactive
isotopes with a water neutron reflector serve as fuel. For
example, for the uranium isotope 023U, the lowest
critical mass is 0.8 kg, and for the isotope of plutonium

02 Pu — 0.5 kg [2]. As the nuclear fuel «burns out», the
reactivity p, of the reactor under consideration decreases.
In this regard, its assembly of fuel assemblies is required
to be changed. In WWER-1000 reactors, replacement of
«burnt out» nuclear fuel is produced immediately from
their entire core, and in RBMK-1000 reactors such a
replacement is carried out gradually with the remaining
fuel assemblies of different «ages» in operation. We recall
that under the active zone of the reactor is meant the zone
where the nuclear fuel is located, the controlled chain
nuclear reaction of fission of its nuclei proceeds and
where the intranuclear energy is allocated. Fig. 9 shows
the time of replacement of nuclear fuel in a reactor of the
WWER-1000 type.

Nuclear reactors according to the type of nuclear
fuel used in their core are divided into [2, 11]:

o reactors with fuel assemblies based on such isotopes
of uranium as 9,>>*U, ,”>°U and ¢,*>°U;

o reactors with fuel assemblies based on the isotope of
plutonium o,>*Pu, a whole family of plutonium isotopes
04222 2*"Py in a mixture with natural uranium ¢,>*U;

e reactors with fuel assemblies based on the thorium
isotope oo **Th (with further conversion when staying in
the core in the uranium isotope 9> U).

1 b= -,’) -"'. < 25 =y )
Fig. 9. Loading of fresh fuel (fuel assemblies) into a powerful
water-water nuclear reactor of the WWER-1000 type (the upper
hermetic protective cover of the reactor was removed) [2, 9]

Nuclear reactors according to the nature of the
location of fuel in the core are classified into [2]:

o heterogeneous reactors (fuel in their zone is placed
discretely in the form of blocks (fuel assemblies
streamlined by the coolant), between which there is a
neutron moderator);

e homogeneous reactors (fuel and neutron moderator
represent a homogeneous mixture).

Nuclear reactors differ in the degree of enrichment
of their nuclear fuel in fuel elements by [2, 11]:

o reactors with fuel assemblies based on the isotope of
unprocessed natural uranium »28U;

o reactors with fuel assemblies based on the isotope of
poorly enriched natural uranium 028U

o reactors with fuel assemblies based on the isotope of
highly enriched natural uranium ¢,”*U.

Nuclear reactors for the chemical composition of
fuel in the core are divided into [2, 11]:

e reactors with metal isotopes of uranium, plutonium

and thorium;
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e reactors with uranium dioxide UO,;

e reactors with uranium carbide UC.

Nuclear reactors in the energy spectrum of neutrons
in the core are divided into [2, 11]:

e reactors on thermal (slow) neutrons called «thermal
reactorsy;

o fast neutron reactors called «fast reactorsy;

e reactors on intermediate neutrons;

e reactors on neutrons with a mixed energy spectrum.

Nuclear reactors by type of coolant in their core are
divided into [2, 11]:

e reactors with light water H,O called «water-water
nuclear reactorsy;

e reactors with heavy water D,O called «heavy water
nuclear reactorsy;

e reactors with gas in the core called «graphite-gas
nuclear reactors»;

e reactors with a liquid-metal coolant (for example,
with sodium, a liquid mixture of lead with bismuth);

e reactors with organic coolant;

e reactors with solid coolant;

e reactors on melts of a number of salts (for example,
uranium fluorides).

Nuclear reactors according to the type of neutron
moderator used in their zone are divided into [2, 11]:

e reactors with graphite C designed as «graphite-water
and graphite-gas reactorsy;

e reactors with light water H,O designed as «light
water and water-water reactorsy;

e reactors with heavy water D,O designed as «heavy
water reactorsy;

e reactors with metallic beryllium Be (can be made
with beryllium oxide BeO);

e reactors with hydrides of a number of metals;

e reactors without moderator called «fast neutron
reactors».

Nuclear reactors differ in the way they generate heat
carrier vapor in [2, 11]:

e reactors with an external steam generator designed
as «water-water reactors» (for example, two-circuit
reactors of the WWER-1000 type);

e reactors with internal generation of steam,
performed as «boiling reactors» (for example, RBMK-
1000 single-loop reactors).

Nuclear reactors, according to the nature of their
purpose and use, are divided into [2, 11]:

e power reactors used to generate electricity and heat
(these reactors are installed at NPPs);

e transport reactors placed on vehicles (for example,
on military submarines);

¢ industrial reactors used for the production of the
weapon isotope of plutonium o,”’Pu and the production
of radioactive isotopes used in various fields (for
example, in medicine);

e research reactors in which neutron and gamma-ray
fluxes generated in their active zones are used to study the
behavior of various substances with respect to the
problems of nuclear physics, solid state physics, radiation
chemistry, radiobiology, and radiology;

e experimental reactors designed to determine in the
conditions of intensive neutron and thermal fields of
various physical and technical properties of structural
materials necessary for the design and operation of new
designs of nuclear reactors at NPPs and nuclear special
purpose plants.

As we can see, nuclear reactors are characterized by
a wide range of their classification. The International
Atomic Energy Agency (IAEA) uses the following
classification of the main types of nuclear power reactors
at nuclear power plants [2, 12]:

e PWR — pressurized water reactor in which light
water H,O is both a coolant and a retarder (for example, a
WWER-1000 water-water reactor);

o LWGR - light water graphite reactor - reactor with
light water H;O as a coolant and with graphite as a
moderator (for example, «graphite-water reactor» type
RBMK-1000);

e BWR - boiling water reactor in which the formation
of steam from a single-circuit circuit to a steam turbine
occurs directly in the reactor;

e GCR — gas-cooled reactor in which gas is used as
the heat carrier, and moderated block graphite;

e FBR fast breeder reactor which does not require the
presence of a moderator in the core, and uses a liquid
metal coolant (usually sodium) in the primary circuit, and
in the second circuit — light water H,O;

e HTGR — high-temperature gas-cooled reactor;

e PHWR — pressurized heavy water reactor — D,0O
heavy water reactor as a moderator and coolant;

e HWGCR - heavy-water-moderated gas-cooled
reactor — reactor in which gas is used as a coolant, and
heavy water D,0 as a retarder;

e HWLWR - heavy-water-moderated boiling light-
water-cooled reactor — reactor in which heavy water D,0O
is used as a retarder and boiling coolant;

e PBMR — pebble bed modular reactor — modular
reactor with spherical structures of its fuel assemblies.

In the nuclear power industry and in powerful
nuclear power plants of various countries, the most
widespread are «water-water nuclear reactors» (up to
62 %) and «boiling nuclear reactors» (up to 20 %) [2, 8].

1.1.2. Fuel for nuclear reactors of Ukrainian
NPPs. Until 2011, nuclear fuel (uranium fuel assemblies)
for all Ukrainian NPPs was supplied by the Russian
company TVEL [13]. In 2008, our country set a course
for diversifying nuclear fuel supplies for its nuclear power
plants. To this end, in the same year, an agreement was
concluded with the Westinghouse Electric Company
(USA) to supply it to Ukraine during 2011-2015. 630
pieces of uranium assemblies for 3 powerful power units
of domestic NPPs with nuclear reactors of WWER-1000
type [13]. In April 2012, the experimental operation of
uranium fuel assemblies produced by the American
company Westinghouse Electric Company at the 3rd
power unit of the South Ukrainian Nuclear Power Plant
revealed a number of serious design errors in these fuel
assemblies that caused damages to the Ukrainian side
amounting to about USD 175 million [13] . The operation
of this unit of the South Ukrainian NPP was continued
only after the installation of new assemblies of fuel
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assemblies produced by the RF instead of damaged
American nuclear fuel assemblies. According to the State
Statistics Committee of Ukraine, during the period
January-October 2015, the volume of nuclear fuel imports
to our country amounted to USD 504 million including
supplies from Russia in the amount of USD 471 million
(94 %) and Sweden (from the US supplier Westinghouse
Electric Company ) for the amount of USD 33 million
USA (6 %) [13]. Currently, the world-famous Russian
company TVEL remains the main supplier of nuclear fuel
for our nuclear power plants, providing at least 90 % of
the necessary needs of Ukraine for this fuel. As of
December 2016, Westinghouse Electric Company (USA)
supplied nuclear fuel to a limited extent only for the 3rd
power unit of the South Ukrainian Nuclear Power Plant
and the 5th power unit of the Zaporizhzhya NPP [13].

1.1.3. Utilization and storage of spent nuclear fuel
at Ukrainian NPPs. During the operation of the nuclear
reactor, because of the accumulation of fission fragments
in its uranium fuel, its isotopic and chemical composition
changes and the formation of transuranium elements
(mainly plutonium isotopes o,”**Pu) occurs [2, 11]. The
spent nuclear fuel (SNF) in the core of the reactor at
nuclear power plants is due to its residual heat release to
relatively long storage. This residual heat release in SNF
is a consequence of gamma and beta decays in radioactive
fission products of nuclear fuel accumulated in assemblies
during the operation of the nuclear reactor. In SNF, the
excited nuclei of these fission products, due to their
radioactive decay, become more stable or completely
stable, with significant thermal energy released. In this
connection, the residual heat generation in SNF is an
important problem for working NPPs, directly related to
their nuclear safety. To solve this unavoidable problem,
special dry or wet SNF storage facilities should be located
at the nuclear power plant, in which the latter, under a
certain temperature regime, must remain for a sufficiently
long time (for example, up to 3-4 years in their water-
holding basins) [2]. Since 2001, Ukraine has only one dry
SNF storage facility at Zaporizhzhya NPP. We also have
one wet SNF storage in the exclusion zone of the
Chernobyl nuclear power plant, which is unable to take
SNF even from its nuclear power plants for long-term
storage [2]. Currently, only two countries in the world —
Russia and France possess SNF reprocessing
technologies. Therefore, now SNF from Khmelnitsky,
Rivne and South-Ukrainian NPPs is exported for storage
and processing in Russia. Such technological procedures
cost Ukraine annually USD (150-200) million [13].

Due to the high cost of SNF storage in the territory
of the Russian Federation and the Ukraine's obligations to
the TAEA in the zone of alienation of the Chernobyl
nuclear power plant, the construction of the Central SNF
storage facility is planned [13]. Since September 2016,
technical documentation for the construction in Ukraine
of such a dry large SNF storage facility is undergoing
international expertise. The creation of such a SNF
storage will allow domestic nuclear power plants to
diversify the utilization of radioactive waste from their
reactors.

1.1.4. Safety of nuclear power plants and their
nuclear reactors. At present, the high degree of safety

of nuclear power plants in many countries of the world
is provided by the following basic protective factors
[13, 14]:

o the principle of self-protection of the nuclear reactor
of nuclear power plants (the composition of the reactor
core and the physics of the nuclear processes taking place
in it on the basis of natural feedbacks due to the
appearance of the effect of «negative reactivity» should
ensure its self-regulation);

e availability of emergency protection at nuclear
reactors and a number of radiation safety barriers;

e multiple duplication of safety channels at nuclear
power plants and the use of protective systems, both
active (requiring intervention of maintenance personnel
and the availability of a power supply source) and passive
(not requiring intervention by maintenance personnel and
the availability of a power source) of a protective nature;

e using materials that are highly resistant to the effects
of intense radiation and thermal fields, electrical devices,
technological systems and control systems (including
their apparatus and cable-conductor products);

¢ introduction of a safety culture (from the moment of
choosing a site for NPP construction up to the period of
its launch and during its operation).

Nuclear reactors that remain at the operating power
units of Ukrainian NPPs belong to WWER reactors, of
which two are WWER-440 type (with installed power of
440 MW) and 13 WWER-1000 type (with installed power
of 1000 MW) [13]. These reactors have two-circuit
circuits (see Fig. 2) which are fundamentally more safe
than the single-loop reactor scheme of the Japanese NPP
«Fukushima-1» [8]. In the first circuit of the WWER-type
reactor, because of the high pressure in it, there is no
saturated vapor. Therefore, the risk of «denuding»
(leaving without a coolant) and overheating of its nuclear
fuel is fundamentally lower than in a single-loop reactor.
The radiation safety system of modern NPPs in Ukraine
and Russia (it is necessary not to lose sight of the fact that
domestic nuclear power plants and their nuclear reactors
are Russian developments) includes four main barriers to
the spread of ionizing radiation and radioactive
substances into their environment [13, 14]:

e a fuel matrix that prevents the release of fission
products under the sheath of fuel assembly;

e a zirconium-steel sheath of fuel assembly which
does not allow the products of fission of fuel to enter the
coolant of the main circulation circuit;

e the main circulation circuit (Ist circuit) which
prevents the fission products from escaping under the
protective hermetic shell of the reactor;

e a system of protective hermetic  shells
(«containment») of the reactor excluding the release of
nuclear fission products into the environment.

Fig. 10 shows a simplified scheme for the containment
of a nuclear reactor of the WWER-1000 type [14].

We point out that the containment of a nuclear
reactor of the WWER-1000 type with a volume of up to
75000 m’, made of prestressed concrete with metal
cables, is mechanically designed as an external force (for
example, to drop an aircraft at speed of up to 200 m/s and
a mass up to 5 tons), and on the internal action of gases
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accumulated in an emergency mode in the reactor zone
with an excess pressure of up to 5 atm [14]. In addition,
this container of a nuclear reactor of the WWER type is
able to withstand the impact of an air shock wave with a
pressure up to 30 kPa on its front, a seismic effect from a
calculated earthquake with an intensity of up to 8 points
on the MSK-64 scale and hurricane impact with wind
speed of up to 56 m/s [14].

3
1 — atmospheric air
2 — hot air
3 — filter

4 — passive filtration traction
tubes

5 — interblock space

6 — steam generator

7 — rods with absorber

8 — the first loop

9 — the second loop

10 — melt trap

9
7

\ 4 Rf_“j -+
10/

Fig. 10. Scheme of protective hermetic shells of a nuclear
reactor of WWER-1000 type at domestic NPPs [14]

In the event of a severe accident (for example,
breaking the pipeline of the first cooling circuit of its
core) on the nuclear reactor of the WWER-1000 type, its
containment and liquidation, there is an emergency core
cooling system (ECCS), containing special tanks with
boric acid over the reactor [ 14]. Each 60 m® vessel of the
ECCS system of the reactor is a thick-walled (90 mm
thick) cylindrical vessel of bilayer clad steel with a
diameter of up to 3175 mm, operating under a pressure of
60 atm [14]. Rapid delivery of the contents of the above-
mentioned capacitances of the ECCS to the inside of the
core of the nuclear reactor results in the quenching in it of
a large amount of boron-containing material that absorbs
fast and slow neutrons, chain nuclear reactions in the fuel
assemblies, and the removal of the reactor to a minimum
thermal power. In the future, according to the rules at
NPP, a system for its emergency cooling should be
connected to the cooling of the core of the emergency
reactor [14]. The principle of deep defense of its nuclear
reactors used at nuclear power plants also presupposes
the existence of such a concept of nuclear safety, which
provides not only means for preventing accidents, but
also means for managing the consequences of beyond
design basis accidents ensuring the localization of
radioactive substances within the confinement. Such
means include [14]:

e a hydrogen removal system (with passive
recombiners) accumulated in the volume occupied by
protective hermetic shells;

e a system for protecting the first circuit of the reactor
from exceeding the pressure in its pipelines;

e a system of heat removal from steam generators;

e a system of heat removal from the designs of the
protective hermetic shells of the nuclear reactor;

e a device for localization of the core melt («trap»),
placed under the reactor.

The emergency protection of the nuclear reactor of
the nuclear power plant consists of a set of devices

designed to quickly stop the nuclear chain reaction in the
reactor core. This protection automatically works when
one of the parameters of the nuclear reactor reaches a
value that could lead to its failure. [2]: temperature,
pressure and flow rate of the heat carrier (in the first
radioactive circuit of the WWER-type reactor), the level
and rate of increase in the reactor power. In most cases,
active elements of the active emergency protection of a
nuclear reactor at nuclear power plants are rods with a
substance that absorbs neutrons well (for example, boron
or cadmium). Sometimes a liquid absorber injected under
pressure into its radioactive coolant circuit is used to stop
a nuclear reactor. In addition to active emergency
protection, modern nuclear reactors also provide systems
for their passive emergency protection (for example, the
indicated ECCS system) [14].

In accordance with the «Rules of Nuclear Safety of
Nuclear Plant Reactor Systems» in force in Ukraine and
the Russian Federation, at least one of the envisaged
reactor shutdown systems should perform the function of
emergency protection of the nuclear reactor of nuclear
power plants [12-16]. The emergency protection
equipment for a nuclear reactor of a nuclear power plant
must at the same time consist of at least two independent
staffing sets. Each set of emergency protection equipment
of the reactor should be designed in such a way that in the
entire range of technological parameters set in the reactor
plant design, an emergency protection is provided by at
least three independent channels for each process
parameter to be protected [15, 16 ].

It is important to note that at all NPPs in Ukraine
and the Russian Federation, automatic radiation
monitoring systems (ARMS) have been installed that fix
the radiation level around radiation-hazardous NPP
facilities in real time using a sensor network. The readings
of the ARMS devices are transmitted to a special website
in Internet.

1.2. The world's largest nuclear power plants. It
should be noted that in 1978 in the world around a
hundred nuclear reactors of various types and capacities
operated in the nuclear power plant, in April 2017, the
number of nuclear power units operating in the
industrialized countries of the world (including
temporarily suspended) was 451 [2]. The largest operating
NPP in Europe is the Zaporizhzhya NPP (Energodar,
Zaporizhzhya region, Ukraine) with installed power of
6000 MW, the construction of which began in 1980 [8].
Since 1996, six powerful dual-circuit power units with
«water-water nuclear reactors» of the WWER-1000 type
have been operating in the structure of this NPP (see
Fig. 8). The world's largest nuclear power plant with
installed power of 8212 MW is located in Kashiwazaki
(Niigata prefecture, Japan) [8]. It has five «boiling nuclear
reactorsy (BWR type according to the IAEA
classification) and two improved «boiling nuclear
reactorsy» of the ABWR type [2, 8]. However, since 2011
this NPP does not generate electricity to the grid.
Therefore, today the world's largest operating nuclear
power plant is the South Korean nuclear power plant
«Corey» which has seven powerful power units with
«water-water reactors» (type PWR on the IAEA scale)
with installed power of 6862 MW [8].
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1.3. Generation of electricity at nuclear power
plants in the world. As of December 31, 2015, nuclear
power plants of the world in total produced about
2477 TWh of electricity per year, which amounted to
about 10.7 % of the world's electricity generation [8]. The
annual «peak» of electricity production at nuclear power
plants around the world was recorded in 2006, amounting
to 2660 TWh. The share of nuclear power in global
annual production on our planet of electricity in 2015
compared with 1996 decreased from 17.6 % to 10.7 %.
The world leaders in terms of the production of electricity
at nuclear power plants for 2016 were [8]:

e the USA (805.3 billion kWh/year, 99 nuclear
reactors operated at the NPP, generating up to 19.7 % of
the electricity generated in the country);

e France (384 billion kWh/year, 58 reactors operating
at nuclear power plants, generating up to 72.3 % of the
country's electricity);

e China (210.5 billion kWh/year, 36 nuclear reactors
operating at nuclear power plants generating up to 3.6 %
of the country's electricity), which is currently
implementing the world's largest program for the
construction of new nuclear power plants;

e Russia (179.7 billion kWh/year, 37 nuclear reactors
operated at nuclear power plants, generating up to 17.1 %
of the country's electricity);

e South Korea (154.3 billion kWh/year, there were 25
nuclear reactors operating at nuclear power plants
generating 30.3 % of the total amount of electricity
generated in the country);

e Canada (97.4 billion kWh/year, 19 nuclear reactors,
generating up to 15.6 % of the country's electricity);

e Ukraine (81 billion kWh/year, 15 powerful WWER
(PWR) reactors operating at nuclear power plants,
generating up to 52.3 % of the country's total electricity
generation);

e Germany (80.1 billion kWh/year, 8 nuclear reactors
operating at nuclear power plants, generating up to
13.1 % of the country's electricity);

e Great Britain (65.1 billion kWh/year, 15 powerful
nuclear reactors that generate up to 20.4 % of the
country's total electricity production);

e Sweden (60.6 billion kWh/year, 10 nuclear reactors,
generating up to 40 % of the country's electricity, and the
state program for the abandonment of nuclear power in
the country was suspended).

From the above quantitative data for nuclear power
plants in a number of countries, it can be seen that almost
half of the world's annual electricity generation at nuclear
power plants falls on only two countries — the United
States and France. Now 31 countries of the world are
using NPPs [8]. The overwhelming number of operating
nuclear power plants are located in Europe, North
America, Far East Asia and in the territory of independent
countries formed from the collapse of the former USSR in
1991 [2, 8].

1.4. Nuclear energy of Ukraine. At present, 15
power units of four powerful NPPs with nuclear reactors
of the WWER-440 and WWER-1000 type [13] are
producing electricity in Ukraine: 13 Zaporizhzhya, Rivne,
Khmelnitsky and South-Ukrainian NPPs (four powerful

power units with RBMK-1000 reactors of the Chernobyl
nuclear power plant completed their work: in 1986 — the
4th power unit, in 1991 — the second power unit, in 1996
— the first power unit, and in 2000 — the third power unit).
In terms of the number of nuclear power reactors (all
WWER-type «water-water reactors» or PWR type
according to the IAEA classification) Ukraine ranks 5th in
Europe and 10th in the world [13]. We point out that
Ukraine inherited 12 power units at its nuclear power
plants from the former USSR. During the independence
of our country, three power units of nuclear power plants
(in 1995 and 2000) were completed and put into
operation, which were more than 80 % ready for the
former USSR. The total electrical power of all NPPs in
Ukraine in 2016 was about 130 TW. As indicated above,
the contribution of Ukraine's nuclear power in 2016 to the
annual energy balance amounted to about 52.3 % of the
total electricity production in the country. Since autumn
2014, the generation of electricity at nuclear power plants
in Ukraine has exceeded 50 % of its total output, which
was due to a decrease in the capacity of domestic
power engineering because of the fighting in the
antiterrorist operation zone in the Donbass and the
shortage of coal needed for thermal power plants (TPP)
of the country [13].

Table 1 shows the main data on domestic nuclear
power plants that produce electricity.

Table 1
Data on powerful nuclear reactors and power units
of Ukrainian NPPs [13]

. Power,
NPP name |Power unit| Reactor type MW Fuel
1 WWER-1000 | 1000 | TVEL
2 WWER-1000 | 1000 | TVEL
3 WWER-1000 | 1000 | TVEL
Zaporizhzhya 4 WWER-1000 | 1000 | TVEL
TVEL
5 WWER-1000 | 1000 | g
6 WWER-1000 | 1000 | TVEL
1 WWER-440 | 440 | TVEL
Rivie 2 WWER-440 | 440 | TVEL
3 WWER-1000 | 1000 | TVEL
4 WWER-1000 | 1000 | TVEL
1 WWER-1000 | 1000 | TVEL
2 WWER-1000 | 1000 | TVEL
Khmelnitsky 3 | WWER-1000 C‘:tlzzrv TVEL
4 WWER-1000 |COPSeV | pyEL
ated
1 WWER-1000 | 1000 | TVEL
2 WWER-1000 | 1000 | TVEL
South- TVEL
Ukrainian 3 WWER-1000 | 1000 |
4 WWER-1000 |COSeV | pyEL
ated

Note". In Table 1 in the column «Fuely, the WH symbols denote
the partial use of the US Westinghouse Electric Company's
uranium assemblies at the same time as assemblies of TVEL,
Russia [13].

From the data of Table 1 it can be seen that at
present two powerful power units of Khmelnytsky (No. 3
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and No. 4) and one powerful power unit (No. 4) of the
South-Ukrainian NPP are suspended and all construction
work on them is «frozen». I would like to hope that with
the creation in a number of years in the zone of alienation
of the Chernobyl nuclear power plant of the Central dry
storage of SNF, a certain part of Ukraine will not turn into
a large radioactive «dump» of both its own nuclear waste
and nuclear waste from nuclear power plants supplied to
Ukraine from Europe and North America.

Fig. 11-13 present, respectively, the general views
of the South-Ukrainian NPP, the power plant hall of one
of its powerful power units and one of its block control
panels (BCP) [17]. This domestic nuclear power plant
located on the picturesque bank of the Southern Bug
river at altitude of 130 m above the level of the Baltic
Sea is not threatened by strong earthquakes or tsunamis.
The design of the technical facilities of this domestic
nuclear power plant and its nuclear facilities provides
protection from all sorts of natural disasters and shock
effects of various external factors (for example, a falling
aircraft) [17].

The leakage of nuclear chain reactions in uranium
fuel assemblies with TVEL and, in part, with the uranium
elements of the US Westinghouse Electric Company (at
the 3™ power unit of the station) of each of the three
operating power units with powerful WWER-1000
reactors at this nuclear power plant of Ukraine is clearly
controlled with the BCP (see Fig. 13) using the CPS.

Fig. 11. General view of the fragment of the South-Ukrainian
NPP with the total installed power of 3000 MW
(Yuzhnoukrainsk, Mykolayiv region, Ukraine) [17]

Fig. 12. General view of the power plant hall of the power unit
with the thermal power of 1000 MW of the South-Ukrainian
NPP [17]

.7:;“,‘ £ H
Fig. 13. General view of the block control panel (separate

specific «command post») of one of the power units with
thermal power of 1000 MW at the South-Ukrainian NPP [17]

Omitting and raising with the help of the CPS
system special boron rods that actively absorb neutrons in
the active zone of a nuclear reactor of the WWER-1000
type, the operational personnel of the power units of this
NPP can slow down or accelerate the chain nuclear
reactions in its uranium fuel assemblies. A highly reliable
CPS system at each powerful power unit of the domestic
NPP under review allows the reactor shutdown to stop the
operation of the appropriate nuclear reactor («shut down»
the reactor) [2, 17]. The reader needs to remember that the
withdrawal of a nuclear reactor to a minimum thermal
power (its stop) leads to its «poisoning.

In nuclear physics, the state of the nuclear reactor
after its shutdown and «poisoning» was called «iodine
well» [2]. This abnormal state of the reactor is
characterized by the accumulation in its active zone of the
short-lived radioactive isotope of xenon s4'°Xe (with a
half-life of 9.2 hours), which in turn is the product of the
radioactive decay of the intermediate isotope of iodine
532’1 (with a half-life of 6.8 hours) [2, 11]. Because the
s4°Xe xenon isotope has the largest neutron absorption
cross section (up to 2.6:10° barn [1, 2]), the nuclear
reactor in the «iodine well» state loses its reactivity p, (it
becomes negative) and, correspondingly, the thermal
power. This makes it difficult to bring the reactor to its
designed capacity for a time measured by (1-2) days
[2, 8]. In this regard, such conditions for the nuclear
reactor of nuclear power plants are undesirable.
Therefore, short-term reactor shutdown at nuclear power
plants and fluctuations in its output thermal power can not
be made. It is allowed to stop the nuclear reactor only in
the event of an emergency regime provided for by the
relevant Rules (see 1.1.4).

1.5. The harmful effect of nuclear power plants
on the environment. For a better understanding of the
relevant environmental issue related to nuclear energy, the
reader needs to be reminded that, for example, each
powerful WWER-1000 reactor at domestic nuclear power
plants with its full nuclear fuel loading contains 54
uranium fuel assemblies with a total mass of 41 tons at
the total number of TVELSs in them is 48 thousand pieces
[8]. In a nuclear reactor of a modern nuclear power plant,
about 300 kinds of radionuclides are formed from
uranium fuel through nuclear transformations, of which
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more than 30 as gas-aerosol emissions from the volume of
its containment, in spite of the corresponding protective
filters available in it, can enter the air atmosphere [8].
Among them, radioactive substances such as [11]: the
cesium isotope ss'°'Cs (with a half-life of 30 years), the
iodine isotope e (with a half-life of 8 days), the iodine
isotope s3'*’I (with a half-life of 20.8 hours) and the xenon
isotope s4"**Xe (with a half-life of 17 minutes). It should
be noted that the operational regulations in force at the
nuclear power plants of Ukraine and the Russian
Federation permit the presence of up to 1 % of TVEL
with a damaged protective zirconium-steel shell in the
core of a nuclear reactor (for a two-circuit water-water
power reactor of the WWER-1000 type this amounts to
about 480 TVEL) [2, 8]. Through microcracks in TVEL
and in the process of recovery of fuel from the reactor
during their periodic replacement, radionuclides can enter
the water coolant of the primary circuit and into the air
under the dome of the containment. Therefore, the above-
mentioned the safest powerful nuclear reactor of the
WWER-1000 type forms about 40 thousand Curies per
year (the activity in 1 Curie (Ci) is equal to 3.7-10"
Becquerels (Bq) which is its unit of calculation in the SI
system [1]) of gaseous radioactive emissions [8]. Most of
them quickly disintegrate and are retained by protective
filters of the contaminant. We note that the activity of a
radioactive substance in atomic physics is the number of
decays of its nuclei in one second. For comparison, it
should be noted that single-circuit power reactors of the
RBMK-1000 type produce radioactive gaseous emissions
at NPPs by almost an order of magnitude compared to
two-circuit high-power reactors of the WWER-1000 type
[8]. The average daily release of radioactive gases and
aerosols at Kursk NPP, still using RBMK-1000 reactors,
was in the period 1981-1990 up to 750 Curies per reactor
unit (with an annual radioactive indicator of such
emissions reaching a level of up to 274 thousand curies)
[8]. We point out that most of the radioactivity of gas-
aerosol emissions at nuclear power plants is generated by
short-lived radionuclides and disintegrates without much
damage to the environment in a few hours or days. It
should also be pointed out that, in addition to the usual
gaseous emissions, nuclear power plants occasionally fill
up the air atmosphere surrounding them and further
pollute nearby areas with a small amount of radionuclides
hazardous to human health - products of corrosion of the
reactor vessel and its primary circuit, as well as fission
fragments of uranium isotope nuclei 02U, These
radionuclides can be traced for several tens of kilometers
around any nuclear power plant.

1.6. Advantages and disadvantages of nuclear
power. The main advantages of nuclear power plants over
other competing powerful industrial sources of electrical
and thermal energy for humanity today are [8]:

e practical independence from fuel sources due to the
relatively small volume of nuclear fuel consumed by any
nuclear power plant (for example, for a WWER-1000 reactor
for 1.5 years of operation as part of a powerful power unit,
only about 41 tons of uranium dioxide UO, inside fuel
assemblies are required, at the same time, for example, for
the Zmiev TPP with installed power of 2200 MW, two
railway coal trains are required for only 1 day [7]);

o relative ecological cleanliness in comparison with
TPPs (total annual emissions to the environment of such
harmful substances as sulfur dioxide, nitrogen oxides,
carbon oxides, hydrocarbons, aldehydes and dust per 1000
MW of installed power at pulverized coal-fired power
plants are about 165 thousand tons; 1000 MW of its power
consumes about 8 million tons of oxygen O, from the
atmosphere per year, while the NPP does not consume O,
during its operation of atmospheric oxygen at all);

o higher ability to confront energy crisis situations in
society and, accordingly, to keep the volume and cost of
electricity produced at a level acceptable to its consumers
(increase in the world prices for coal, gas and oil
increases the competitiveness of nuclear power plants).

The main disadvantages of nuclear power plants
are [8]:

e severe consequences for the environment and the
population from major accidents and catastrophes on
powerful nuclear reactors of nuclear power plants (to
exclude such situations, modern nuclear power plants are
equipped with complex nuclear and radiation safety
systems for their nuclear facilities with redundancy and
multiple reserves of resistance of their structures to high
radiation and temperature providing exclusion of reactor
core meltdown even in the event of a maximum design
accident);

e large expenditures of financial resources for the
liquidation of technical facilities of nuclear power plants
and its power units after the end of their working life by
nuclear reactors (according to expert estimates, these
costs amount to 20 % of the NPP construction cost, the
problem of extending the life of nuclear power units is
acute not only for nuclear power in Ukraine, but also of
all other countries of the world using nuclear power plants
to generate electricity [18]);

o the inability of maneuvering modes of operation of
nuclear power reactors of nuclear power plants covering
emerging «peaks» and smoothing «dips» on the graphs of
their electrical load;

e higher financial costs for NPP construction
compared to TPPs of similar installed power (for
example, for NPPs, these costs are about USD 2300 per
1 kW of electric power of their power units, and for
pulverized coal-fired TPPs — about USD 1200 per 1 kW
of electric power of power units of such stations).

2. The main problems, trends and prospects for
the development of nuclear power plants in the world
and Ukraine. The current problems in the field of world
nuclear power which are actively engaged in the industrial
production of electricity and thermal energy by means of
a complex and dangerous for human life technological use
of atomic energy of a number of fissile radioactive
materials (for example, the uranium isotope 0,22%U and the
isotope of plutonium o4>*Pu [1]), can be reduced to the
following [2, 8]:

o the problem of developing and creating for NPPs of
more advanced by their power efficiency, nuclear power
and radiation safety powerful nuclear units with more
than 35 % efficiency;

e the problem of minimizing the occurrence of
accidents at nuclear power plants of nuclear power plants
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which lead to serious consequences for entire regions of
the country and the peoples of neighboring countries;

e the problem of SNF utilization and reprocessing
from powerful nuclear reactors of nuclear power plants in
the territories of those countries where these nuclear
wastes were produced;

e the problem of the presence of a closed nuclear cycle
in the territories of those countries that actively use
powerful nuclear facilities for the industrial production of
electricity and heat in large amounts commensurate with
the volumes of generation of these types of energy by
their heat power engineering using organic fuels (this
problem is especially relevant for Ukraine which due to
its limited financial resources is trying to gradually
approach it from year to year using even such a difficult
path as avoiding direct bonded dependence from the
Russian Federation in matters of preserving and further
developing its own nuclear power and diversifying
supplies to domestic NPPs of uranium fuel assemblies
with TVEL from other countries of the world);

o the problem of extending the life of power units of
NPPs and, accordingly, the resource of nuclear reactors.

In the world nuclear power industry there is a
tendency of aging of nuclear reactors. According to the
IAEA, the average «age» of operating nuclear reactors at
nuclear power plants in the world is 29 years [8]. The
world's «oldest» existing reactor is now in Switzerland
which has been working reliably for 47 years. It should be
noted that the regulatory life of nuclear power units of
NPPs is set by the government of a particular country on
the basis of the design life of their reactors of one type or
another. Usually this period is from 30 to 40 years [§8]. In
Ukraine and the Russian Federation, the standard
operating life of most types of NPP power units is 30
years [8, 18]. It is known that extending the life of the
power unit of the nuclear power plant is a very cost-
effective measure. Thus, with a financial cost to extend
the life of a powerful nuclear «water-water reactor» of the
WWER-1000 type (PWR type according to the IAEA
scale) for about 20 years at about USD 90 million, the
possible profit from its operation at a NPP for such an
additional period may to make about USD 1.3 billion [8,
19]. In Ukraine and the Russian Federation, the operation
of two-loop water-water nuclear reactors of the first-
generation of WWER type and single-loop nuclear
reactors of the RBMK type has already been extended to
45 years, and nuclear reactors of the WWER type of the
second generation up to 55 years [2, 8, 19].

In conditions of a relatively fast approaching energy
«hunger» in the world and the depletion of hydrocarbon
fuel in the earth's crust (according to expert estimates of
hydrocarbons for TPPs, the world will suffice only for the
next 50-100 years [6]) and the practical inexhaustibility of
radioactive uranium nuclear power has real prospects for
its further development. Alternative energy (wind energy,
solar energy, hydrogen power, geothermal energy, biogas
power and small hydropower) has not yet been able to
seriously compete with traditional energy (heat power,
nuclear power and hydropower). Taking into account a
number of the above obvious advantages of nuclear power
over other well-known types of modern technologies for

generating electricity and heat, at present, despite the
existing limitation of peaceful use of atomic energy in
several countries of the world (for example, in Italy,
Germany, Sweden and the USA [20 ]), we can reasonably
say that in the near future, mankind will continue to
actively use the possibilities of nuclear energy for the
purpose of generating electricity and heat on an industrial
scale.

Conclusions. The presented brief analytical
scientific and technical review of the retrospective,
current state, major achievements, trends and prospects
for the development of world nuclear power indicates a
tremendous breakthrough in knowledge of mankind about
the structure of the microworld of matter and its limited
possibilities for peaceful use of the inexhaustible reserves
of its intranuclear energy. The world nuclear power is
now on the difficult and complex scientific and technical
way of its «growing up» (it was only a little more than 60
years since the world's first nuclear power plant was put
into operation) and the demonstration of the energy
potential of this new for the people progressive industrial
technology for obtaining electrical and thermal energy in
huge volumes.

Nuclear power, like any other progressive industrial
technology, has its own «pluses» and «minuses» for
human society and earthly nature in general. Despite its
latent radiation danger, with a mortal threat to everything
living and existent on Earth, more than once in the
modern history of the development of human civilization
«bursting out» with the infliction of large human
casualties and financial losses on its society, nuclear
power engineering with several hundred powerful nuclear
power units at the NPPs around the world occupies
serious advanced positions in the volumes of annual
production of electrical and thermal energy. In Ukraine,
these volumes of electricity since 2014 for a number of
objective reasons account for at least 50 % of the
country's annual energy balance.

Taking into account the limited reserves of organic
hydrocarbon fuel for TPPs on the Earth and the practical
inexhaustibility of natural radioactive uranium (nuclear)
fuel for NPPs on our planet, the world nuclear power has
all the possibilities for its further development aimed at
meeting the ever growing needs of human society for
electricity and thermal energy.
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REGULARITIES OF ELECTROMAGNETIC PROCESSES OF A CONTACTLESS
EXCITATION SYSTEM OF AN ASYNCHRONIZED GENERATOR BASED ON A
CASCADE THREE-PHASE-THREE-PHASE VOLTAGE MODULATOR

IN A SINGLE-STAR CIRCUIT

The regularities of electromagnetic processes occurring in a noncontact excitation system of an asynchronized generator based
on a cascade three-phase - three-phase voltage modulator in a single-star circuit for the possibility of expanding the range of a
two-zone slip of a generator are established. A method for correcting the parameters of the machines’ rotors of modulator and
generator is proposed which makes it possible to stabilize the operation of the switch for the slip range from minus one to plus five
tenths with maintaining the performance of the asynchronized generator. References 3, figures 8.

Key words: asynchronized generator, voltage modulator, switch, contactless excitation system, slip.
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00HY 36€30y Ha NPEOMEN 803MONCHOCHIU PACUIUPEHUA OUANA3OHA 08YX30HHO20 CKONbcenusn 2enepamopa. Ilpeonorceno cnocod
KOpPEeKmupoeKu napamempog pomopoé MAauwiun MOOYIAMOPA U 2eHepamopa, NO360NAI0WUIL CHMAOUNUIUPOCAMYL DPAOOMY
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padomocnocooHocmu acCUHXPOHU3UPOBAHHO20 2eHepamopa. bubn. 3, puc. 8.

Kniouesvie cnosa: aCMHXpPOHH3HPOBAHHBINH TreHepaTop, MOJAYJSITOP HANPSIKeHHsl, KOMMYTATOP, 0eCKOHTAKTHAsl CHCTeMa

BO36y?K£[eHI/Iﬂ, CKOJIbKEHUE.

Introduction. The basic structural elements of the
current stationary power systems are thermal and nuclear
power plants. At the same time, it is practicable to use a
fairly large number of different autonomous electric
power plants (AEPPs), both in industry and in other
sectors, in particular, in transport and agricultural
complex. There is a need for AEPPs also at the trenches
of transport of organic energy (oil and gas pipelines).
Promising is the use of wind power plants which can
work in parallel with the stationary power system, and in
the autonomous mode. At the moment, AEPPs have
become a significant part of the generation and
consumption of electrical energy in general. Therefore,
attention to them, from the point of view of scientific
research both in the theoretical and practical aspects in
order to improve them, is sufficiently argued and logical.

For consumers of electrical energy, it is necessary to
have not only reliable power supply, but also to receive
high-quality electric power, one of the most important
indications of which is the frequency of voltage. The
stability of the voltage frequency is principally
unnecessary both for stationary power systems and for
autonomous power supply sources (APSS) because
reducing the frequency of voltage in stationary power
systems leads to loss of stability of their work and,
consequently, to collapse.

For APSS, certain features are characteristic of the
most significant of which it is logical to include such. The
first is the probability of the necessity of operation in the
mode of limiting loads which makes an actual problem of
the reliability of their operation in general. The second
peculiarity of such installations is the substantial volatility
and wide range of changes in the frequency of the rotation
of the drive of the autonomous generator, for example,
wind turbine installations (WTI), which causes another
problem of the volatility of the voltage frequency.

The analysis of scientific literature and practical
solutions shows that these complex and actual problems
can be effectively solved by the use in the APSS of
asynchronized generators (ASGs) with contactless valve
excitation system (CLVES) based on a cascade voltage
modulator (CVM) [3]. From the point of view of the
circuit decision, asynchronous generators with CLVES
based on CVM can be implemented in many variants (of
the order of 16 circuits). All such generators operate
according to the same principle but each circuit decision
of the electric circuit of the modulator, the switch and the
generator itself introduces its specific features from the
point of view of the physics of processes. Therefore, in
scientific research, it is necessary to analyze each of these
circuits separately. Proceeding from this, the object of the
study in the paper is the contactless valve system of
excitation of the asynchronized generator on the basis of a
cascade three-phase three-phase voltage modulator (C T-
T VM) according to the circuit of single star. The circuit
of a power electric circuit of such a system of excitation is
shown in Fig. 1. From this figure it can be seen that C T-T
VM consists of two asynchronous machines AM1 and
AM2, phase windings of which rotors are split into three
branches and are interconnected one-to-one by
intersecting bonds, and at the input split phase segments
can have a potential combined connection or can be
connected to a single joint node. The options of these
connections are determined by the positions of the key K.
When the key K is open (identifying its state as K=1) this
is the first option, and when the key K is locked (K=2)
this is the second one. Stator windings of modulator
machines AM1 and AM2 are powered by two three-phase
power sources E1 and E2 which have a mutually opposite
sequence of phases. Here it is a priori assumed that such
sources are accumulator batteries with controlled voltage
inverters.

© K.M. Vasyliv
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The rest of the structural elements of the circuit
(Fig. 1) include: TK - a thyristor switch of a
cycloconverter type with natural switching as which a
direct thyristor frequency converter (DTFC) serves, G —
asynchronized generator as which as a three-phase
asynchronous machine with a phase rotor, the coils of
which the rotor phases are connected in a star serves. All
other indications on this circuit are generally accepted: by
the letters E, ¢ and i the electromotive forces, the electric
potentials in the nodes, and the currents of the electric
circuit branches are indicated. By the letters F, G in the
lower indices the affiliation of the coordinates (of
currents, voltages, etc.) to the modulator machines and
ASG are indicated, and by the letters S, R in the lower
indices i the affiliation of the coordinates to stator and
rotor of electric machines are indicated, respectively.
Thyristors of DTFC are numbered. Numbers 1 and 2 in
brackets in the upper indices indicate the relevance to the
first E1 and the second E2 sources, respectively.

In the opinion of the author, in order to facilitate the
adoption of the main provisions of the paper, it is logical
to briefly describe the principle of the operation of the
ASG of this type. It is based on the fact that the voltage
modulator by the way of adding the voltages and
frequencies of the phase branches of the rotors of the

P13

Fig. 1. Power electric circuit of asynchronized generator

machines of the modulator forms the total voltage of the
modulus form, the filling frequency of which is
proportional to the frequency of rotation of the rotors of
the modulator machines and the number of their pairs of
poles (rotors of AM1 and AM2 are placed on one shaft
with ASG), and the modulation frequency is determined
by the frequency of two-zone slip. The linearly coupled
winding of the rotors of the modulator, the cycloconverter
type switch decodes the modulated voltage resulting in
the formation of a three-phase system at its output (on the
winding of the generator's rotor) slip times. This provides
a stable time for rotating the magnetic field of the
generator in relation to its stator winding, which, in turn,
forms the frequency of the generator voltage which is
equal to the frequency of the supply networks of E1 and
E2. Thus, theoretically, the frequency of the ASG voltage
should be equal to the frequency of the supply networks
of El and E2 of the asynchronous machines of the
modulator AM1 and AM2 and not to depend on the
rotational speed of the ASG rotor.

Analysis of publications and the goal of
investigations. The ideology of generators of a stable
frequency (GSF) with a contactless valve excitation
system based on the CVM was introduced in [3]. On the
coincidence of the issues on scientific research and
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development of automotive electrical power systems
(AEPS) on the basis of ASG with CLVES a rather narrow
circle of scientists and engineers is working, and therefore
the essential share of publications aimed at researching
these systems of power supply through mathematical
modeling belongs to the author of this paper. The
appearance of a number of publications aimed at the
development of methods and mathematical models as
well as the study of the laws of the course of
electromagnetic  and  electromechanical  processes
occurring in the above-mentioned AEPS is due to the
presence in them of various types of elements —
asynchronous machines and DTFC on a number of
circuits of their power electrically circles as well as the
presence of a control system of the switch and
automatic control system of individual coordinates (in
particular, voltage) which causes the complexity of
electromagnetic and electromechanical processes
which occur in these AEPSs.

One of the main scientific works related to the
research of the AEPS on the basis of ASG with CLVES is
the publication [1]. It is aimed at the development of
mathematical models and corresponding software
complexes as a means for studying the regularities of the
flow of electromagnetic and electromechanical processes
occurring in AEPS on the basis of ASG with CLVES in
three-phase - three-phase circuit of the voltage modulator.
Mathematical models and corresponding software
complexes allow to study electromagnetic and
electromechanical processes that occur in the auto-
nominal system of electric power supply during operation
of ASG on typical load such as asynchronous motors,
active-inductive and active-inductive-capacitive loads.

In the publications which are the researches of
electromagnetic and electromechanical processes in the
AEPS on the basis of ASG with CLVES, it is considered
that asynchronous machines of the voltage modulator and
the generator have a typical design. Proceeding from this,
the two-zone slip diapason which ensures the normal
operation of the AEPS is S = —0.06 + +0.06. This
indicates that in general, AEPS on the basis of ASG with
CLVES is operational. But such a range of slip is being
developed too narrowly to argue about the feasibility of
practical application of such asynchronous generators in
the AEPS. Therefore, the research proceeds with the goal
of achieving the expansion of the slip diapason to the
limits that would allow the practical use of this class of
ASG, even in such electric power plants as WTI.

Taking into account the fact that the performance of
ASG with CLVES is largely determined by the proper
operation of the switch, all attention should be
concentrated on the processes occurring precisely in the
CLVES and its separate structural elements which include
the modulator machines, the thyristor switch itself and the
excitation winding of the ASG (its rotor winding).

The first piece aimed at solving this problem was the
publication [2] concerning the contactless excitation
system of ASG on the basis of a cascade three-phase -
three-phase voltage modulator in the circuit of two stars
(when each of the phases of the rotor winding of the
generator is split into two branches, and the 6 branches
thus formed are connected in two separate three-phase

stars). In [2] one modulator circuit is considered in which
split phases of rotors of machines of the modulator on the
input are connected to a single joint node (for the circuit
of Fig. 1 this is K = 2). According to the research [2], it
was suggested that the slip range may be expanded from
S = -0.06 to S = +0.2 by increasing the ratio of the
number of turns of the stator winding to the number of
turns of the rotor winding of the modulator machines.

Taking into account the specificity of each of the
circuits of the thyristor switch and modulator, it is clearly
evident that the practical need to perform a similar study
of the contactless switch excitation system of the ASG on
the basis of a three-phase - three-phase cascade voltage
modulator according to the circuit of single star which is
characterized by a doubly smaller number of thyristors
than a two-star circuit which qualifies as an advantage in
terms of practical application.

Thus, the purpose of the study is to establish the
laws of the course of electromagnetic processes that occur
in the contactless valve system of excitation of ASG on
the basis of a cascade three-phase - three-phase voltage
modulator in the circuit of single star for the possibility of
expanding the working range of dual-zone slip.

Presentation of main material. The results of
preliminary investigations [1, 2] indicate that the
operation of the switch is significantly determined by
the ratio of the parameters of windings of stators and
rotors of the modulator machines. The huge values of
the parameters of the rotors causes the inertia of the
electromagnetic processes in the circuit of the modulator
and generator exciter which results in disturbed normal
operation of the switch which does not permit to form
the three-phase voltage of the slip frequency in the
winding of the rotor of the generator, and therefore, to
form the voltage of the stable frequency in the stator
winding of the ASG.

In order to create favorable conditions for the
operation of the switch based on the positive result of the
investigation obtained in [2], it is proposed to reduce the
inductive resistances of rotor windings not only of the
modulator machines but also of the generator by
increasing the ratio between the number of turns of the
stator and rotor windings (that is, an increase in their
coefficients of transformation). The verification of the
effect of changing the coefficients of the transformer-
mass on the efficiency of the CLVES of the
asynchronized generator is made by analyzing the
functions of the currents and voltages of the phase
branches of the rotors of the modulator and generator
machines. The dependences of currents and voltages are
obtained by calculating the electromagnetic processes of
the CLVES of Fig. 1 using the mathematical model and
software developed in [1]. Simulation is used for ASG of
100 kW power, the input data of which have the
following values: L = 0.1 H — the operating inductance

(from the stator side); Ls, = 0.005 H — the inductance of
scattering of the stator; Log = 0.005 H — the reduced to

the stator winding inductance of scattering of the winding
of the rotor; Kg = 10 — the coefficient of transformation

of the generator; P = 2 — the number of pairs of poles of
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the generator; R = 0.01 Q — the active resistance of the

phases of the stator winding; R, = 0.05 Q — the active

resistance of the rotor winding phases.

In order to avoid overloading the volume of input
data, for modulator machines we present only the most
important data, which include: K{" = 20 — the coefficient
of transformation of AM1; p{’ = 2 — the number of pairs
of poles of AMI; K{¥= 20 — the coefficient of
transformation of AM2; p{’ = 6
pole of AM2.

It is fundamentally important to note that, in
accordance with the theory of ASG with CLVES on the
basis of a cascade voltage modulator [3], to form the
modulated voltage of the slip frequency at the output of
the modulator, the ratio of the number of pairs of poles of
the generator and the modulator machines must satisfy the
following condition:

(P +Pi")/2=2-Pg, - (1

The above numerical values of the number of pairs
of poles of the generator and the asynchronous machines
of the modulator AM1 and AM2 satisfy the condition (1).

According to [2], the maximum slip value at
which it was possible to achieve the performance of
ASG with CLVES on the basis of CVM is 0.2
(S = +0.2). Therefore, for a benchmark to study the
operation of ASG with a contactless valve system of
excitation according to the circuit into a single star, we
take precisely this value of slip. Proceeding from this,
at the beginning of the study, we consider the
calculating dependences of the voltages and currents of
the phase branches of the rotor windings of the
modulator machine and the phase currents of the rotor
winding of the generator for two values of the double-
zone slip S =-0.2 and S = +0.2.

Fig. 2 shows the calculated dependences on e time
of voltages of the phase branches of modulator machine
rotors.

In particular, Fig. 2,a illustrates the voltages of the
first three split phase branches of the rotors of the
modulator machines uy, (see Fig. 1). Each of

— the number of pairs of

1> UrRy > Urgs
these curves is formed by the sum of the electromotive
forces of the interconnected split phase branches of the
machine rotors of the modulator AM1 and AM2 which, in
turn, are induced separately for each of machines AMI1
and AM2 by winding currents of their stators. Similarly,
Fig. 2,b illustrates the voltages Upp > Ukg o> Uk of the

second three, and Fig. 2,c — the voltages
U > Uppg > Urg, of the third three split phase branches of

the rotors of the modulator machines (Fig. 1).

From Fig. 2 it can be seen that the voltages of the
successively connected phase branches of the rotors of
the cascade modulator machines have a modulated
form with a sliding frequency (here the slip is
S = +0.2) which corresponds to the period 7= 0.1 s. At
the same time, each of the three voltage systems,
depicted in Fig. 2,a-c are shifted in phase by a 2x/3
angle over the slip frequency which is achieved by
cross-connecting the split phase branches of the

modulator machines (see Fig. 1). Modulated voltages
with the slip frequency give reason to expect the
formation of a system of three-phase voltages of the
slip frequency in the rotor winding of the generator.
The fact of the mutual displacement of the voltages of
all three groups of phase branches with a slip
frequency of 2a/3 provides an appropriate shift of
phase voltages and currents of the rotor winding of the
generator.
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( Urp s Upggo Urpy the voltages of VII, VIII, IX phase branches)
Fig. 2. Calculated dependencies on time of instantaneous
voltages of the phase branches of the rotors of the modulator

machines
For a more complete understanding of the
electromagnetic processes occurring in the ASG
excitation system, consider the curves of the

instantaneous values of the phase currents of the rotors of
the modulator machines. They are pictured in Fig. 3.

A positive half-wave of currents in Fig. 3,a is
formed by thyristors 1, 2, 3, and negative — by thyristors
4,5, 6 (see the circuit in Fig. 1). Similarly, the currents of
two other groups of phase branches of the Fig. 3,b and
Fig, 3,c are formed, respectively.

In the context of the analysis of the processes
occurring in the CLVES of the ASG, the essential
characteristic of the phase voltages and currents of the
generator rotor windings is of crucial importance
because in order to obtain a stable voltage frequency of
the winding of the stator of the generator, in the
generator rotor winding there should be a three-phase
system of currents of slip frequency. Therefore,
consider the phase currents of the winding of the rotor
of the ASG.
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Fig. 3. Calculated dependencies on time of instantaneous
currents of the phase branches of the rotors of the modulator
machines

Fig. 4 depicts the calculated dependences of the
instantaneous values of the phase currents of the rotor
winding of the asynchronized generator for slip S = +0.2.
From this figure it is clear that three-phase currents are
formed in the winding of the ASG rotor, the shape of
which is close to the sinusoidal with slip frequency. The
period of these currents corresponds the slip frequency
(S=+0.2) and is T = 0.1 s. This shape of currents in the
winding of the ASG rotor gives rise to the expectation
that the frequency of the phase voltages of the stator
winding will be equal to the voltage frequency in the
stator windings of the modulator machines.

",

100 710111 Isz/\/]\jm\,\ M M
50

5.80 5.85 5.90 5.95 6.00
Fig. 4. Calculated dependencies of the ASG rotor phase currents

IGR1 5 IGRZ 5 1GR3

The above simulation results, as well as the results
of research which are not presented here, give grounds to
assert that for ASG slip which is equal to plus two tenths
(S = +0.2), its CLVES is operational and provides the
necessary frequency of the winding voltage of the stator
of the generator which is the subject of research in this
publication. And the analysis of the voltage curves of the
stator windings of the generator forms the subject of
separate studies on the fact that the shape of these curves
is influenced by other factors which are not sufficiently

thoroughly studied yet but from already existing research
results it is known that they change the harmonic
spectrum of phase voltages of the generator.

To determine the extreme limit of the operating
range of the positive slip zone of the asynchronized
generator with contactless valve system, it is necessary to
have information on the nature of the currents of the rotor
winding of the generator for other larger values of slip.
Therefore, below we give the calculating dependence of
these currents for a series of values of positive slip. The
shape of these curves will provide information for
understanding the laws of the flow of electromagnetic
processes that occur in the contactless valve system of the
asynchronized generator excitation and, as a result, will
give a basis for the determination extreme allowable
operating slip in its positive area.

Fig. 5 shows the calculated dependencies of the phase
currents of the generator rotor winding for slip S =+0.5.

From Fig. 5 it is seen that the curves of the phase
currents of the rotor of the generator have a quasi-
sinusoidal shape with a period of the fundamental
harmonic equal to 0.04 (7=0.04) s corresponding to the
slip frequency F;=25 Hz (F;=50-S=50-0.5=25). This
shape of the curves of phase currents with a clearly
defined frequency also ensures the stability of the
generator voltage frequency, and therefore, for slip
S =+ 0.5, the CLVES of the ASG is operational.

gg’\mA Jad Wast\ JadWad)
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E| \J
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Fig. 5. ASG rotor phase currents 1GR1 s 1GR2 , 1GR3

for slip S=+0.5

A further increase in slip in the positive region leads
to a change in the shape of the curves of phase currents,
as can be seen from Fig. 6 and Fig. 7. The first one
depicts the calculated dependences of the phase currents
of the rotor winding of the generator for slip S =+0.9, and
on the second one — for slip S =+0.95. From these figures
it is evident that phase currents in the shape are not
sinusoidal. Instead, there is a tendency towards the
formation of a voltage system of modulated shape,
Therefore, the conclusion is unambiguous, its essence is
that for a positive slip whose value exceeds S = +0.5,
CLVES of the ASG loses efficiency. Thus, the extreme
limit of the positive range of the operating slip of the
ASG is slip with the value S =+0.5.
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Fig. 6. ASG rotor phase currents iGR1 . iGRz

for slip S=+0.9
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As already noted, the ASG with the CLVES on the
basis of the cascade voltage modulator can operate in the
mode of two-zone slip because the excitation here is
executed from the side of the rotor, as in a synchronous
machine. Therefore, it is fundamentally important to find
out its functional possibilities for a negative slip range. To
this end, research has also been carried out for a number
of values of negative slip.

Fig. 8 depicts the calculated dependencies of phase
currents of the rotor of the generator for the three values
of slip: S=-0.2; S=-0.8 and S = -1.0. From Fig. 8 it is
clearly visible that the phase currents of the rotor of the
ASG have a shape close to the sinusoid with the
frequency of the fundamental harmonic which is equal to
the slip frequency. This gives grounds to argue that unlike
the positive area of slip, in the negative one the CLVES is
operable in its entire range from S =0 to S =-1.0.
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Fig. 8. ASG rotor phase currents ACT" { i i
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(a—for S=-0.2; b — for S=-0.8; ¢ — for S =-1.0)

At this stage, with the help of the mathematical model
developed in [1] and the corresponding program code, an
analysis of the electromagnetic processes is carried out in the
contactless valve excitation system of the ASG on the basis
of a cascade three-phase - three-phase voltage modulator
according to the circuit of a single star and established the
laws of their course on the effect of the two-zone slip on the
performance of the asynchronized generator.

In the context of the prospect of research in order to
further develop the theory of asynchronized generators of

How to cite this article:

this type, it seems necessary to perform an analysis of the
electromagnetic processes occurring in such generators
for the effect of the two-zone slip on the voltage quality
of the ASG and on the frequency criterion, and by the
criterion of the harmonic spectrum. In addition, the goal is
to carry out similar studies for a modulator circuit with a
common connection of split phase phase branches of the
rotors of the modular machines when the key K is locked
(Fig. 1) because here the circuit is considered with a
potential combined connection when the key K is open.
Conclusions.

1. The narrow range of operating dual-zone slip of an
asynchronized generator with contactless valve excitation
system based on a cascade voltage modulator under the
circuit of a single star which at the time of recent research
was £0.06 does not allow the practical application of such
generators as autonomous sources of electric power supply.

2. In order to study the possibilities of expanding the
range of two-zone slip of the ASG with CLVES, the study
of electromagnetic processes occurring in this excitation
system was performed. Based on the research carried out
by mathematical modeling with the help of the developed
by the author mathematical models and software complex,
the laws of the flow of these processes depending on the
value of the two-zone slip are established.

3. By changing the parameters of the rotors of the
machines of the modulator and ASG due to an increase in
the ratio of the number of turns of the stator winding to the
winding of the rotor of the asynchronous machines of the
modulator and the generator, an essentially expansion of the
slip range of the asynchronized generator was achieved.

4. The area of negative slip is increased to the value
S =—1, and the area of the positive one up to S = +0.5.

5. Extension of the range of working slip to the
specified limits creates real opportunities for the practical
application of generators of this class in autonomous
power supply systems with a wide range of changes in the
rotational speed of the drive.
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SYNTHESIS OF A TWO-MASS ELECTRIC DRIVE WITH AN ASTATIC SYSTEM OF
SUBORDINATE REGULATION AT THE ACTION OF VARIABLE FRICTION FORCES

Purpose. The solution of actual problem of active suppression of resilient electromechanical vibrations in an electric drive with
the astatic system of automatic control is presented. Methodology. For research of damping properties of electrical drive
according to a flow diagram from transmission functions on regulation and indignation a characteristic polynomial is got in the
rationed form of parameters that takes into account the physical phenomena and sets intercommunications of parameters in the
electromechanical system. As a result of it a characteristic polynomial at a successive dynamic decoupling appears separate
interactive electromagnetic and mechanical subsystems. Thus, electromechanical interaction physically means complete
extraction of energy of vibrations from a mechanical subsystem in electromagnetic with simultaneous transformation for
minimum time. An electric drive for the case of realization of processes of electromechanical interaction is the dynamic
extinguisher of vibrations. Results. The active resilient mechanical oscillation damping comes true due to optimization of
dynamic inflexibility of mechanical description of electrical drive and as a result the required degree of stability is provided at
minimum vibration and high exactness of working off indignations on loading. Originality. For the first time an electrical drive
with the astatic system of automatic control at the action of variable forces of friction for the offered optimal parameters of
dynamic inflexibility of mechanical description effectively damps vibrations. The synthesis of parameters of regulators according
to correlations allowed to realize the maximum indexes of character of attenuation processes at a zero static error. Practical
value. The synthesis method is approved in industrial conditions during the adjustment and modernization of the machine tool
and is recommended for setting up automatic control systems for the operating and newly designed electric drives of technological
machines. References 13, figures 2.

Key words: electromechanical system, damping, electric drive, interaction, regulation, speed controller, synthesis, variable
friction forces.

ITonyuun danvneimee pazgumue memoo cunme3sa I1eKmMponPUE0Oa ¢ ACMAMUYECKOIl CUCIEMOT NOOYUHEHHO20 PeZyIUPOsanus
npu  Oelicmeuu NEPEMEHHbIX CUJl MpPeHUs ¢ aKMUGHbIM OeMAQUpPOAHUEM YRPY2UX MEXAHUYECKUX KONeOanui, 4mo
docmuzaemcsi  6b100pOM ORPEOEIEHHO20 COOMHOUIEHUA OuHamuyeckux napamempos. Ilokazano, umo napamempol 6
INEKMPOMEXAHUYECKUX CUCIEMAX HAXO00AMCSA 60 63AUMOCEA3U, A PEAnU3AUUA PACHEMHBIX COOMHOWEHUN Ol Pezyisimopa
CKOpocmu npu ONMUMU3AUUU OCHOBAHA HA KOMREHCAWUU GAUAHUA YAPY2UX CUNL UHEPUUOHHBIMU U MOdcem Oblmb
UCRONB306aHA 0J151 HACMPOUKU CUCHEM YRPAGIEHUs MeXHoA02uuecKux mawun, budin. 13, puc 2.

Kniouegvie crosa: deKTpoMexaHuuecKasi cucTema, AemrndupoBaHHe, 3JIEKTPONPHBOI, B3aMMOJeiicTBHe, peryJupoBaHue,
PeryJisitop CKOpoCTH, CHHTE3, lepeMeHHbIe CUJIbI TPEeHHs.

Introduction. The regulated automated electric
drive (ED) of modern technological machines fulfills the
functions of limiting dynamic loads of electrical and
mechanical equipment; in theory, it provides a high static
and dynamic accuracy of the reproduction of control laws
and invariance to perturbations normalized rapidity [1, 2].
However, the practical implementation of the dynamic
capabilities of ED is difficult due to the influence on the
processes of regulation and control of elastic mechanical
links of gears, the action of variable frictional forces on
the shaft of working mechanisms [3, 4]. In the low-speed
mode in ED with a wide range of regulation, variable
friction forces in combination with elastic mechanical
oscillations are the cause of self-oscillations and loss of
stability [5, 6].

Problem definition. In published scientific
research, the results of the analysis are presented and
methods for synthesizing two-mass electromechanical
systems (EMS) based on various optimization criteria
are proposed, as a rule, without consideration of the
interaction effects of subsystems [7-9], therefore it is
of interest to investigate electric drives with an astatic
system of automatic regulation and minimization of
vibrational components of processes under the action
of variable friction forces and optimal (limiting)
electromechanical interaction.

The two-mass EMS with an astatic subordinate
control system is represented by the structural circuit in
Fig. 1. When describing the structural circuit, a relative
form of writing of parameters is used, and the control
object is characterized by the following parameters:
Twn = Jiwy/My; is the mechanical time constant of the
electric motor; Typ = Jrowy/My is the mechanical time
constant of the mechanism (the second mass reduced to

the motor shaft), 912 = \/CIZ(TMI +TM2)/TM1TM2 is the

frequency of free oscillations of a two-mass EMS;
cy = Cpopy/My is the coefficient of elasticity of
mechanical transmission; fc = £ Bcwy/My is the
coefficient of friction of the mechanical load for different
parts of the characteristic; y = (Tyn + Tyn)/Tyn is the
coefficient of distribution of inertial masses of the motor
and the mechanism.

At tuning the current (torque) loop to the maximum
speed, the influence of elastic mechanical oscillations on
it for the integration constant of the current loop 77 << 7,
(T, = 1/€215) and y=1.01 — 1.5 is considered insignificant
[7] which allows the transfer function to be adopted after
conversion as Wyr(p) = 1.0. The speed controller is
proportional-integral with the transmission coefficient Kz
and the integration constant 7 provides zero static error
when the load m¢ changes on the shaft of the mechanism.
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Investigations of the influence of variable friction
forces are performed for individual (linearized) sections
of the load characteristic. Under the influence of elastic
links in combination with the manifestation of «negative»
viscous friction (fc < 0), vibrations are excited in EMS
with destabilization of the control processes and loss of
stability [10]. There are also problems of stability of EMS
with a doubly integrated automatic control system in the
low-speed mode and with the action of friction forces on
the increasing section of the load characteristic (8¢ > 0).

The goal of the investigation is solution of the
actual problem of active suppression of elastic
electromechanical oscillations in EMS with an astatic
system of automatic regulation. If the damping of the
elastic mechanical oscillations is carried out by
optimizing the dynamic stiffness of the mechanical
characteristic of the ED [11], then it is possible to provide
the required degree of stability with minimal EMS
vibrations and high accuracy of working out the load
perturbations.

Wet(p) Tp-l
u

Tpp+1

|

Thap

»
>

&

L=

Fig. 1. Structural circuitf a two-mass electromechanical system with nonlinear mechanical loading at astatic regulation

To study the damping properties of EMS on the
basis of the structural circuit, the transfer functions are
obtained for the control and disturbing actions, of which,
as in the source [10], the characteristic polynomial (CP)
is used:

2 4 2 3
O(p)=1TytTyp” +(Kgtly, + Tyt ) p” +
+ (it + Kptly + K gT 1) p* + )

+ (KT +(Kgt Bc)t)p+ Kp.

Research materials. In CP (1), for convenience of
writing and analysis, the following notations are accepted:
T, = £f/cip is time constant due to viscous friction;
T, = 1/8,, is the time constant of elastic vibrations.

If after the transformation of expression

KR iﬁc :KR|:1iI€—C:|

R
we denote

1+ P =¢, (2)
Kp
then the meaning of the coefficient «e» becomes
understandable — it characterizes the additional deviation
in the dynamics of the velocity of the mechanism @,
under the action of the variable friction forces.
In the region of small deviations from the point of
steady-state oscillation mode
e> 1,ifﬂc>0,a)<a)o,
&= 1,if,[>’c=0,a)=wo,
0<e< 1,ifﬁc<03ﬂd|ﬁc| < Kpr, ® > wy.
Then for the canonical form of the polynomial

T 2 4 2 T 3
Q(p)=7%rTyp +(yeTy + 1?41 T)p +
R R (3)

T

+(y X T+1Td+j/T)2,)p2+(Td+gr)p+l.
R

To analyze the active suppression of elastic
vibrations with the development of destabilization
processes in the case of astatic regulation in terms of CP
(1) is difficult because of the many options for combining
parameters and particular solutions. Therefore, we
represent CP (3) in the normalized form taking into
account generalized parameters

2
PO L Vi
B~ 2 T 2°
0} Kyl
1 (&K
ép == %
Ty
éc= ;
2JrT,
}/:TMI"'TMZ.
Ty

The proposed form of the normalization of the
polynomials of electromechanical interaction processes
[11] takes into account physical phenomena and
establishes the interrelations of the EMS parameters.

According to (4), Kp is the interaction coefficient of
electromagnetic and mechanical EMS subsystems; &p is
the coefficient of damping of the (separate) partial
electromagnetic subsystem; & is the coefficient of
damping of the (separate) partial mechanical subsystem,
and

§C>05ﬁc>098> 1’
¢c=0,pc=0,e=1,
c<0,Bc<0,e<1,|Bc|<Kx.

In a joint consideration of relations (4) for K and
&p, we obtain the formulas for the relationship between
the EMS parameters of the initial structural circuit with
generalized exponents
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Taking the valuation form (5), we represent CP in
the form

O(p) = 7K Ty p* + 20K +\y Kpéc)Top’ +
s ko iy Katpec o+ (6)
+2e\Kgép +lrEc)Typ+1.

ED at working out the speed deviation with zero
static error under load action, variable friction forces and
steady motion with damping of processes in the
mechanical subsystem will be a dynamical vibration
Suppressor.

In this case, CP (6) with a successive dynamic
decomposition is represented by separate interacting
electromagnetic and mechanical subsystems with the
description of the processes in the following form:

O(p) = (T4 p* +25 Top + DTG p* +26,Top+1)=0. (7)

The electromechanical interaction of the processes
in the description in the form (7) physically means the
complete extraction (retraction) of vibration energy from
the mechanical subsystem to the electromagnetic one with
simultaneous transformation at & — & in the minimum
time.

The CP (7) after conversion to the standard form is
written as

O(p) =Ty p* +2(& +&E)T3p> +(2+4& &)TGp* +
+2(‘§1 +§2)T0p+1.

The processes in EMS under the action of the
variable friction forces and the excitation of elastic
mechanical vibrations which are described in the
normalized form (6) will correspond to processes (8)
under the condition that the coefficients of the
corresponding powers of the characteristic polynomial
operator are equal which gives the following system of
equations:

®)

K 5Ty =T

2y\Kg&p +rKpeo)Ty =2& +&)T:
(r(+Kp) + 4y JKpEpe )Ty = (2+ 48 E)T;
2eKpép +rENT, =2(& +&)T,.

The system of equations (9) is solved taking into
account physical considerations in a complete EMS at an
optimal electromechanical coupling

§ <% (10)

where & = & is the coefficient of damping of the
processes of the electromagnetic subsystem in the
composite EMS; & = & is the coefficient of damping of
the processes of the mechanical subsystem in the
composite EMS.

)

It is known that the ED may possess the damping
properties of vibrations in an elastic mechanical
subsystem with viscous friction under vibrational motion
of an electromagnetic subsystem [12], then in a system
with destabilization & < 1. And, of course, the total effect
of vibration damping in the mechanical subsystem can not
be higher than the damping action of the electric motor.
Such a restriction allows us to accept and express, in
order to simplify the transformations when solving the
system (9), the following notation

fc =mé D> (11)
where m is the coefficient of weight (share) of damping by
friction forces (in relation to &p); 0 < m < 1 is the viscous
friction at moving with a speed corresponding to the
positive section of the friction characteristic; —1 <m <0 at
vibrational motion with a speed corresponding to the
negative section of the friction characteristic.

The processes (7) in the electromagnetic and
mechanical subsystem will be equivalent, that is, they will
proceed with a limiting degree of stability and minimum
oscillation in the case of & = & for damping

£ y(1+m)* =2(1—m)(& —m) + (£ —m)*
PN 2 A=m) + 2m(1—m) (&= 2) (& —m)+ m* (s —m)?
when performing the following relationships for

generalized indices of electromechanical interaction of
subsystems

2
= %; sc=msp.

Kp (12)
(& —m)

The analysis of the obtained relations (12) shows

that for the limiting degree of damping — the minimum of
oscillation — the coefficient of the electromechanical
interaction Kp and the damping coefficient &, are
determined by the mass distribution coefficient of the
inertial masses y and by the deflection coefficient of the
speed ¢ and coefficient of weight «m». Assuming the
absence of the action of variable friction forces on the
shaft of the mechanism ¢ = 1 and m = 0, the following

relationships are obtained:

Kg=7; ép=+r-1, (13)
which correspond to those given in [9] for the realization
of processes in EMS with a Ilimiting degree of
electromechanical damping of elastic vibrations by an
astatic automatic control system. Thus, if we perform the
synthesis of the EMS parameters under astatic regulation,
observing the relations (12), the processes in the
dynamics will correspond to the reference one (7) and
when the destabilizing factors are affected with the action
of the «negative» viscous friction, the EMS will be stable
for y> 1, 0 <& <1 and a positive frictional viscous for
1 <y<5mwue> 1. In the limiting case, the nature of the
oscillatory damping processes in the EMS will correspond
to the limiting damping with the indices:

2 2
50:\/7(1—;11) “2emom) o)
4(e—m)(1—m)
$e =Sm =%o (14)
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| 2
QE:QM:QEM:QO 1—50, (15)
where & is the coefficient of vibration damping in EMS;

0p- L _q, [E=m
Ty y(1—m)

undamped oscillations of a two-mass EMS in dynamics

equivalent to a one-mass one.

Characteristics of the processes in ED (14), (15)
with the limiting degree of damping of elastic vibrations
under the action of variable friction forces are achieved
by setting the current regulator according to the criterion
«modular optimum», and the speed regulators of the
system of subordinate regulation according to the ratios

KR:M; r=2 /KBfDT , (16)
KpT,

which are obtained from formulas (5) with subsequent
substitution of optimal values of the parameters Kp, &p, &¢
from (12).

Fig. 2 shows the oscillogram of the motor torque
variation m(t) for small velocity deviations at a single step
change in the load for a section of the characteristic with
negative friction where the graph of the transient 1 is
presented for the case of tuning to a symmetric optimum
with typical parameters of the automatic control system in
calculations without taking into account the properties of
the elastic link and variable friction forces, and the graph
of the transient 2 — for the case of tuning to a minimum of
oscillation with optimal parameters of the automatic
control system for the section of the characteristic with a
«negativey friction. ED is effectively damping vibrations.
In particular, the proposed method for synthesizing the
parameters of the automatic control system was tested in
industrial conditions while positive results were obtained
when adjusting and modernizing the machine electric
drive [13].

is the natural frequency of

m(1),
pu. 2

1.5

0.5

’ 0 01 02 03 04 s

Fig. 2. Graphs of motor torque variation for small speed
deviations at a single step change in load:
1-y=1.5,Q,=6285s", Kz=141.75,7=0.02 s;
2-y=150,=6285", Kx=65227, 7=0.0273 s, &= 0.686,
m=-0.5,6=0.98

Conclusions.

1. A two-mass ED with an astatic regulation system
under the action of variable friction forces effectively
damps the oscillations at optimizing the parameters of the
regulators.

2. Synthesis of the parameters of speed regulators by
the relations for the transfer coefficient K and the
integration constant 7 makes it possible to realize the
limiting indices of the nature of damped processes with
zero static error.

3. The synthesis method based on the generalized
parameters K, &p, & and vy satisfies the requirements of
system analysis, since it takes into account the measures
of mechanical, constructive, electromechanical methods
of suppressing elastic mechanical vibrations.

4. The method of synthesis is recommended for
practical use for control systems for ED of metallurgical
and lifting-transport machines, metal-cutting machines.
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DEVELOPMENT OF METHODS AND MEANS OF COMPUTER SIMULATION
FOR STUDYING ARC FURNACE ELECTRIC MODES

Goal. The purpose of the article is the creation of a three-phase instantaneous coordinates Simulink computer model of the power
supply and automatic coordinates control system (ACS) of the DSP-200 type arc furnace electric mode (EM). The model has a
convenient interface for changing the structure and parameters of the three-phase arcs power supply system, the structure and
laws of the electric mode control system, as well as the stochastic characteristics of parametric and coordinate disturbances.
Method. The provisions of the electric circuits theory, experimental study and mathematical and computer simulation in the
Simulink system of the MatLAB computing environment were used for the research. Results. A high-precision instantaneous
coordinates Simulink-model of the power supply system and electric mode coordinates ACS of the ER DSP-200 furnace was
created. This model was used to study the EM and evaluate the performance of the arc furnace during various technological
melting periods and with various structures of the automatic control system. Scientific novelty. For the first time, based on a
combination of Simulink application library elements and SimPowerSystems standard library blocks of the MatLAB environment
a complete high-precision three-phase instantaneous coordinate model of arc furnace DSP-200 power supply system and EM
ACS was developed. The developed model has significant advantages in accuracy, performance and features compared to existing
ones. Practical value. Possibility to run on the created Simulink-model mathematical experiments on the research of the electric
mode coordinates control dynamic indices and electromagnetic compatibility indices of the electric arc furnace and the supply
network under the influence of the deterministic and random perturbations. References 11, tables 3, figures 16.

Key words: arc furnace, Simulink computer model, power supply system, automatic control system, electric mode, regulator,
dynamic current-voltage arc characteristic, electromechanical circuit.

Llens. Ilenvro cmamovu saenaemca cozoanue mpexgazHol 6 MZHOGEHHBIX Koopounamax Komnviomephou Simulink-moodenu
cucmembl RUMAHUA U CUCHEMbl asmomamuyeckozo pezyauposanun (CAP) koopounam nekmpuueckozo pexcuma (IP) oyzosoii
cmanennasunvhoi neuu muna /JJCII-200, komopas umeem yooouvlii unmepgheiic Ons U3MeHeHUs CIMPYKmypovl U RaApamempos
CUCHEMbl RUMARUA MPEXPasnvIx 0y2, CHPYKMYpPbl CUCHEMbL U 3AKOHO08 YAPAGICHUS IIEKMPUUECKUM PEHCUMOM, ad MAKHCce
CIMOXACMUYeCcKUX XapaKmepucmuKk napamempudecKkux u Koopounamnoix eozmyuienuit. Memoouxa. /[na npoeedenusn uccieoo-
6aNUIl UCNOTIL30BANUCH NOIONCEHUA MEOPUU INEKMPUUECKUX Henell, IKCREPUMEHMANbHbIE UCCIe008aHUA U MaAmeMamuiecKoe
U Komnviomepnoe moolenuposanue ¢ npunoxcenuu Simulink npozpammur Matlab. Pe3ynomamot. Co3z0ana 6blcOKOmMounas
KOMRbIOMeEpHAas 6 M2HOBeHHBIX Koopounamax Simulink-modenv cucmemvt numanus u CAP xoopounam IP JICII-200 u c ee
UCnOJIb306aHUeM Rnposedensbl uccinedosanus P u nonyuenvl oyenku nokazameneii QyHKyuoHuposanus O0yzo60il neyu 6
PA3TUYHBIX MEXHON0ZUYECKUX NEPUOOAX NIAGIeHUs U NPU PA3IUYHBIX CHPYKIYPAX CUCHIEMbL AGMOMAMUYECKO020 YAPAGIEeHUS
(CAY). Hayunasa noeusna. Bnepevle na ocnoee couemanusn jiemenmos oudauomexku npunodicenusn Simulink u munoesvix
oubnuomeunsvix o6n0x06 SimPowerSystems npozpammor Matlab cocmaenena mpexgasnas 6 McHO6eHHBIX KOOPOUHAMAX NOJIHAA
Mmooeny cucmemovt numanun u CAY DP odyzoeoir neuu JCII-200, xomopas umeem 3nHauumebHble NPEUMYULECEA NO
mounocmu, 6b1Icmpooeiicmeuio u YYHKYUOHAILHBIM 803 MOHCHOCIAM RO CPAGHEHUIO C U38eCMHbIMU modenamu. [Ipakmuueckan
uennocmy. Bozmoscnocmo gvinonnenua na co3oannon Simulink-wodenu mamemamuyeckux IKCnepUMenmo8 no Uccie008anuI0
noxaszamenel OUHAMUKU pe2ynuposanus Koopounam DP u noxaszameneii 31eKmMpPOMAZHUMHOU COBMECHMUMOCHU DPeEHCUMOB
JCII u 2nekmpocemu npu deiicmeuu 0emepmMuHuUPOSAHHBIX U CIYYAUHbIX 603myuienui. budin. 11 Tadu. 3, puc. 16.

Kniouesvie cnosa: pyropasi crajenJiaBWIbHasi Nedb, KoMmmnbloTepHasi Simulink-mopmenb, cucTemMa NnHTaHUSA, CHCTeMa
ABTOMATHYECKOI0 PeryJMpoBaHMsl, JJIEKTPHUECKU PEKUM, PeryjsiTop, IMHAMHYECKasi BOJbT-aMIIepHAasi XapaKTepHCTUKA
JIYTH, JIeKTPOMeXaHHYeCKUii KOHTYP.

Introduction. Arc furnaces are powerful
electrotechnological facilities for melting steels and alloys
mainly from scrap metal. Considering the considerable
installed power and the extremely dynamic asymmetric
and non-linear nature of the load, it is not always possible
to carry out experimental studies of their modes and
parameters of the melting process in the arc furnaces in
view of a number of organizational, technical and
industrial reasons. Particular difficulties arise when it is
necessary to carry out experimental research for various
structures of the automatic control system (ACS), for its
various parameters, for various circuit changes in the
power supply circuit of three-phase arcs, and so on.

Problem definition. One of the approaches to
obtaining the indicated information (indicators of
dynamics, electrotechnical efficiency and electromagnetic
compatibility) is mathematical and computer simulation
[1, 2]. However, the existing mathematical and computer
models of processes in the arc furnaces in terms of speed,
accuracy of reproduction of modes, functional

capabilities, the convenience of changing the structure,
parameters and setting of model experiments do not meet
the modern requirements for a comprehensive study of
dynamics, electrotechnical efficiency and electromagnetic
compatibility.

Review the recent publications. Existing computer
models [3, 4] have a complicated and awkward interface
for changing the parameters and structure of the ACS of
EM and the power supply of the three-phase arcs, the
laws of the control of the electric mode, the operative
formation of perturbation characteristics with different
stochastic  characteristics ~ corresponding to  the
investigated technological stages melting, statistical
processing of simulation results in on-line mode that
complicates the computer research of the EM of the arc
furnace in search of the best solutions for the structure
and parameters of the ACS and the laws governing the
EM. Some of the known models are used only for the
analysis of the process of coordinate change of the EM in
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a power circuit in a power circuit without a closed system
of regulating arc lengths in averaged coordinates [5],
others have a complicated and awkward interface for
changing the structure of the ACS, control laws, indices
of parametric and coordinate perturbations, dependencies
of dynamic volt-ampere characteristics of arcs, etc. [6-8].
They have peculiar or low accuracy of modes
reproduction [5], or limited functional capabilities for
setting up and conducting various mathematical
experiments [6-8].

Justification of relevance. Therefore, the problem
of the creation of new high-precision and high-
performance computer models of the power supply
system and the ACS of the coordinates of the arc
furnaces” EM which takes into account all the main
nonlinearities, peculiarities of the changes of parametric
and coordinate disturbances in the melting process in
which convenient interfaces of the structure change,
control laws and parameters of the ACS are implemented,
the formulation of mathematical experiments and the
statistical processing of the results of research for today is
an actual and important scientific and technical task.

The goal of the work is the creation of a three-
phase in the instantaneous coordinates structural Simulink
model of the system of supply of three-phase arcs and the
system of automatic control of the electric mode of the
arc furnace and the study of the parameters of the
dynamics of electrical regimes and indicators of
electromagnetic compatibility with its use.

The scientific task is to create a structured Simulink
model of the three-phase arc power supply system and an
automatic control system for arc furnace electric regime
based on the combination of model elements of the
Simulink  library and the  structural  blocks
SimPowerSystem of the Matlab code.

Structural Simulink model of the power supply
system and the ACS of the coordinates of the EM of
the DSP-200 furnace. Fig. 1 shows the developed
functional circuit of the power supply system of three-
phase arcs without a zero conductor and a one-circuit
system of automatic regulation of coordinates of the EM
with a differential law for the formation of a control
signal on the displacement of electrodes (automatic
adjustment of arc lengths).

On the basis of this functional circuit, a Simulink
computer model (Fig. 2) was created which is configured
for the parameters of the power supply system, power
electrical equipment and arc power regulator of
ARDMT-12 type (ACS of the coordinates of the EM) of
an arc furnace type DSP-200. The testing of the model
was carried out by comparing the dynamics indicators of
the development of the working out of deterministic and
stationary random disturbances by the length (voltage) of
the arc obtained on the operating arc furnace DSP-200
and on the developed its Simulink model under
differential control law.

For adequate reproduction in the developed
computer model of the real dependencies of the dynamic
volt-ampere characteristics (DVAC) of arcs occurring at
different technological stages of melting, in the modulus
of three-phase arcs of the Simulink model the possibility
of realization in the current mathematical experiment is

envisaged of one of the four models corresponding to the
main technological stages of melting — the linear
u,(f) = R,(f)i,(¢t) and the nonlinear ones — based on the arc
tangent function u,(¢f) = 2-E,,(f)-arctan(k-i,(f))/z; on the

basis of the  differential  Cassie  equation
2
u,(t
Hdg;t(t) = g(z) g,(t) and nonlinear with complex

am

nonlinear functional dependence on the basis of the use of
piecewise linear and piecewise nonlinear splines
u (6= i (), 1(f)) with the possibility of reproduction of
the hysteresis properties of the arc, ignition peaks, arc
extinguishing, etc., where g,(f), R,(¢) are the instantaneous
arc conductivity and resistance; E,,, is the maximum value
of anti-EMF of the arc;, uyf), i(f), l(f)) are the
instantaneous arc voltage, current and length, @), is the time
constant characterizing the thermal inertia of the arc [9].

ACS
Phase A l

Supply Short
system Transformer networlk

E=h=E=

DVACA
—%

DVACA|
—%

Fig. 1. Functional circuit of the three-phase Simulink model of
the power supply system and the ACS of the coordinates of the
EM of the DSP-200 furnace

— m 8 e = &»>-u-a>
e it i -,;9.:@: = - ‘?‘-_al:
- 1 Y
= = E_—y =1 . | —
g LB L - ;i g_'_ :,‘ He 28> 88
e I (N ik B o i
m o <8 .
- | = b —

: 4
™ N = e B O

H ey =

= 2o >4, = D-#-"zl
ad Y
& 1 |

-

Fig. 2. Structural circuit of the three-phase Simulink model
of the power supply system and the ACS of the coordinates
of the EM of the DSP-200 arc furnace

The change in the value of the time constant @, in

the model can reproduce the conditions of burning arcs at
different technological stages of melting, that is, to realize
different arcs DVAC (their area characterizes the reactive
power of the arc). At the beginning of the melting
@, = 02+0.5 ms; @, = 1+1.5 ms at the interval of
formation of the liquid phase of the melt, and in the
periods of oxidation and refining — @, =3+5 ms.
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The model of the block of three-phase arcs for
making the corresponding structural and parametric
changes has the potential to reproduce the above types of
arcs DVAC which are inherent in different technological
stages of melting.

In Fig. 2 elements of the model of the three-phase
symmetric electric network (EN), the furnace transformer
unit (FTU) and the secondary conductor — short network
(SN) of the furnace which represent a model of the power
electric circuits of the supply of the three-phase arcs of
the arc furnace with the corresponding DVAC indicated
in yellow which are collected on the elements of the
SimPowerSystems library (red). On these elements the
possibility of reproduction of the four types of dynamic
arcs DVAC described above which take place at different
technological stages of melting is realized.

Voltage sources reproduce the three-phase
sinusoidal voltage of the arc furnace power supply

network with a frequency of 50 Hz, amplitude 352 kV
and the angle of shift of 120 electrical degrees. Block
«furnace  transformer» represents a three-phase
transformer ~ with a  transformation  coefficient
k- =35000/480 = 72.92 and power S = 125 MVA.

The block «total impedance» simulates the total
resistance of all active resistances of elements of the
power supply system of the arcs (choke, transformer,
short network and electrode in each phase) which are
united in resistance ry, and all their inductive resistances
are united in resistance x,;.

The red block 1,(U,) reproduces the static internal
characteristic of the arc furnace DSP-200 for the
appropriate stage of the power furnace transformer.

The orange block is a controlled voltage source
whose input-output characteristic is formed by the block
1,(U,) and the perturbation setting block.

Violet blocks from the group of elements of the
perturbation setting simulate the deterministic and
random perturbations along the arc length which arise
during the arc furnace operation at arc gaps at different
technological stages of melting. The purpose of this group
of blocks is the formation of various time realizations of
disturbances along the arc length in the phases of a short
furnace network, with the same statistical characteristics
that correspond to the investigated technological stages of
melting.

Blocks of bright blue color reproduce the model of
the block of comparison of input signals of the ACS for
realization of the corresponding law of formation of the
signal of the EM mismatch. Its output signal is the Uy
mismatch signal, and its «input-output» dependence
Uus=F(U,, 1,) varies according to the investigated law of
electric mode control.

Elements of the Simulink model of dark green color
simulate the static dependence «input-output» of the
block of the formation of a control signal on displacement
of the electrode of a particular phase of the furnace. It
implements the «zone of insensitivity» (0 = 2...10 %), the
gain factor for lifting and lowering the electrodes, limiting
the maximum speed U™ for lifting and U;™ for
lowering of the electrodes, reproduces the inertia of the
low frequency filter which is connected in each phase at

the output of the rectifiers of the current sensor CS and
the voltage sensor VS. Fig. 3 shows the static
characteristic of the control signal formation block
UL' :f(Udis)'

The block «Reducer» serves to convert the angular
velocity of the motor reduced to the angular velocity of
the gear, into the linear displacement of the electrode and
is represented in the Simulink model by a non-linear link
of the type «backlash» and the integrating link that
simulate the mechanical gear type «gear-rail». The
«oscillating link» block reproduces a limited rigidity of
the individual elements of the kinematic circuit of the
mechanism of moving the electrodes, in particular the
vertical column, the horizontal arm of the electrode holder
and the electrode itself.

e

Fig. 3. Dependence «input-output» of the block of formation
of the control signal

The group of green elements simulates the electric
drive of the mechanism of displacement of the electrode
of the ARDM-T-12 type arc power regulator which is
assembled according to the circuit «reverse thyristor
converter — DC motor» with a nonlinear negative
feedback on the current of the armature and a motor
negative on speed and with summation of these signals on
the input amplifier.

In RMS blocks, the current values of current and arc
voltage are continuously calculated in the simulation

process by the formula RMS(f(¢)) =

In Table 1 experimental results for the DSP-200
furnace which describe the static external characteristics
of this furnace I,(U,) and the dependence of the arcs
power P,(U,) which are reproduced by functional blocks
in the model in the power circuit model of the DSP-200
furnace are shown.

In Fig. 4, 5 the model dependences of these two
main characteristics of the DSP-200 arc furnace are
constructed on the basis of these experimental data.

In Fig. 5 dashed lines show the coordinates of the
point of maximum arcs power and arcs power points
which corresponds to the steady mode of the furnace at
the first stage of the furnace transformer voltage. The
coordinates of the point of the steady state (voltage and
current of the arc) correspond to the settings of the
ARDM-T-12 type arc power regulator on the U,,, voltage
and the /,, arc current, respectively.
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Table 1
Experimental data for characteristics /,(U,) and P,(U,) of the arc
furnace DSP-200

I, A U,V P, W
70962 3.96E-06 0.28101
63808 39.39 2710347
65339 77.98 5095135
60614 115.13 6978490
54723 149.99 8207903
47894 183.34 3780886
43970 198.2 8714854
40800 208.5 8506800
33590 227.9 7655161
27593 24185 6673367
19392 256.72 4978314
14749 263.25 3882674
7673 271.11 2080227
2877 275.2 791750.4
1428 276.25 394485
142.7 277.08 39539.32
1427 277.14 3954.788
1.4273 277.16 395.5905
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Fig. 4. External characteristic /,(U,) of the furnace DSP-200
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Fig. 5. Power dependences P,(U,) of the arcs of DSP-200

The Simulink model structural circuit includes a
module of the generator of the deterministic (in particular,
the extreme ones which cause symmetric or asymmetric
by the phases operational short circuits or breakdowns of
the arc) and stationary random disturbances along the
length of arcs which, according to the stochastic
characteristics, correspond to the perturbations acting in
the arc gaps in the investigated technological stages. The
created Simulink model also includes a module for

calculating the integral characteristics of temporal
processes of changing the coordinates of the EM and the
indicators of electromagnetic compatibility which in a
complex manner characterize the efficiency of the control
of the modes and the dynamics of coordinates adjustment
of the EM of the furnace DSP-200 with the adjusted
structure of the ACS for a certain technological stage, the
perturbation characteristics and the chosen control laws
for the EM.

The study of the accuracy of the created Simulink
model was performed on the basis of a comparison of
mathematical expectations and dispersion of the processes
of the change in the mean-square values of arcs currents
1,(f) obtained on the operating arc furnace DSPA-200 and
its Simulink model at various technological melting
stages. Comparison of their meanings was performed on
the basis of the M-criterion of Bartlett [10]. The criterion
estimates for the mathematical expectation ¢, and for the
dispersions # of arcs currents were obtained by formulas
(1) and (2) respectively:
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where N = Zni is the total data number; k is the
i=1

number of samples; n; , i = 1,2,...,k is the size of the i-th
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sample.

The obtained values of these criteria did not exceed
the acceptable (tabular) value of the criterion — 3.84
which was taken for the 5 % level of significance a. On
the basis of comparison of these estimates, we have
obtained confirmation of the achievement of sufficient
accuracy of reproduction of the real processes of
changing the arcs currents /,(¢) in the Simulink model of
the arc furnace DSP-200.

Investigation of the dynamics and efficiency of
different structures of the ACS of the EM of the DSP-
200 furnace. In the first stage of the research, the
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simulation of the processes in the electric drive of the
mechanism of the displacement of the electrodes
(electromechanical system «thyristor converter — motor»
(TC-M)) of the ARDM-T-12 type arcs power regulator
and the mechanism of electrode displacement (MED) was
performed. Their dynamic and static properties
significantly affect the parameters of quality of control of
arcs lengths (the working out of perturbations along the
arcs lengths). Fig. 6 shows a fragment of the general
Simulink model of DSP-200 which reproduces the
processes of changing the coordinates of the electric drive
and the MED in one phase, and Fig. 7 shows obtained on
this model dynamical processes of changing the current of
the armature /,(f) and the angular velocity @,(f) of the
MED motor in the deterministic changes of the control
signal U.(?) on the input of the thyristor converter.

Display
003225

1 0.0043
0.000552+0.0065+1 s

Fig. 6. Simulink-model of the electric drive according to the
TC-M circuit of the mechanism of displacement of the electrode
of the arcs power regulator ARDM-T-12
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Fig. 7. Dynamics of current /,,(¢) and motor speed @,,(f) of MED
with a deterministic change in control signal U,(¢) of the electric
drive of the MED

Fig. 8 shows obtained on the developed Simulink
model the temporal dependences of changes of the
instantaneous values of the voltage of the secondary
winding of the FT u,, (f) and the current i,(f) and the
voltage u,(f) of the arc in the phase A in the quasi-
stationary mode of working out of random perturbations
in the nonlinear arc DVAC which is described by the
function of the arctangent. The given temporal
dependences illustrate the effect of the trapezoidal shape
of the voltage on the arcs which is observed at the end of
the melting of the solid charge on the distortion of the

sinusoidal shape of the arc current and the phase voltage
of the secondary winding of the furnace transformer unit.
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Fig. 8. Temporal dependences of the quasi-stationary process
of the change of voltage u,(?), current i,() of the arc and voltage
uy,(t) of the FTU

On computer models, we also investigated the
modes of working out the asymmetrically in the phases
deterministic perturbations along the lengths of arcs —
modes of one- and two-phase short circuits and
breakdowns of the arc and determined their respective
indicators of the quality of the dynamics.

So, Fig. 9 shows the obtained processes of changing
the current values of voltage U,(f), current [,(f), arc and
current [,(f), and the speed @, (/) of the motor of the
electric drive of the mechanism of displacement the
electrode in all three phases at working out the short
circuit in the phase A for a differential control law of the
lengths of arcs.

Fig. 10 shows obtained on the developed Simulink
model the temporal dependences of the same EM
coordinates in each of the phases of the power circuit of
the DSP-200 furnace and the motor of the electric drive of
the MED of the arc power regulator ARDM-T-12 in the
mode of working out of the extreme (symmetrical in
phases) of perturbation which leads to a three-phase
breakdown of arcs. Analysis of the temporal dependences
shown in Fig. 9, 10 shows the oscillating nature of the
processes of working out the specified deterministic
extreme disturbances with the regulation time of 1.2 s and
1.4 s, respectively.

In addition to the differential law, other laws of the
formation of a control signal on the displacement of
electrodes were also investigated. Fig. 11 shows obtained
on the model the temporal dependences of the change in
the coordinates of the EM (voltage U,(f), current I,(f),
arc) of the arc furnace DSP-200 and the coordinate of the
motor of the mechanism of the displacement of the
electrode (current 7,,(), speed w,(¢) for each of the phases)
at working out of the breakdown of the arc in the phase A
and regulation by the law of deviation of the arc voltage
from the given U =k(U, se; — U,).
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Fig. 9 Temporal dependences of the coordinates of the EM
of the furnace DSP-200 and the motor of the MED in each phase
at working out the short circuit in the phase A
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Fig. 10. Temporal dependences of voltage U,(t), current /,(f) of

the arc of the furnace DSP-200 and current 7,(¢) and the speed of

the motor ,,(¢) of the MED of each phase at working out of the
three-phase breakdowns of the arc
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Fig. 11. Changing of the coordinates of the EM U,(¢), 1,(¢) of the
furnace DSP-200 and the motor of the MED 7,,(¢) @,(f) of the
regulator ARDM-T-12 at working out of the breakdowns of the
arc in the phase A by the law of the arc voltage deviation

The main perturbations in the process of melting of
charge in an arc furnace are stationary random
perturbations along the arc length stochastic characteristics
of which vary during melting. With the occasional nature
the voltage on the power supply buses of the arc furnace
also fluctuates, and also the parameters of the elements of
the power circuit (elements of the furnace’s short network)
also accidentally change, and so on.

To reproduce in the compiled Simulink model the
random processes of coordinate and parametric
disturbances mentioned above, a module for the
generation of three independent implementations of
random processes with identical stochastic characteristics
and the possibility of changing their parameters in
correspondence with the characteristics of these
perturbations operating in the studied technological
melting stages in the operating arc furnace DSP-200 is
developed and included to the model.

In the initial stages, the indicated perturbations have
the maximum amplitudes in the range of low frequencies
(0.2-1.5 Hz), then the amplitudes decrease, and their
frequencies increase, and in the stage of oxidation and
refining (in particular the stage of boiling of the slag), the
amplitudes are minimal, and their frequencies lie in the
band of 5-8 Hz. In the developed module of the
generation of random perturbations, the possibility of
such a change in their parameters in accordance with the
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values of the parameters of stochastic characteristics of
real disturbances in the investigated technological stages
of melting is realized. A fragment of such random
perturbations for the technological stage of fusing wells in
the arc furnace DSP-200 is shown in Fig. 12.

Fig. 12. A fragment of random perturbations along the lengths
of arcs f{#) in three phases at the stage of wells fusing

As an example, Fig. 13 shows the obtained on the
developed structural Simulink model at the action of
stationary random perturbations along the arc lengths the
processes of changing the arcs currents at the working out
by the power regulator of the type ARDM-T-12 of
stochastic perturbations in each phase during the
technological period of boiling of the slag and under the
control by the differential law.

Fig. 13. Temporal dependences of change of currents of arcs
1,(?) of the arc furnace DSP-200 during the technological period
of boiling of slag at operation of the regulator ARDM-T-12
(differential law)

On the created Simulink-model, mathematical
experiments were conducted to study the dynamical
indicators at using each of the above-mentioned control
laws in the single-circuit ACS (ARDM-T-12 regulator),
as well as at the joint action of the electromechanical
circuit (ARDM-T-12 arc power regulator) and only high-
speed electric circuit for regulating arcs currents (two-
circuit structure of ACS [11]) under the action of both
deterministic and stationary random coordinate and
parametric perturbations in each phase.

As an example, Fig. 14 shows the results of the
performed mathematical experiments on the study of the
process of working out of deterministic perturbations
which resulted in a symmetrical three-phase short circuit
in the DSP-200 furnace only at operation of the
electromechanical circuit with a differential control law.
(Fig. 14,a); only high-speed electric circuit (Fig. 14,b)
and in the case of joint operation of both circuits (two-
circuit ACS, Fig. 14,c). As can be seen from the processes
shown in Fig. 14, at the use of one-circuit ACS (electro-
mechanical circuit — ARDMT-T-12 arcs power regulator),
the time of regulating arcs currents is #,., = 1.65 s, at
operating the high-speed circuit #,,, = 0.05 s, and for the
two-circuit ACS ¢, = 0.125 s. Some increase in the time
of regulation in the two-circuit ACS is due to the
asymmetry of the dynamics of the regulation of the
electromechanical circuit through the phase-phase

asymmetry of the parameters of the power elements of the
short network of the arc furnace DSP-200.
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r 0.4s \/h [ v

0,04 5 045

[ f, 5 1,5

Fig. 14. Arcs currents /,(¢) in three phases at the symmetrical
short circuit of the arc DSP-200 and operating ARDM-T-12 (a);
only high-speed circuit (b); and two-circuit ACS (c)

Practical interest is the indicators of dynamics of the
two-circuit ACS of the electric mode of the DSP-200 in
the working out of stationary accidental perturbations
along the arc length in different stages of melting, since
such disturbances are the main ones on each smelt. That is
why on the created Simulink model, a number of
mathematical experiments were conducted to study the
indicators of the dynamics of the regulation of the EM
coordinates, indicators of energy efficiency and
electromagnetic compatibility. The purpose of these
studies was to obtain integral assessments of the quality
of dynamics, in particular the value of the dispersion of
currents (voltages, powers) of arcs and indicators of
electromagnetic compatibility of arc furnace modes and a
network in the operation of a two-circuit ACS, as the
most perfect in terms of energy efficiency and, for
comparison, the indicators of the other two structures of
ACS of the electric modes under the influence of
stationary random perturbations in different technological
stages of melting.

As an example, Fig. 15, 16 show the temporal
dependences of disturbances (Fig. 15,4 and Fig. 16,a) and
their corresponding temporal arcs currents dependences
(Fig 15,b and Fig. 16,b) in three phases corresponding to
the technological stages of wells collapse and meltdown
of a solid charge (Fig. 15 and Fig. 16, respectively), in the
operation of the two-circuit system for automatic
regulation of arcs currents of the arc furnace DSP-200.

Fig. 15. Perturbations along the lengths of the arcs f{¢) in phases
(a) and the corresponding currents of the arcs 7,(¢) (b) of the
two-circuit ACS at the technological stage of wells collapse

In Table 2 average in phases the values of the
dispersions of arcs currents obtained in computer
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experiments under the action in arc gaps of the same
realizations of three-phase disturbances along the arcs
lengths for the same technological stage but at the
functioning of different structures of the ACS of the EM
of the DSP-200 are presented.

Fig. 16. Perturbations along the lengths of the arcs f{¥) in phases
(a) and the corresponding currents of the arcs /,(¢) (b) of the
two-circuit ACS at the technological stage of meltdown of a

solid charge

Table 2

Average over the phases the values of the dispersion of the arcs

currents of the DSP-200 furnace for different ACS and different
technological stages

Technological stage
ACS
structure StarF of We} Is Oxidation, | Refinement,
melting, | melting, KAZ KA2
kA? kA?

One-circuit
(ARDM-T- 26.0 40 29.0 6.8
12)
High-speed | 5 16.5 6.9 22
circuit
Two-circuit 9.5 8.2 6.7 2.0

The analysis of presented in the Table 2 values of
dispersions of arcs currents shows that the use in the
control system structure of the high-speed electric circuit
of regulating arcs currents allows to significantly reduce
the dispersion of currents by 2.5-5 times.

Due to the increase of the speed of regulation of arcs
currents in the two-circuit structure of the ACS, the phase
autonomy (symmetry) of arcs currents regulation, active
and reactive powers, as well as the indicators of energy
efficiency and electromagnetic compatibility of the arc
furnace modes and the network are improved. Table 3
shows the results obtained from model research on the
developed Simulink model of integrated estimates of
some indicators of electromagnetic compatibility of arc
furnace DSP-200 modes and the power supply network.

Table 3
Average in phases indicators of electromagnetic compatibility of
the arc furnace DSP-200 during the period of charge melting

ACS structures

Functioning indexes

One-circuit ACS | Two-circuit ACS

Cia 0.096 0.081
cos@ 0.82 0.89
Uy, % 1.42 0.92
F 0.168 0.058

The analysis of the obtained estimates of the
parameters of the electromagnetic compatibility of the
modes of the DSP-200 furnace and the power supply
network at various technological stages of melting
showed that the coefficient of distortion of the sinusoidal
currents of the power supply network Cj,, in the operation
of the two-circuit ACS compared with the operation of a
one-circuit one (power regulator ARDMT-12) decreases
by 12-20 %, the coefficient of power cosp in the
operation of the two-circuit ACS increases by 6-10 %, the
voltage fluctuations of the power supply network oUy, of
the furnace thus decreases by 30-40 %, while the dose of
the flicker F-by 48-65 %.

At the same time, due to the significant
improvement of the dynamics of arcs currents regulation
(reducing the dispersion of arcs currents), in the
operation of a two-circuit ACS, the power of electrical
losses in a furnace’s short network decreases, including
for the account of reduced reactive power consumption,
respectively the electrical efficiency improves, the
dispersion of the arcs power decreases and the
uniformity in time and in phases (along the perimeter of
the melt) of the input of active power into the furnace
improves (thereby melt is more uniformly heating up
and, accordingly, the local overheating of the melt and
the side walls of the furnace masonry are eliminated).
Increasing the speed of regulation of arcs currents
positively affects the alignment of the phase loads of the
furnace and as a result, the negative effect of the «wild»
and «dead» phase 1is practically eliminated or
significantly weakened, as well as the coefficient of
phase asymmetry of the electrical supply network
voltage is reduced.

Conclusions.

1. Based on the application of the statistic M-criterion
of Bartlett it is shown that the created three-phase in
instantaneous coordinates Simulink model has sufficient
accuracy (adequacy) of the reproduction of the processes
of changing arcs currents.

2. Created on the basis of a combination of typical
elements of the Simulink application library and
SimPowerSystems blocks of the Matlab software, the
structured Simulink model of an arc furnace has a
convenient setup interface for studying the dynamics
indices of the EM and the electromagnetic compatibility
indices for different structures and parameters of the ACS
and the power circuit of the power supply of three-phase
arcs, control laws, dependencies of dynamic volt-ampere
characteristics of arcs and parameters of stochastic
characteristics of perturbations.

3. Obtained values of quality indicators of dynamics of
the investigated structures of the ACS of the EM of the
arc furnace DSP-200 have shown that the best indicators
of the dynamics inherent in two-circuit control system:
compared with one-circuit system (arcs power regulator
ARDM-T) the regulation time of arcs currents at working
out of extreme disturbances of the electric mode (short-
circuit and breakdowns of the arc) using a high-speed
circuit in the structure of a two-circuit ACS decreases
20-40 times, and the arcs currents dispersion at working
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out the random disturbances at other similar conditions
decreases 3-5 times, as well as performance indicators of
the electromagnetic compatibility of modes of the arc
furnace and power supply network are significantly
improved.
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POWER DESCRIPTIONS OF A STORM CLOUD OF TROPOSPHERE OF EARTH:
FEATURES OF THEIR CALCULATION AND APPLIED UTILIZATION

Purpose. Implementation of calculation estimation of such basic power descriptions of the system is a «storm cloud - earthy, as
total charge of qs, electric potential of ¢,, electric energy of Wy and amplitude-temporal parameters (ATP) of pulse current i;(¢) in
the channel of a long air spark discharge of cloud on earth. Methodology. Electrophysics bases of technique of high voltages and
large currents, theoretical bases of the electrical engineering, theoretical electrophysics, theory of the electromagnetic field and
technique of the strong electric and magnetic fields. Results. The results of calculation estimation of basic power descriptions are
resulted in the overhigh voltage electrophysics calculation system a «storm cloud - earth». To such descriptions of a storm cloud
behave: total electric charge of qx, concentrated in a storm cloud of spherical form of the set volume with the shallow dispersible
negatively charged including as particulate dielectric matters the set by an middle closeness; electric potential of ¢, is in the
spherical volume of a storm cloud of the set size; electric energy of Wy, accumulated in the spherical volume of a storm cloud of
the set radius of Ry; PTP (amplitude of 1,,;, and duration of t, at level 0.51,,;) of aperiodic impulse of current i (¢) of linear
lightning in the plasma channel of a long air spark digit of a storm cloud on earth. The ground of possibility of the use is given in
close practical calculations in place of the real storm cloud of the simplified calculation model of a storm cloud, containing the
spherical volume of V, by the radius of Ry is shown that at Ry=985 m and accordingly Vy=4-10° m’ in the examined model of a
storm cloud his indicated power descriptions arrive at the followings numeral values: charge of qs=—55.6 C, potential on the
outward surface of cloud of pr=—506 MV, electric energy of Wy=<14.1 GJ in a cloud and amplitude of aperiodic impulse of current
of I,;==262.1 kA at duration of his flowing t,=142.4 us in the plasma channel of a long air spark digit of cloud on earth. This
calculation information well correlates with the known experimental information, characteristic for the short shots of lightning in
surface objects. The receive results will be instrumental in possibility of prognostication of a sticky storm wicket specialists at
presence of only minimum initial information about a storm cloud in earthly troposphere. Originality. First at the analysis of a
storm situation in troposphere of Earth offered approach, related to bringing the real storm cloud over the volume of V, to an
equivalent on volume spherical storm cloud by the radius of Ry, for which will apply the physical and mathematical vehicle of
analysis of flowings in him electrophysics processes developed an author. Practical value. Application of the in practice
calculation findings will allow to deepen scientific and technical knowledge in area of nature of atmospheric electricity, will be
instrumental in further development of physics of linear lightning and successful decision of global problem of protecting from
lightning of surface objects and auxiliary them personnel. References 12, figures 2.

Key words: atmospheric electricity, storm cloud, accumulated charge, electric potential and energy of cloud, current in the
channel of discharge of cloud on earth, calculation, experimental information.

Ilpugedenwvi pesynomamvl pacuemHoli OUEHKU OCHOGHBLIX IHEPZEMUUECKUX XaAPAKMEPUCHUK C6EPXEbICOKOGOIbIMHOIL
cucmemsl «2p03080e 00NAKO-3eMAA», coOeprycauiell CHIOWHYI0O 3apadceHHyl0 cgepy oobnaka. B kauecmee mux
XapaKmepucmuK zp0o306020 0061aKa paccmompenvl: INEKMPULecKuil 3apao qs, coOCPeOOmoUeH bl 8 chepuueckom zpo308om
o001aKe 3a0aHH020 00bemMa ¢ MEeNKOOUCNEPCHBIMU 3APANCEHHBIMU GKIIOUEHUAMU 6 UOE MEEPOLIX OUIIEKMPUYECKUX YACHUY,
C YCpeOHeHHOUl 00beMHOU NIOMHOCMbIO; INEeKMPUUECKUIl NOMEHuuan ¢, 6 cgepuueckom o0veme 2p0306020 oodnaKa
3a0annozo paouyca; rnekmpuueckaa Inepzua W), nakonnennas é cghepuueckom odveme NPUHAMO20 ZPO306020 001aKa;
AMRIUMYOHO-6PEeMEHHbIE NAPAMEMPbl MOKA MOJIHUU 6 NJIA3MEHHOM KaHane ONUHHO20 6030YULHO20 UCKP0B020 pa3pada
2p0306020 obnaka na 3emaio. llonyuennsie pe3yromamol 6y0ym cnocodocnmeosams 603MOHCHOCHU RPOZHO3UPOBAHUSA 2P 030801
00cmanoéKu npu MUHUMANABHOU UCXOOHOU MEmeoponNozudecKkoil ungopmayuu, OanvHeiluemy pazeumuio npupoosl
ammocgheprozo rnekmpuiecmea, GuuKu TUHENHON MOIHUL U PEULeHUIO 2/100AIbHOI NPOOIEMbL MOTIHUE3AWUMbL 00BEKM 06
u obcayxcusaiowezo ux nepconana. buon. 12, puc. 2.

Kniouesvie cnoea: aTtmMocdepHoe 3JIeKTPHYECTBO, T'PO30BOe 00JI1aK0, HAKOIUICHHBIH 3apsifi, 3JIeKTPHYeCKHH MOTeHIHAJ] W
3Heprus o0;1aKa, TOK B KaHaJle pa3psiia 00;1aKa Ha 3eMJII0, pacueT, IKCIepuMeHTalbHbIe TaHHbIe.

Introduction. One of the problematic tasks in the
field of atmospheric electricity and lightning protection of
terrestrial and near-earth air objects still remains one that
is connected with the determination, with minimal initial
information about the thunderstorm situation in the area
of this or that territory of the planet studied by specialists
(engineers and meteorologists) energy characteristics of
the thundercloud cloud in the Earth's troposphere. Such
characteristics of a thundercloud include: firstly, the total
electric charge ¢s accumulated in such a cloud; secondly,
the electric potential ¢, in the volume of a thunderstorm
cloud; thirdly, the electric energy W, accumulated by
fine-dispersed inclusions (for example, small drops and

water vapor, small granules and ice crystals and small
solid dielectric particles [1, 2]) of the atmospheric cloud
under consideration in the «storm cloud - earthy
electrostatic system; fourth, the probable amplitude-
temporal parameters (ATPs) of the pulsed current i;(¢) in
the channel of the high-current discharge of a
thunderstorm cloud to the ground or to the protected
object. Their forecast of a possible thunderstorm threat to
land-based objects and aircraft caught up in the area of the
atmospheric cloud depend on these data. Knowledge of
indicated energy characteristics of a thunderstorm cloud
makes it possible to predict a thunderstorm situation in

© M.I. Baranov
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the investigated area of terrestrial land, and also in a
certain way extends knowledge of people in the field of
atmospheric electricity and the physics of a long air spark
discharge (lightning) and the consequences of its (this
high-current discharge) action on the protected objects
and their environment. It should be noted that usually
under a thundercloud, meteorologists understand a
cumulonimbus cloud for which a number of critical
conditions are met as indicated in [1]. As for the concept
of the Earth's troposphere, it means the lower part of the
earth's atmosphere, with a height of up to 11 km in
temperate latitudes which contains 4/5 of the entire mass
of the atmosphere, almost all water vapor, and various
kinds of clouds develop [1, 3]. In this connection, an
approximate determination by calculation of the quantities
qs, ¢ Wy and ATPs of the discharge current i;(¢) in the
superhigh-voltage electrostatic system «thundercloud -
earth» in which the atmospheric cloud has even a
canonical geometric shape and a simplified internal
«stuffings» from a number of above-mentioned fine-
dispersed inclusions, is an actual applied scientific and
technical task of great importance in the world.

The goal of the paper is the calculation estimation
of such basic energy characteristics of the «lightning
cloud - ground» system as the charge ¢s, the potential ¢,,
the energy W, and the amplitude-temporal parameters of
the pulsed current i;(7) in the channel of the long air spark
discharge of the cloud to the earth.

1. Problem definition. For convenience in
analyzing the distribution of atmospheric electricity in the
Earth's troposphere, let us consider one of the special
cases when the thundercloud has the shape of a sphere of
radius Ry~985 m (Fig. 1), inside which, with an average
volume density Ny=5-10" m>, solid dielectric particles
with a radius 7,=10-10® m are mainly placed[1], each of
which at the stage of formation of the cumulonimbus
cloud obtained by electrifying in the warm ascending air
streams of the Earth's atmosphere a negative electric
charge of gy~ —2.78:107'° C and at the stage of formation
of a thunderstorm cloud was freed from the covered them
electrically neutral molecular dipoles of water [2]. The
choice of the indicated numerical value of radius R, of the
cloud was due to the fact that in order to simplify the
calculations, as in [2], its initial calculation volume
Vy~4-10° m’ was a rectangular prism with dimensions in a
horizontal base of 1000 m x 1000 m and a height of
4000 m, the center of which was located at a height of
Hy=3000 m above the flat surface of the Earth (see
Fig. 1). According to [1] it is from such heights that the
formation of cloud charges begins in the Earth’s
troposphere. Proceeding from the fact that in the adopted
approximation Vi=4nR,*/3=4-10° m>, and this numerical
value of R, follows. As for the numerical values of the
quantities Ny and ry, they were chosen by us on the basis
of the experimental data given in [1]. The calculation
determination in the cloud of the indicated numerical
value of the charge ¢o=—2.78-10"° C of solid dielectric
particles of radius 7;=10-10® m was carried out in [2],
taking into account the theory of a double electric layer,

the foundations of which are given in [1, 4]. Individual
charges ¢go of density N, determine in the cloud their
averaged volume density O'VZCI()NO:_I.39'10_8 C/m’,
uniformly distributed over its spherical volume V. Let
normal atmospheric conditions be satisfied in the air gap
of the «lightning cloud - earth» system (the air pressure is
about 1.013-10° Pa, and its temperature is 0 °C. [4] It is
required, taking into account these assumptions, in
approximate form, to determine by -calculations the
required values of the accumulated by the thunderstorm
cloud of the total charge g5, the electric potential ¢, in the
spherical volume of the thunderstorm cloud, its electric
energy W, and the ATPs of the discharge pulsed current
iz(?) in the electrostatic system «thunder cloud - earthy.

2. Calculation estimation the electric charge ¢y of
a thunderstorm cloud. Taking into account the above
assumptions at the stage of the formation of a
thunderstorm cloud accompanied by the «liberation» of
its separate numerous charges g, from electrically neutral
molecular water dipoles [2], the total electric charge g5 of
the atmospheric cloud under consideration can be
determined in the following form:

gz = qoNoVp - (1

From (1) at accepted initial data when ¢~—2.78:107'° C,
Ny=5-10" n” and V=4-10° m’, it is following than in the
considered case the value of gs= —55.6 C.

The modulus of the numerical value of the total
electric charge ¢z=55.6 C in the considered lightning
cloud obtained in accordance with (1) completely
corresponds to the normalized charge ¢;=(50+=10) C for a
short lightning strike with a pulsed discharge aperiodic
current of a temporal shape 10 us/350 ps to ground
technical facilities that satisfy III-IV lightning protection
levels according to the requirements of the International
Standard IEC 62305-1:2010 [5, 6].

1

Hy

3

L

Fig. 1. Schematic view of a simplified calculation model
of a negatively charged thunderstorm cloud of spherical shape
located above the Earth's flat surface
(1 —cloud, 2 — electron, 3 — flat surface of the Earth)

In addition, we indicate that the used numerical
value of the averaged volume charge density of the
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lightning cloud wunder investigation, defined as
oy = qoNy = -1.39-10% C/m’, corresponds to known
experimental data for the mean value of the space charge
density in a thunderstorm cloud [1 , 2].

3. Calculation estimation of the electric potential
¢, of a thunderstorm cloud. Applying the approach
given in [7] to finding in the cloud the values of the
electric potential ¢, for the radial distribution of the
required potential ¢, in the simplified model of the
thundercloud, we obtain:

0, = qs(3RG — 1) /(87&yRy) , )

where 7 is the current radius in the spherical volume of
the cloud; £,=8.854-10"" F/m is the electric constant[4].

From (2) at r=0 for the electric potential p,=¢, in the
center of the assumed thunderstorm cloud, we find:

@0 =395 /(87egRy) - 3)
At =R, from (2) for the electric potential ¢,=¢ the

following calculation relation follows on the outer surface
of the sphere of a thunderstorm cloud:
PR =4qs [(47ERy) - “4)

Analysis of the above calculation expressions (3),
(4) shows that the electric potential ¢, in the center of the
thunderstorm cloud is 1.5 times higher than the electric
potential ¢y acquired by the outer spherical surface of the
cloud. Hence, the deep mechanism of charge «recharge»
of the plasma channel of a long spark discharge of a
thundercloud on the ground or a protected technical object
becomes physically more understandable in the theory of
atmospheric electricity. After all, at such a radial
distribution in the thundercloud of the electric potential ¢,
in the case of an electric discharge in the «thunder cloud -
earthy system (see Fig. 1) of an air gap of length (Hy—Ry)
to compensate the decrease of the electric potential gz on
the outer surface of the cloud to it from inner zones of a
cloud with a higher electric potential ¢,, the electric
charges (in our case free electrons) will «leak» which
replenish the carriers of the electric current i (¢) in the
channel of the discharge itself.

Numerical estimation by (3), (4) of the electrical
potentials inside and outside the thunderstorm cloud
under consideration at gs= —55.6 C and Ry=985 m
indicates that in this case the required values are
approximately equal by modulus to ¢¢=759 MV and
or=506 MV. From the quantitative data known to the
author for the electric potential ¢, of a thunderstorm
cloud, only its numerical value of about 100 MV, given in
[8], can be indicated.

In order to verify the reliability of the obtained
electric potential value ¢z=506 MV of the thunderstorm
cloud under consideration, let us use a numerical
estimation of the value of the electrostatic field strength
Er near its outer spherical surface (#=R;). On the one
hand, Ez=@r/Ry=513 kV/m [4]. On the other hand, in
order to find Ey in the investigated electrostatic case, we
apply a more accurate analytic relation of the form [2, 7]:

Eg =q5 /(4184R]) . (5)

From (5) at gs=55.6 C and Ry=~985 m we find that
Er =515 kV/m. It is evident that both numerical values
given for Ej practically coincide. In this connection, we
can speak of the efficiency of the calculated ratios (1), (4)
that determine the total charge ¢y in the adopted
thunderstorm cloud model and the electric potential g of
the outer spherical surface of the cloud wunder
investigation. By the way, the value of E by (5) is the
largest in the radial distribution of the electrostatic field
strength in the spherical volume V; of the cloud. As is
well known, for this high E-field according to a relation
of the form [2, 7]:

E, = gsr/(4meyRy) , (6)

at r = 0 the strength E, will be equal to zero
(at r = Ry (6) becomes (5) and determines the level of the
E-field on the outer surface of this cloud).

The data presented for the radial distribution of the
electrostatic field strength E, in the «storm cloud - earth»
system unequivocally indicate that in the case of a
homogeneous (in the composition [3]) character of the
change in the carriers of electricity in the spherical
volume V, of the assumed thunderstorm cloud, the
development of electron avalanches [1, 8] which are the
forerunner of the appearance in our system of lightning
(spark breakdown in the troposphere of the Earth of a
long air gap) will always start from the outer surface of
the cloud. Note that the indicated numerical value of
Er =515 kV/m at the accepted atmospheric conditions
approaches the critical £-field value corresponding to the
pre-breakdown stage of processes in the long air gap our
system of the length (Hy—R,) of our system [1, 8].

4. Calculation estimation of the electrical energy
W, of a thunderstorm cloud. Preliminary calculation
estimations of the numerical values of the electric energy
Wy accumulated in the storm cloud under investigation
revealed the presence of a number of features in its
determination. Thus, it turned out that the direct
application of the principles and formulas from [9] for its
electric capacitance to the calculation system «thunder
cloud - earth» (see Fig. 1) leads to erroneous results in
calculating the values of the ¥, energy of a thunderstorm
cloud. In order to demonstrate the results obtained with
respect to the energy W, with such a calculated approach,
we first start from the fact that at the electric potential g
of the cloud found above (in Section 3) and the a priori
zero earth electrical potential (pz=0) for calculating of the
electrical energy W, for the «storm cloud - earth»
calculation system that is used, it remains to determine
only the value of its electrical capacitance. The «direct»
definition in the case under consideration (Hy/Ry=3.04) of
its electrical capacitance C,, according to the
recommended [9] for the inequality Hy/Ry>1.5 an
approximate formula of the form:

CO = 272'6'0 /ln(2H0 /R()) N (7)

leads to significantly lowered values of the electrical
capacitance in the calculation system «thunder cloud -
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earth». For example, assuming the initial data Hy=3000 m
and Ry=985 m, according to (7), the value of Cj is
approximately Cy=30.8-10"> F. Therefore, the value
Wo=CoUy* 2 [4], where Uy=(pr — ¢g) is the difference
between the electrical potentials of a thunderstorm cloud
and a flat ground surface, assumes a numerical value of
only 3.94 MJ for Uy=506 MV and the huge volume
Vy=4:10° m® of a thunderstorm cloud used by us. The
reason for this is that (7) takes into account only the
distribution of electric charge along the outer surface of
the calculated sphere of radius R,. It does not take into
account the effect of the electric charge distributed with
volume density o,~qN, in volume Vi=4nR,*/3 of this
sphere. In this regard, the value of the electric energy W
of a thunderstorm cloud is recommended to be determined
by the following approximate relationship:

Wy ~0,5CzU¢ (8)

where Cp=qs/U, is the equivalent capacitance of the
superhigh-voltage system «thunder cloud - earth».

It should be noted that when using (8) a some error
is introduced into the approximate calculation of Cr and
Wy values, due to the previously described the
corresponding radial distribution of the electric potential
@, over the spherical volume of the received thunderstorm
cloud. However, this error is incommensurable small in
comparison with the error introduced by (7) into the
calculation of the electric capacitance and electric energy
W, in our system «thunder cloud - earthy.

From (8) at ¢gs=~—55.6 C u Ur—506 MV, we find
that with the recommended author's approach for the
system «thunder cloud - earth» under consideration, the
value of its equivalent electric capacitance Cr will assume
a numerical value of about 1.1-107 F, and the value of
electric energy accumulated in it is Wy=14.1-10° J (as we
see, it is almost 3578 times larger than with the use of
formula (7) in calculating C, and W;). The author
currently does not have quantitative data for W, by other
researchers of atmospheric electricity in the world. It can
only be assumed that if the values of the total charge gy
by (1) and the electric potential ¢ by (4) are found
correctly (we have given the above fairly convincing
electrophysical justifications of these calculations), then
the approximate determination by (8) of the value of the
electric energy W, of the thunderstorm cloud is also
correct.

5. Calculation estimation of the ATP of current
ir(® in the thunderstorm discharge channel on the
earth. For this estimation, with reference to the discharge
circuit of the capacitance Cr of the thunderstorm cloud
through the plasma channel in the air to the earth, we use
the classical electrical engineering approach characteristic
for electromagnetic processes in the RLC circuit [10].
First, we estimate the numerical value of the inductance
L, of a cylindrical plasma channel with the radius 7; of a
high-current spark discharge of a thunderstorm cloud in
the air gap of length /;=~(Hy—R,) to the earth according to
the following formula [11]:

L = 27) " ol [In(2ly /) 1], ©)

where u=47-10” H/m is the magnetic constant [4].

From (9), at [=(Hy—R,)~2015 m and r=11-10° m
[12] it follows that in our case the concentrated
inductance L, of the thunderstorm cloud discharge
channel on the earth will take a value numerically equal to
about 4.76 mH. When evaluating the numerical value of
the active resistance R; of a cylindrical lightning air
discharge channel, we proceed from the fact that the line
active resistance Ry of the investigated high-current
channel, according to the calculation-experimental data
from [12] for the repetitive pulsed D- component of the
artificial lightning current of the amplitude 7,,~92.3 kA
(Fig. 2, where t ¢,,p=15 ps is the time corresponding to the
first amplitude 7,p of the current) is numerically about
0.92 Q/m. As a result, for the active resistance R; of the
thunderstorm plasma channel of the investigated cloud to
the earth (see Fig. 1) we find that R, =Ry, = 0.92 Q'm ™' x
x 2015 m = = 1.85 kQ. It is seen that in the case under
consideration the inequality R>2(L,/Cg)"? is satisfied for
the electrical parameters R, L, and Cy of the discharge
circuit under consideration. This means that an aperiodic
current pulse iy (f) will flow in the lightning current
channel [10, 12].

For the ATP of the discharge current i;(f) at an
aperiodic law of its variation with time ¢, the following
calculation relation can be used [10, 12]:

i ()= Ugl(ery = ) Ly | [exp(-au) —exp(-rp)]. (10)
where a;, a, are the pulsed current shape coefficients
equal to a;=0—(0"—wy*)"? and a=0+(0"—wy>)"*; 0=R/(2Ly)
is the attenuation coefficient of discharge current;
coO:(LkCE)’”2 is the own circular frequency of the
discharge current of a cloud.

The time £, corresponding to the amplitude /,,; of
the lightning current of the discharge in accordance with
(10) will be equal to the analytical relation known in
electrical engineering [10]:

tmL :1n(a2/a1)/(a2 —0!1) .

11
I
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Fig. 2. Typical oscillogram of the D- component of the current
Of artificial lightning (/,,5~92.3 kA; t,,p=15 s, vertical scale —
22.52 kA/cell, horizontal scale — 50 ps/cell) obtained in the
high-current discharge circuit of the high-voltage lightning
current generator YUTOM-1 [12]
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For the obtained initial data R=1.85 kQ,
L, = 4776 mH and Cz=110 nF, we see that in the case
under consideration: d = 1.94:10° s™'; wy = 43.7-10° s°';
o~ 510° s o, = 3.83:10° 575 £, =~ 11.47 ps (see Fig. 2,
where the experimental time for the pulse amplitude of
the artificial lightning current was about 15 ps). At
Uy =—506 MV and ¢,,;, = 11.47 ps, the calculated value of the
amplitude of the lightning current for the investigated case
according to (10) will be approximately 7,;, ~ —262.1 kA.
The obtained quantitative values for ¢, and the amplitude
1,,; of the current in the discharge channel of the assumed
thunderstorm cloud to earth are well correlated with the
ATPs of the pulse current characteristic for short strokes
of the linear lightning to ground objects satisfying the I
level of their lightning protection according to the
stringent requirements of the International Standard IEC
62305-1:2010 [5, 6]. As for the duration 7, of the
aperiodic lightning current pulse at the level 0.5 /,,;, for our
case it is approximately equal to 7, =~ 0,7R,Cr = 142.4 ps.
Thus, with minimal information on the electromagnetic
situation in the zone of formation and development of a
thunderstorm cloud (only in terms of its approximate
dimensions and height of placement above the Earth’s
surface), experts can reasonably predict a thunderstorm
«picture» for the superhigh-voltage electrophysical
system «thunder cloud - earth» under consideration.

Conclusions.

1.1t is shown that by engineers and meteorologists a
spherical cloud model with an outer radius R, and a
volume Vy=47R,’/3 can be adopted as a simplified
calculation model of a thundercloud cloud containing
distributed over its spherical volume with an average
density of Ny=5-10" m™ negatively electrified in the
warm ascending air flows of the Earth's troposphere,
small solid dielectric particles with a radius of 7¢=10-10"
m and a charge of ¢=—2,78:10'® C. Varying the
numerical values of the radius Ry and, correspondingly,
the volume 7V, of such a thundercloud cloud, one can
also change its basic energy characteristics within a
wide range corresponding to the normative and technical
documents in force in the world.

2. An example of a thunderstorm cloud of the Earth's
troposphere of radius Ry~985 m and volume Vy=4-10° m’
at Hy=3000 m demonstrates the possibilities of the
proposed approach in the field of atmospheric electricity
investigations for the approximate determination by
specialists of the modules of such its energy
characteristics as the total electric charge ¢s~55.6 C,
electric potential at the center py=759 MV and on the
outer surface =506 MV of the cloud, accumulated by
fine-dispersed inclusions of the cloud electric energy
Wy=14.1 GJ and ATPs of the aperiodic impulse current
i;(¢) in the plasma channel of the long air spark discharge
of the cloud to earth (7,;=262.1 kA; ¢,,~11.5 ps;
7,~142.4 ps). The obtained quantitative data for gs, pr, W,
and ATPs of lightning impulse current on the earth’s
surface satisfy a number of requirements of the

International Standard IEC 62305-1:2010 for short strokes
of linear lightning to ground objects.

3. The results obtained will contribute to the possible
fulfillment by engineers and meteorologists of the
prediction of the electromagnetic situation in the area of
formation and development in the Earth's troposphere of a
real thunderstorm cloud, previously reduced by the
volume of ¥, occupied by it to an equivalent storm cloud
of spherical shape with radius R,. This approach, thanks
to the developed physical and mathematical apparatus,
makes it possible in an approximate form to find the
indicated basic energy characteristics (gs, @z, Wy and
ATPs of the channel current) of an equivalent
thundercloud cloud and opens up certain new possibilities
in the world practice of solving the actual problems of
lightning protection of ground objects and in-flight
aircraft that have found themselves in a hazardous zone of
high electromagnetic influence on their electrical
equipment (first of all, on their low-current electronics) of
a thunderstorm cloud with its huge in terms of numerical
indicators energy characteristics.
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THE MAIN INVENTIONS FOR TECHNOLOGIES OF THE MAGNETIC-PULSED
ATTRACTION OF THE SHEET METALS. A BRIEF REVIEW

Purpose. The description of the Equipment for the Magnetic-Pulsed Attraction (or EMF-attraction) of the sheet metals which allows
non-contact deforming of ferromagnetics (the low carbon steels, for example), the non-magnetic billets from aluminium alloys and the
practical realization of the new advanced technologies in the modern processing manufacture. Methodology. Comparative analysis of
characteristics and operating conditions of the systems under consideration. Results. Physically, all magnetic-pulsed methods of attrac-
tion are based on the Lorentz repelling forces decreasing and on increasing the attracting forces when the sheet billets being deformed
are transparent for the low working fiequency acting electromagnetic fields. The ferromagnetic samples attraction is caused by their
magnetic properties. For the non-magnetic metals attraction an accessory conducting screen is being introduced in construction of the
inductor system which is the method tool. In this case the attraction effect is caused by the force interaction of the unidirectional currents
induced in the screen and in sheet billet. The different constructions of the attracting tools attended for fulfilling the different production
operations (for example, it can be stamping, flattening etc.) with metals owning by different electrophysical properties are represented.
Originality. The novelties in the magnetic pulsed installations used as the power sources in the complex equipment for the automobile
bodies repair are given. Practical value. The practical application of the elaborated systems for the dents removing in the sheet metals are
suggested and successfully approbated. In the whole these works can be considered as new scientific direction and used for different
manufacturing aims though the main attention is paid to the practical application in the field of the automobile bodies repair. The most
part of the described inventions is defended by the Ukrainian Patents (23 fiom total quantity — 33 References) and little known to the west
specialists in the area of the magnetic pulsed technologies. From the authors view point this is a main particularity and usefulness of the
present paper. References 33, figures 11.

Key words: magnetic-pulse metal working, electromagnetic forming, electromagnetic attractive forces, ferromagnetic materi-
als, non-magnetic metals, low frequency discharges.

B cmamve onucano o6opyoosanue, npeOHa3HayeHHOE 01 MAZHUMHO-UMNYIbCHO20 NPUMANCEHUA TUCIMOBLIX MEMAIII06, KOMopoe
noseonsem beckoHmaxkmuoe oegpopmuposanue, KaK (eppomacHemuKos, MaxK U HEMAZHUMHBIX 3A20MOBOK U3 ATIOMUHUEEHIX CNIIABOE
U NPAKMUYECKO020 NPUMEHEHUA HOBbIX NEPed0BbIX MEXHON02UIL 6 cospemeHnolt unoycmpuu. Ilpumsasicenue geppomaznumnsix 0opaz-
108 00YCNI06/IEHO UX MAZHUMHBIMU C8olicmeamu. /A npumadicenus HeMAzZHUMHBIX MEMAn06 6 KOHCIMPYKYUI0 UHOYKIMOPHOIL cuc-
membl, AGNAIOWLEICA UHCHIPYMEHIOM MEMO0a, 6600UMCA 6CROMO2AMENbHbLIL nPosodawiuil IKpan. Ilpedcmasnenvl paznuunvie Kon-
CIMPYKYUU UHCIMPYMEHIMO08 NPUMANCEHUA OJIA 6bINOIHEHUA PAZIUYHBLIX NPOU3E0O0CINEEHHBIX ONEPAUUIl NO 00padomKe Memasos,
00n1a0aouux pasnuyHLIMuU INeKmpogusuneckumu ceoticmeamu. Onucana HOBU3HA MAZHUNHO-UMNY/IbCHBIX YCHIAHOB0K, UCHONb3Ye-
MBIX 6 Kauecmee UCIOYHUKO8 IHEPZUL 8 KOMIIEKCAX 000pY008aHUY 0N PEMOHIMA A8MOMOOUTbHBIX KY30606. buoin. 33, puc. 11.
Kniouesvie cnoéa: MarHNTHO-UMIYJIbCHasi 00pa0oTka MeTA/JIOB, 31eKTPOMATHUTHAs (POPMOBKA, 3J1eKTPOMATHUTHBIC CHJIbI
NPHUTSKeHNUs1, PepPOMATrHUTHbIE MeTAJIbI, HeMATHUTHBIE METAJLJIbI, HU3KOYACTOTHbBIE Pa3psbl.

Introduction. The Magnetic-Pulse Metal Working
(the abbreviation — MPMW, the other known title is Elec-
tromagnetic Forming, the abbreviation — EMF) is a field of
the Mechanical Engineering using an impulse or high speed
forming technologies united by general principle of action
the essence of which consists in the force action of the
pulsed electromagnetic fields on the conducting work-
pieces. In the recent very detailed review [1] provided a
development historical perspective of the MPMW tradi-
tional technologies and highlighted the state of the art on
modeling, coil design, sheet metal forming, tube forming,
crimping, welding, cutting, spring-back calibration and
hybrid processes including the Magnetic-Pulsed Methods.
Besides it was marked that good electrical conductivity of
the work-pieces metal is the major requirement for the
traditional MPMW to be efficient. Practically, the last
remark means using rather high frequencies of the acting
electromagnetic fields. All applications discussed by [1] are
based on repelling so named Lorentz forces between the
EMF-tool and conductive blank. In such configuration, the
tool and other accessories (forming die, mandrel to which
the blank is welded or crimped, shearing edge which is
cutting the blank) are positioned from opposite sides of the
blank. But there is another configuration of the EMF proc-
esses where the blank is attracted to the tool working sur-
face. This is the new both scientific and practical develop-
ment direction the modern Magnetic-Pulse Metal Working.

The goal of the paper is the description of the main
inventions and the according technology operations in the
field of the Magnetic Pulsed Attraction of the sheet metals
which can be realized for different manufacturing aims
though the main attention is paid to the practical application
in the field of the automobile bodies repair. Concretely this is
an external non-contact removal of the dents on their sur-
faces. A main particularity of this paper consists in a wide
illumination of the author’s inventions in Ukraine created on
a base of the great practical experience and little known to
the west specialists in this area of the magnetic pulsed tech-
nologies. These inventions defended by the national patents
are evidence not only of advancement in the marked new
direction of the modern MPMW. They open the real possible
ways for creation of the progressive industrial technologies
in the present and probably in a future.

The attraction under superposition of the high and
low frequency electromagnetic processes. Chronologi-
cally, this review should be started from the first fundamen-
tal suggestion by the metals electromagnetic attraction
which was formulated in the middle of the last century yet.
In 1965 H.P. Furth patented the EMF process with the
multiturn coil and an additional single turn with open ends
[2]. The electric discharge employed for this process was
rather slow and, therefore, allowed diffusion of electro-
magnetic field through the blank. After the induced voltage
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achieves of some determined value the additional single
turn with initially opened ends will be short circuited by the
electrical discharge spark what will conduct to electromag-
netic field eliminating from the side of the blank facing the
coil. As result, the electromagnetic pressure from the side
of the blank facing the coil was absent, while the pressure
from the diffused electromagnetic field to the opposite side
of the blank attracted it to the coil. In fact, issuing from the
modern physical conceptions the described process consists
in generating two frequencies of discharge: slow and fast.
The fast discharge eliminates the slow field from the side of
the blank facing the coil while the slow field diffused
through the thickness of the sheet metal deforms the blank.
This physical principle was incorporated in a number of the
next electromagnetic tool designs and configurations. So,
Hansen and Hendrickson [3] suggested a method and appa-
ratus for electromagnetically removing dents from conduc-
tive materials by introducing a slow discharge through a
multiturn coil and a rapid pulse of countercurrent. In [4]
introduced a system of two coils and portable pulse genera-
tor generating both repelling and pulling forces to correct
both concave and convex areas of the dent. In [5] intro-
duced a crow bar system capable of shaping the pulse com-
prised of the fast and slow frequencies in most favorable
way for the dent removal process. The final modern con-
struction of the electromagnetic attraction systems with two
working frequencies was elaborated by engineers of
American firms «Electroimpact» and «Fluxtronic» [6, 7].
Given devices (Fig. 1) are intended for the dents removing
on the damaged airplanes bodies panels. Their distin-
guished particularity is a work in regime of many-times
repeating the force actions. As inventors verify this regime
is obligatory for the dent removing. Deforming the dam-
aged panel metal is impossible under the single pulse of the
force action. The practical possibilities of «Electromagnetic
Dent Removers (EDR)» of «Electroimpact» and «Flux-
tronic» allow successful straightening the aluminum sheets
by thickness about ~ 2 mm. Proceeding from obvious
physical evaluations the represented EDR will not be able
to work with ferromagnetics. Influence of their magnetic
properties will mean the fields penetration intensity de-
creasing and as consequence the attraction forces falling
down.

Another purely theoretical concept of sheet metal at-
traction by the coil was introduced in 1981 by Shneerson
based on sudden interruption of a single frequency dis-
charge [8]. In this case, the diffused electromagnetic field
still produces the attraction forces. Should be noted this
approach is similar to the before described two-frequency
methods. Shneerson's suggestion looks simpler. However,
its efficiency is dependent upon how fast the discharge
can be interrupted. But it is very complicated technical
problem. Generalizing above conducted consideration
leads to conclusion: the main disadvantages of all two-
frequency suggestions consist in their very complicated
technical realizing, the power electronics usage, the dif-
ferent temporal processes synchronization etc. As result
the high price of the produced equipment has a place.

The tools of the ferromagnetics attraction by the
low frequency electromagnetic fields. The concept of a
sheet metal single frequency attraction was introduced in
[9, 10] for ferromagnetic materials.

C

Fig. 1. The equipment and realization of the technological proc-
esses: a) the technology of «Electroimpact»; b) the equipment of
«Fluxtronicy; ¢) the technology of «Fluxtronicy

This concept was discovered during EMF experi-
ments with thin steel sheet plates deformed by electric
discharges with different frequencies. The suggested
concept quickly found its practical application in dent
removal devices in automotive bodies where majority of
exterior panels are fabricated from low carbon steel. The
discovered phenomenon was laid in a base of [11]. The
identical Patent Application was given in [12]. They have
represented the specific coil designs as well as practical
aspects of dent removal in automotive panels. Here
should be added that Concern «Betaginnovation» by the
representatives of which are the mentioned above appli-
cants of patents have represented the technical complex
titled as «Magnetic Dent Remover (MDR)» [13]. The
single frequency experiments initially discussed in [14]
indicated that the direction of the electromagnetic pres-
sure for ferromagnetic steel sheet metal blanks is a func-
tion of the frequency of the discharge. At some limit, the
applied electromagnetic force was changing its direction.
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For high frequencies repelling took place, but for low
frequencies attraction was watched at. Formally, the ac-
ceptable low frequencies diapason had been fixed in [9]
and in [10] to the ferromagnetics attraction:

a)<<; (1
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where @ = 27 - f— the working frequency, y — the perme-
ability of metal, y— electrical conductivity of sheet metal,
and d — sheet metal thickness.

It should explain that formula (1) provides only the
upper limit of the frequency where attraction can be ex-
pected. The actual boundary frequency between attraction
and repelling can be order of magnitude lower. Physi-
cally, formula (1) can be further interpreted in the follow-
ing way: it compares the sheet metal thickness with the
skin-layer value for the given frequency. After not com-
plicated transforming the inequality (1) can be repre-
sented in a view:
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where A= — the skin-layer value or by other
w-pH-y

definition A — this is the so named effective depth of the
electromagnetic field penetration with the frequency — w
in environment with the permeability — z and the electri-
cal conductivity — y.

From a physical view point the formulas (1) and (2)
give an approximate notion, what part of the magnetic field's
energy remaining in the work-piece goes on excitation of the
eddy currents and the Lorentz forces but without taking into
account any influence of the magnetic attraction forces. Actu-
ally, the formulas (1) and (2) illustrate the approximate condi-
tions when the Lorentz forces integral action is negligible
small and the attraction is possible. Often, their fulfilling is
quite enough for the necessary engineer evaluations. On
principle, workability of the for first time suggested way of
the ferromagnetic sheet billets attraction showed in [10] is
based on three fundamental statements. The first of them
consists in suppressing the natural Lorenz repelling forces.
The second one this is excitation of the attraction forces
caused by the sheet billets magnetic properties influence. The
final third statement consists in the conditions creation when
the attraction magnetic forces are prevailing over the repelling
Lorenz forces. In the total, three above formulated statements
provide the ferromagnetic sheets attraction by the low fre-
quency electromagnetic fields. For effectiveness increasing
the patented inductor system as the tool for the ferromagnetic
sheet attraction consists of two main components as a rule.
This is the single turn inductor (separately it is shown on Fig.
2,d) and the matching transformer [14, 15]. By the physical
essence the last one this is the usual impulse air transformer.
It can have two different constructions. The first of them has a
multi turn primary winding on an external surface of an inner
hollow lengthy metallic cylinder (with longitudinal cut) play-
ing a role of the secondary winding. The external primary
winding is connected to the power source. The inner secon-
dary winding is loaded by the single turn inductor. Such
construction type got name «the cylindrical matching trans-
former» (it is shown on Fig. 2,a and Fig. 2,c on the left side)
[14]. The other type of the matching transformer has a multi

Fig. 2. The matching transformers of different constructive
fulfilling, a) a principle scheme of the «the matching cylindrical
transformer», b) a principle scheme of the «the matching disk
transformer», 1 — the primary winding, 2 — the single turn induc-
tor, 3 — the sheet billet; ¢) the cylindrical and disk constructions
photos; d) a single turn inductor with the conical inner bore

turn flat spiral winding placing through isolating insert on a
flat surface of the single turn inductor. Such construction type
got a name «the matching disk transformer» (it is shown on
Fig. 2,b and Fig. 2,c on the right side) [15]. The appointment
of the matching transformer consists in the inductor current
increasing under preserving the electromagnetic energy from
the power source.
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Concerning the matching disk transformers the last
useful remark. The primary winding is being experienced
the great electrodynamical efforts repelling it from the
massive single turn of the secondary winding. Their action
weakens electromagnetic connection between windings,
decrease current in the single turn inductor and as conse-
quence decrease the attraction efforts. Eventually, the
repelling forces destroy the primary winding coil. In order
to avoid these negative effects some damping device can
be installed. Two according solutions were suggested and
patented [16]. The first one this is application of a damp-
ing elastic insert between the primary winding external
surface and upper cover of the disk transformer body. The
second solution supposes installation of the additional
massive conducting screen on the primary winding exter-
nal surface. In this case the excited repelling forces will act
as from the side of the single turn inductor as from the side
of the additional screen. Choosing its parameters the result
as a sum of two oppositely directed forces will allow
unloading the disc transformer primary winding. The
elaborated tools for the ferromagnetics attraction were
tested in a special experiment with the different sheet steel
specimens. A first part of the conducted experiment con-
sisted in creating two convexities on the smooth surface of
plates with thickness ~ 0.008 m by the magnetic-pulsed
attraction. One of them will be object for further removing
but already as a dent and second will stay for comparison.
Both convexities had the half-spherical shape with diame-
ter approximately about ~ 0.015 m and depth about ~
0.002 m. In the experiment next part the plates were being
turned over. The plates were placed on the flat insulated
surface of inductor so that one of the dents turned out
opposite the inductor inner hole. The dent removing was
made by the magnetic-pulsed attraction. After the five
times force action this dent was disappeared practically.

The surface of the sheet, where it was, had been be-
coming quite smooth. It should be noted the quite interest-
ing circumstance here. The subsequent magnetic-pulsed
attraction could lead to appearance of a new dent with
opposite curvature in relation to the initial one. So this
experiment demonstrated a possibility of the controlled
deforming demanded part of the sheet metal. One of the
experimental specimens with initial and removed dents is
shown below on Fig. 3.
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Fig. 3. The experimental specimen from the sheet steel of the
body car «Mitsubishi»: #1 — the dent got by the magnetic-pulsed
attraction on the sheet assigned part, #2 — the sheet surface part
with the removed dent

The low frequency electromagnetic tools of the non-
magnetic metals attraction. For a better understanding it
should start from the main statements providing operability
of the patented way for the non-magnetic metals magnetic-
pulsed attraction [17] in comparison of the previous consid-
eration for ferromagnetics [10]. As before the first statement
consists in suppressing the natural Lorenz's repelling forces.
As before this problem can be solved by work in the low
frequency temporal regime (formulas (1) — (2)). The second
statement about workability consists in the attracting forces
excitation. In the previous consideration these were the
forces conditioned by the magnetic properties of the ferro-
magnetic which is being deformed. The suggested way for
non-magnetic metals believes application of the known
Ampere’s Law according to which the unidirectional cur-
rents experience the mutual electrodynamical attraction. For
practical realization of this suggestion it is necessary intro-
ducing an auxiliary screen into the inductor system construc-
tion. This additional constructive element has to be placed
parallel to surface of the sheet which is being deformed. The
currents induced in metal of the screen and of the sheet billet
will experience the mutual attraction. The electrodynamical
attraction tool of the described action principle was named as
«Inductor System with Attracting Screen (ISAS)». The con-
structive particularity of the ISAS first variant consisted in
what the single-turn inductor was located between the sheet
metal blank and the accessory attracting screen [17]. The
photograph of this construction intended for the model ex-
periments is shown on Fig. 4. The visual notion about physi-
cal picture of the occurring processes can be got from the
scheme on Fig. 4.

As it is seen from Fig. 4 in the inner space between the
screen and the billet the intensities of magnetic fields (H,)
which are being excited by the unidirectional induced cur-
rents (J;,) are directed oppositely. They are being subtracted
from each other. The resultant magnetic intensity will be
decreasing and in an idealized case it will be tending to zero.
Outside of the system the excited magnetic field intensities
have the same directions. They are being summed. The re-
sultant intensity of the external magnetic fields will grow and
tend to doubled value of the field intensity excited separately
by each from the induced currents (an idealized case). Thus,
the inner magnetic field is falling down but the external field
is growing. As consequence the magnetic pressure from
outside will be a reason of the sheet billet attraction to the
fixed screen. Quite conventionally, the corresponding
stressed state of the inductor system conditioned by Am-
pere’s attraction forces can be defined as its «compressiony.
But besides of the attraction forces corresponding to Am-
pere’s Law the Lorentz repelling forces are being excited as
well. Their action is conditioned by summing the magnetic
fields intensities of the induced currents and the inductor
current in the inner space and subtracting these intensities in
outside the inductor system. So, the Lorentz’s forces acting
on the screen and sheet billet from inside will exceed the
forces acting in outside. Quite conventionally, the corre-
sponding stressed state of the inductor system conditioned by
Lorentz’s repelling forces can be defined as its «expansiony.
In integral, if «compression» prevails over «expansion» the
represented ISAS will work as the attraction tool of the sheet
blanks from metals of any electrophysical nature (as from
ferromagnetics as from non-ferromagnetics). In whole all
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further cited Patents ISAS are dedicated to their effectiveness
increasing. As a rule with this goal some constructive com-
ponents are being introduced and modified. But presence of
the base elements such as low working frequencies (inequali-
ties (1) — (2)), the additional auxiliary screen and the inductor
with the exciting current is staying invariable. The review of
the patented tools for the non-magnetic metals magnetic
pulsed attraction is divided on two main blocks: ISAS of the

attractive screen

cylindrical geometry and ISAS of the rectangular geometry.
A physical difference between the marked out constructions
shapes consists in the following: in the cylindrical ISAS the
induced currents have the circular flowing ways but in the
rectangular ISAS they are flowing along the rectilinear tra-
jectories. Taking into account these factors the induced cur-
rents densities distribution and the excited fields’ concentra-
tion in the tools working zones can be varied.

attracting forces

Fig. 4. Schematic illustration of the physical processes in ISAS, J, , — the unidirectional currents induced in the screen and in the
blank, H, , — the tangential components of the magnetic field intensity being excited by the currents J; ,

«Inductor Systems with Attracting Screens» cy-
lindrical constructions. Placing the single-turn inductor
in the slot of the screen with finite thickness from side of
the billet which is being processed is suggested in [18].
The present construction modification demands the work-
ing frequency limitation by the least value from:

f<< 3 2;,
7D gy 7-d” e phy - 7
where D, d — the thicknesses of the screen and billet ac-
cordingly, %, % — the specific conductivity of the screen
and billet accordingly.

The aim of [19] consists in increasing the acting
field amplitudes. The authors suggested the circular in-
ductor which has to be made of two separate concentric
rings with two opposite slits along the diameter axis. The
rings have to be connected in such a way as to provide
unidirectional currents in the inner turns of ring at con-
nection of the inductor to a power source. A novelty of
[20] consists in a possible choice of the screen geometry.
Its thickness remains the same along the cross section and
can be defined from inequality: d; << A, where A — a skin
layer value. A method of pulsed magnetic attraction of
metal objects by a double-coil circular inductor system
and with a thin screen is represented in [21 — 23]. The
difference of the cited Patents is the difference of the coils
constructive fulfilling. The essential novelty being sug-
gested consists in what inductor is designed as two flat
coils. One of them is placed under the screen from the
billet side. The second is situated above the screen. Cur-
rent in the coils flows in one direction. The excited fields

)

or f <<

are summed. As in the previous patent the thickness of the
auxiliary screen is chosen the same along all cross sec-
tion. Unlike to the previous suggestions, in [24, 25] the
inductor represented by the single-turn [24] or multi-turn
flat coil [25] is placed on the external surface of the auxil-
iary screen. This solution permits weakening the repelling
Lorentz forces between the current induced in the billet
metal and the current in inductor. It occurs because of
screening them each of other by the conducting auxiliary
screen. Besides of that the external placing the inductor
coil allows constructively to increase the strength of the
attraction tool in whole. The last what can be added as
advantage this is a possibility to place all construction
including the inductor winding and auxiliary screen in a
closed body. The scheme of the most successful ISAS

construction [25] given on Fig. 5.
C K

Fig. 5. Schematic representation of ISAS with the external flat
multi-turn winding of inductor, 1 — the winding; 2 — the screen;
3 — the sheet billet

Speaking about applications it should be noted the
present attraction tool can be very comfortable for exter-
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nal non-contact straightening a body of car or aircraft
(without disassembly) and as well in machine building
where processing a blank can be done only from one side.

«Inductor Systems with Attracting Screens» rec-
tangular constructions. The main difference of the be-
low represented inventions from before suggested cylin-
drical constructions consists in the rectangular form of the
inductors used as the magnetic field generators. The de-
manded frequencies from [18] are the same to [26], but
the inductor placed between the screen and billet is al-
ready made in the shape of two coplanar loops of rectan-
gular form electrically connected in series to each other.
Their current-conductors limiting the working area are
parallel. A single-turn rectangular inductor placed be-
tween the screen and billet which has two cuts along the
axis of symmetry and which divide it into two separate
branches, in series or parallel connection of which to each
other is patented [27]. This construction allows adjusting

The hollows for connection to power source

a
The rectangular inductor with two parallel inner branches

The screen

4

The accessory screen

inductance of the inductor and amplitude of exciting
fields in dependence on the above mentioned separate
branches connection view. The suggestion in [28] is iden-
tical to the patented suggestion in [21 — 23]. The main
difference and essential novelty consists in what inductor
is designed as two single-turn flat rectangular coils. But
the same as in [21 — 23] one of them is placed under the
screen from the billet side. The second is situated above
the screen. Current in the coils flows in one direction. The
excited fields are summed. The last variation of the induc-
tor geometrical form (in comparison with solution in [24])
is patented by authors [28]. Unlike previous claims with
rectangular inductors this suggestion consists in placing
the rectangular single-turn inductor not between the
screen and sheet billet but fully above the auxiliary
screen. For visual imagine the above described construc-
tions of the inductor systems for the sheet billets attrac-
tion are given below on Fig. 6.

The screen

~ Body of winding

Tool handlhold

Additional screen (working surface)
| Cable to power source
-

d

Fig. 6. Experimental models of «Inductor Systems with Attracting Screeny, a) the first construction for experiments;
b) the circular single-turn inductor in depression on a screen surface; c) the rectangular inductor with two inner parallel branches; d)
the construction with the external flat multi-turn winding in assembly

Generalizing of the represented inventions of the
«Inductor Systems with Attracting Screens» as the tools
for work with the thin-walled metals it should be added

that all described constructions were tested in experiments
which affirmed their workability. Some results of the
ISAS experimental testing are represented on Fig. 7.
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Fig. 7. The experimental samples from different automotive
steels, «Subaruy»: a — before the power action, b — after attrac-
tion; «Citroen»: ¢ — before the power action, d — after attraction

The magnetic-pulsed installation as the power
source in the equipment for the metal sheets attrac-
tion. The experimental investigations were conducted on

the magnetic-pulsed installation — MPIS-2 created in
Laboratory of Electromagnetic Technology of the
Kharkov National Automobile & Highway University
(Fig. 8) and used as the power source with stored energy
~ 2 kJ under maximal voltage ~ 2200 V and own
frequency ~ 7.5 kHz.

c d

Fig. 8. The main components of MPIS — 2, a) the inner
arrangement; b) the external view; c) the control block;
d) the remote control panel
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Not stopping on the known components of the power
source in equipment for the MPMW let us point out the main
feature of the represented magnetic-pulsed installation is a
work in regime automatically repeating force action pulses
with repetition preset frequency (till ~ 10 Hz). The present
regime is provided by introduction of the thyristor synchro-
nizing device in the installation electrical scheme [29]. It
should be noted the further increasing the repetition fre-
quency of the force action pulses is limited by possibilities of
the industrial network. In [30] the patented suggestion con-
sists in usage of the capacitive energy storage special type
that is named as «ionistor». Usage of ionistor instead of the
traditional capacitive energy storage allows essential de-
creasing the working voltages without decreasing the work-
ing currents what leads to decreasing the power source cost
eventually in whole. As it is known the natural discharge of
capacitor in an electrical circuit with inductance and resistor
has to have the harmonic temporal form for minimum energy
losses. But the current and voltage oscillations are decreasing
a life cycle the capacitive energy storage. Besides, as it
turned out from practice the thyristor commutators in the
installation control scheme cannot work in this temporal
regime. By this reasons the aperiodic or unipolar temporal
form of discharge is more preferential. The problem forming
unipolar pulses with minimum energy losses in the discharg-
ing circuit is solved by authors [31]. Very interesting scheme
of the charging block is patented in [32]. The suggestion
essence is based on so named «step-by-step charge» of the
capacitive energy storage bank by the serial pulses of the
equal energy. This scheme permits excepting the step-up
transformer from the charging block and decreasing a cost of
the installation in the whole.

The magnetic-pulsed attraction of sheet metals
for dents removing on the body car surfaces. The pat-
ents [25] and [33] are dedicated to the practical applica-
tions of the magnetic pulsed attraction of thin-walled
metals. In the [25] the most effective magnetic-pulsed
tool of attraction is described (it was represented before as
ISAS). Should remind this inductor-tool to remove dents
on the surface of the object being processed is fulfilled as
a complicated system consisting of the multiturn coil
which plays the role of matching transformer and auxil-
iary attracting screen. The coil is placed on the external
surface of the screen. Its opposite inner surface is the tool
working surface from side of which the dent in sheet
metal is being located. Undoubted advantage of this tool
construction is essential decreasing the repelling Lorentz
forces at expense of remoting the coil current from the
current induced in the sheet metal being processed. In
[33] the full complex (Fig. 9) of the external non-contact
magnetic-pulsed flattening is represented which includes
and the tool and the electromagnetic power source.

In main the equipment for the external magnetic
pulsed straightening unites previously described and pat-
ented components. A detailed description of such com-
plexes is showed in «The complex of the external mag-
netic pulsed straightening» [25]. The complex contents a
remote portable tool allowing processing any demanded
parts of the sheets with dents. The magnetic-pulsed instal-
lations are being connected to the inductor-tool by flexi-
ble cable. If the tool for ferromagnetics attraction is being
used then this connection fulfils through the matching

transformer. The charging and discharging circuits are
connected through the thyristor-electronic device which
synchronizes the work of these circuits. Their intercon-
nection determines the resistor value for limitation of the
charging current which provides the installation function-

ality in the whole:
L.
R,y >> 26, ,/% , 4)
where R, — the resistor in the charging circuit, §, and

Lgisen — the relative damping decrement and the integral
inductance of the discharging circuit.

7= 380/220V |CONTROL SYSTEM
[=350Hz

ENERGETIC BLOCK
POWER SOURCE

WORKING ZONE
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SHEET METAL WITH DENT

Fig. 9. Schematic illustration of magnetic-pulsed removing
the dents in the sheet metal

The discharging circuit of the magnetic-pulsed installa-
tion can be represented by several parallel branches which
consist of the same capacitors and synchronized thyristor
commutators with a common exit to the inductor-tool. Their
quantity has to provide the normal work conditions of all
power electronics devices. The «ionistony can be used as the
energy storage in the magnetic pulsed installation. But its
including in the working scheme demands reforming of the
charging and discharging circuits accordingly to the nomen-
clatorial characteristics of the concrete «ionistor». The dis-
charging circuit has to contain the system for transformation
the natural harmonic temporal form of the discharging cur-
rent pulses to the aperiodic one. This can be the bridge circuit
or the well known from the Electrical Engineering «a crow-
bar circuity. The own frequency of the magnetic pulsed
installation is being determined by its parameters and is fixed
value. That is why the integral characteristics of the power
action tools (with the matching transformer or without this
component in the charging circuit) have to be chosen by such
way in order to provide the needed working frequency of the
fields being excited. The constructions of the inductor-tools,
its parameters (independently on the principle action) and its
location place on the sheet metal being processed have to be
chosen so in order to the high effectiveness providing the
dents removing operation according to all previous recom-
mends. Should add that place location of any inductor sys-
tem has to provide the best electrodynamical tie between the
sheet metal being processed and the dent removing tool. In
conclusion of the present consideration some documental
illustration of the practical magnetic pulsed removing the
dents by the flattening complex are represented. The first
photographs (Fig. 10) illuminate the repair technology of the
automobile «Audi» door by the tool «Inductor System with
Attracting Screeny.

The next photos (Fig. 11) illustrate a technological
route as algorithm of the dent removing on the automobile
«Subaruy» door.
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Fig. 10. The external EMF flattening in the real repair process, a) the door before flattening; b) the tool ISAS in action; ¢) the door

after flattening

b

Technological process. It should be noted that during
the experiments of the magnetic-pulsed removing the dents
there were approbated many samples steel coverings of the
bodies European and Japanese cars. Visual car body parts
surface inspection in order to determine a dent to be removed
(Fig. 11,a). The geometrical dimensions and nature of this
dent determine the level and intensity of the required force
action. A special dielectric insert is placed on the car panel
element over the dent. Its purpose consists in fixation of the
tool working area toward to the external boundaries of the
dent to be removed (Fig. 11,¢). The necessary energy level
and the pulses quantity are set by the operator on the control
panel (Fig. 11,d). The operator places the tool working sur-
face above the dent area (Fig. 11,d). The operator turns the
system on and implements an external non-contact flattening
(Fig. 11,e). The excited forces attract metal of the dent to the
surface needed level. After flattening the tool and the insert
are taken away and the surface is cleaned up (Fig. 11,f). If it
is necessary, technological process is repeated few times, till
the complete damage removing. In the case, when the dent
has big enough size another approach may be used. It con-
sists in its gradual removing. The process should be begun
from the edges of the dent and move to its centre.

Conclusions. The fundamental inventions in the field of
the Magnetic Pulsed Attraction of the sheet metals using low
frequency discharges are illuminated. The most part of them is
defended by the Ukrainian Patents and little known to the west
specialists in the area of the magnetic pulsed technologies.

The different types of the attracting tools based on
different physical principles and attended for work with
metals owning by different electrophysical properties are

A

Fig. 11. Photo-illustrations of the technological route, a) determination of the dent; b) marking the boundary dimensions;
¢) fixing the tool over the dent; d) the magnetic pulsed action; e) the marker removing; f) the car door panel after the flattening

represented. They can deform the ferromagnetics such as
low carbon steels and the non-magnetic metals such as
alloys of aluminum for example.

The novelties in the magnetic pulsed installations used
as the power sources in the complex equipment for the
automobile bodies repair are given. The practical application
of the elaborated systems for the dents removing in the sheet
metals are suggested and successfully approbated.

In the whole these works can be considered as new
scientific direction and used for different manufacturing
aims though the main attention is paid to the practical
application in the field of the automobile bodies repair.
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ENERGY EFFICIENCY OF THE DISINFECTION TREATMENT OF LIQUID
FOODSTUFFS BY HIGH-VOLTAGE PULSE EFFECTS

Purpose. Experimentally determine the rational modes and energy efficiency of decontamination treatment of flowing food
products using high-voltage impulse actions in comparison with traditional pasteurization. Methodology. We used pulse
generation method with the help of a step-up transformer, high-voltage pulse capacitors and spark gaps with a system of peaking
of pulse front to obtain high-voltage pulses in working chambers - the generator load. The pulses on the load were measured by a
low-resistance resistive voltage divider, were transmitted over a broadband coaxial cable and recorded using an analog C8-12
oscilloscope or a Rigol DS1102E digital oscilloscope with a bandwidth of 100 MH? for each. The working chambers were filled
with water, milk or milk whey and consisted of an annular hull made of PTFE and metal electrodes forming the bottom and the
chamber cover having flat linings of food grade stainless steel for contact with the food product inside the chamber. Results. We
obtained high-voltage pulses on the generator load with a base duration of 300 to 1200 ns at pulse repetition rates up to 500
pulses per second. We obtained experimentally the amplitude of the voltage pulses on the generator load up to 75 kV, and the
electric field strength up to 35 kV/cm in working chambers with a gap of 22 mm and up to 50 kV/cm in working chambers with a
gap of 15 mm. These characteristics of the pulses allowed complete and irreversible inactivation of microorganisms in food
liquids in working chambers. Originality. We showed that there are modes of treatment food products with the help of high-
voltage pulse actions, which allow better to preserve the biological and nutritional value of the products in comparison with heat
treatment with their complete disinfection and at a significantly lower specific energy consumption. Practical value. The
experimental regimes for treating milk, whey and water with reduced specific energy consumption open the prospect of industrial
application of a complex of high-voltage pulse actions for the disinfecting treatment of water-containing food products.
References 7, tables 3, figures 10.

Key words: generator of high-voltage pulses, transformer, capacitor, multi-gap discharger, multichannel switch, working
chamber, disinfecting food treatment.

Llens. DxcnepumenmanvHo onpedenumsv pAyUOHAIbHBIE pPeEHCUMbL U IHEP20IPPhexkmusnocms o00e33aparxcusaiouient
00pabomKu meKyuux RUWEEHLIX NPOOYKMOE NPU NOMOULU GbICOKOBOIbMHBIX UMNYIbCHBIX 6030€liCHEUIl 6 CPAGHEHUU C
mpaouyuonnoii nacmepuszayueii. Memoouka. /na nonyuenus 6vlCOKOBOIbMHBIX UMNYIbCO6 HA PAOOYUX KaAmMepax —
Hazpy3Ke zeHepamopa npuMeHeHa MemoOuKa 2eHepUPo8anUs UMNYIbCO8 RPU ROMOULU NOGbILLAIOUW €20 MPaHChopmamopa,
6bICOKOBOILMHBIX UMHNYIbCHBIX KOHOCHCAMOPO8 U PA3PAOHUKO8 C CUCHEMOU 000CmMpeHus Gponma umnyapcos.
Hmnynvcol Ha nazpy3Ke UsMepAIUCy RPU NOMOUU HUZKOOMHO20 PE3UCMUBHO20 0eIumeNsn HARPAINCEHUS, NePeOasanuch no
WIUPOKOROIOCHOMY KOAKCUANbHOMY KAOenl0 u pezUcmpuposanuct npu noMouiu ananozo8020 ocyunnozpaga C8-12 unu
yugposozo ocyunnozpaga Rigol DS1102E ¢ nonocoii nponyckanus 100 MI'y y kaxcoozo. Pabouue kamepuvl 3anonHANUCH
60000, MOI0KOM UNU MOJIOYHOU CBHIGOPOMKOU U COCMOANU U3 KONbUeoOPA3H020 KOpnyca, 6bINONHEHHO20 U3
¢moponnacma, u memannuueckux INeKMpPo008, 00PA3YIOUUX OHO U KPIUWIKY KAMepPbl, UMEIOWUX NI0CKUEe HAKNAOKU U3
nuwiesoil Hepicageowiell cmanu 01A KOHMAKMA ¢ RUuieevim npooykmom enympu kamepwl. Pesynomamur. Ionyuenst
6bICOKO0BOIbMHBIE UMNYJILCL HA HAZPY3Ke 2eHepamopa ¢ OnumeabHocmovio no ocuosanuio 300-1200 nc npu wacmomax
cnedosanua umnyavcoe 00 500 umn/c. DKcnepumenmanvHo ROJIYYEHHblIE AMHAUMYObl UMRYIAbCO8 HANPANCEHUA HA
Hazpy3Ke cenepamopa — 00 75 KB, a nanpascennocmu snekmpuueckozo nons — 00 35 kB/cm 6 pabouux kamepax c 3a3opom
22 mm u 0o 50 kB/cm 6 pabouux kamepax c 3azopom 15 mm. Ykazaunvie xapakmepucmuku UMRYIbCO8 NO3601UNU
ocyuiecmeums HOAHYI0 U HEOOPAMUMYIO UHAKIMUBAUUIO MUKDOOP2AHUIMOE 8 NUULEBLIX HCUOKOCMAX 6 PADOUUX KaMmepaXx.
Hayunas nosusna. Ilokazano, umo cywjecmeyiom pescumsl 00padomKu RUWLeGbIX NPOOYKMOE RNPU HOMOUYU
GbICOKOBOILMHBIX UMNYIAbCHBLIX 8030€lICMEUll, NO3601AI0WUE AYUUle COXPAHUNMD OUOI02UYECKYI0 U NUUE8YI0 YEHHOCMb
NPOOYKMO6 no CPAGHEeHUI0 C MEn080ll 00pabomKoll npu UX NOTHOM 00€33apaxcueéanuu U npu CYujecCmeeHno MeHbULUX
yoenvhvix 3Inepzozampamax. Ilpaxmuueckas 3nauumocms. IlonyuenHnvle IKCNEPUMEHMATLHO PpedCUMbL 00padomku
MOJI0OKA, MOJIOUHOU CbIGOPOMKU U 600bl C YMEHbUIEHHBIMU YOCIbHLIMU IHEP2O3AMPAMAMU OMKPLIEAIOM HEPCHEKMUBY
NPOMBIUINIEHHO20 NPUMEHEHUA KOMNIEKCA 6bICOKOBONbMHBIX UMNYIbCHBIX 6030elicmeull 013 obe3zapasxcusarouieii
00pabomku 6000codeprcauux nuugesvix npodykmos. budn. 7, tadn. 3, puc. 10.

Kniouesvie crosa: reHepaTop BBICOKOBOJBLTHBIX HMIIYJIbCOB, TpaHcGOpPMATOpP, KOHAEHCATOP, MHOI03a30PHbINH Pa3psIHUK,
MHOIOKaHaJbHBIH pPa3psiIHUK, pabo4yasi kaMepa, 00e33apakuBaOLIasi 00pad0oTKa NUILEBLIX NIPOAYKTOB.

Introduction. Traditional thermal methods of
disinfecting treatment (pasteurization and thermal

liquid food products are water-containing. Therefore, the
important question is also about rational modes of

sterilization) of liquid food products, wine materials,
beverages are energy-consuming and do not allow to
preserve their initial biological and nutritional value to a
sufficient extent [1, 2]. One of the most promising ways of
non-thermal disinfection treatment of products is the way
of processing by means of a complex of high-voltage
impulse actions (CHVIA). The English-language scientific
literature uses the term PEF-treatment (PEF — pulsed
electric field, treatment with a pulsed electric field). Most

decontaminating water treatment by using CHVIA.

The goal of the work is to experimentally determine
the rational modes and energy efficiency of
decontaminating treatment of liquid food products by
means of high-voltage impulse actions in comparison with
traditional pasteurization.

Experimental installation. To carry out
experimental studies, we used a facility, which was first

© M.I. Boyko, A.V. Makogon, A.I. Marynin
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described in [3]. The electrical circuit of the installation
with the control system is shown in Fig. 1.

Three-phase power supply
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Fig. 1. Electrical circuit of the CHVIA installation
with a control system

The installation consists of low-voltage and high-
voltage parts. The high-voltage part consists of a generator
of high-voltage pulses and a load — a working chamber
WCH. The generator contains a start cascade (C1, DC1)
and two cascades of sharpening (C2, DC2 and C3, DC3).
Each cascade contains a capacitor and an discharger. The
discharger DC1 of the start cascade is multi-gap. All
arresters are multi-channel. In the simplest mode of
operation, only the first cascade is used. The disadvantage
of this mode is the insufficient steepness of the pulse front
on the load — the WCH working chamber. Therefore, the
main amount of the experiments was carried out using all
three cascades.

After connecting to a three-phase power supply,
during flow processing, pressing the button SB/ starts the
pump electric motor M which pumps the processed
product through the WCH working chamber. Pressing the
button SB3 energizes the relay K2, its contacts K2.1, K2.2,
K2.3 are closed, and the phase voltage of the power
network through the filter L0 - CO is fed to the primary
(low-voltage) winding of the transformer 77 starting the
installation. As a result, on the load — the WCH working
chamber, pulses are formed of high voltage (up to 120 kV)
and current of both polarities with repetition frequency up
to 500 pulses. The button SB4 switches off the supply of
voltage to the filter L0 - CO and to the primary winding of

the transformer 7r. By pressing the button SB2, the pump
electric motor M is switched off.

Working chambers. The working chambers (WCH)
which are the load for the CHVIA installation are divided
into stationary and flowing. In stationary chambers,
portions of the product are replaced manually, and in flow
chambers through the flow through the chamber which
provides the pump and a pumping system. The Ilatter
contains containers for feeding and receiving the treated
liquid product and hoses. It is in the WCH that energy is
released which is initially stored in the main high-voltage
capacitor of the installation.

Typical stationary and flow chambers are shown in
Fig. 2 and Fig. 3, respectively.

Fig. 2. Variant of stationary WCH with cover — electrode
located near

E output

Fig. 3. a - variant of the design of the flowing technological
WCH: 1, 2 — electrodes, 3 — internal volume of the chamber,
4 — dielectric housing; b — WCH
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Experimental studies of CHVIA methods for the
treatment (PEF-treatment) of food products and water
treatment. We experimentally investigated the effect of
CHVIA treatment on microbiological contamination,
sanitary and hygienic properties and organoleptic
parameters of milk, milk whey and water. The
investigations were carried out in different treatment
modes in stationary and flowing WCHs at the CHVIA
installation described above.

A photo of an operating CHVIA installation during
the experiments is shown in Fig. 4. The product to be
processed was poured into a WCH which was previously
sterilized with an alcohol burner, and the chamber was
closed with a sterilized lid. Two types of cameras were
used: with an interelectrode gap (the distance between the
disk cover of the chamber and its bottom) of 15 mm and
with an interelectrode gap of 22 mm. We varied the
treatment time from 10 s to 30 s. Fig. 5 shows a WCH with
an interelectrode gap of 22 mm.

Fig. 4. Photo of operating CHVIA installation

To measure the characteristics of pulses on the load
of the CHVIA installation - the working chamber, a
resistive low-resistance voltage divider with a division

coefficient £,~1000 was used. As the recording device an
analog storage oscilloscope C8-12 with a bandwidth of
100 MHz and a digital oscilloscope RIGOL DS1102E with
a bandwidth of 100 MHz were used.

To protect against electromagnetic interference, the
oscilloscope was located in a shielding cabin with a door
screened circuit along the contour. The signal from the
low-voltage arm of the voltage divider to the oscilloscope
in the measuring cabinet was fed using a coaxial cable
with a double braid. The door in the measuring cabinet can
be opened and closed tightly both from the outside and
from the inside.

Fig. 5. Working chamber with an interelectrode gap of 22 mm:
a — body made of fluoroplastic, b — cover, ¢ — interelectrode gap
of 22 mm, d — cover near the chamber
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The inactivating effect of CHVIA on various milk
products (milk, whey, yogurt), as well as water, was
investigated. To do this, our colleagues, co-executors from
the National University of Food Technologies (NUFT), the
city of Kiev, prepared water for experiments. They took
water «Sofia Kiev» and infested it with bacteria of the
E-coli group. At each treatment mode of all the fluids
studied, three repetitions were performed.

The values of the interelectrode gap in the spark
dischargers had the following values: for a multi-gap
discharger (MGD), the value of an individual gap is
approximately 5 mm, for the first sharpening discharger
approximately 20 mm, for a second sharpening discharger
approximately 20 mm. At the same time, the number of
gaps involved in the MGD was from 4 to 7 inclusive.

The treatment of samples of liquid products and
water in the WCH in all modes was carried out by pulses
of both polarities. During the period of 20 ms of the AC
network voltage during the half-period of the positive
voltage of 10 ms, approximately 4 pulses of the same
polarity were applied to the WCH, and about 4 pulses of a
different polarity were applied to the WCH during the
half-period of the negative voltage of 10 ms.

Results of experimental studies of the methods of
CHVIA treatment (PEF-treatment). Fig. 6 shows an
oscillogram of pulses on the WCH with milk at 7 ruptured
gaps of 8 in a multi-gap discharger — MGD without the
influence of electromagnetic interference and with a
clearly visible pulse front.

Fig. 6. Typical oscillogram of the voltage pulse on the WCH with
raw milk. The scale division along the time axis is
50 ns/div; along the axis of the process is 20 kV/div.
In multi-gap discharger 7 gaps of 8 are ruptured.
The gap in the WCH is d =22 mm

It follows from the oscillogram that the pulse front
duration in milk is about 20 ns and the pulse duration
along the base before passing through zero is about 300 ns.
Amplitude of the voltage pulse is not less than 60 kV.
From this it follows that the amplitude of the electric field
strength in milk is 60/2.2=27.3 kV/cm. It is also important
that in milk which has a resistivity less than tap water or
table water, the pulse shape is slightly oscillatory.

Fig. 7 shows a typical oscillogram of the pulse
voltage on the WCH with water, contaminated with E-coli.
The oscillogram was obtained using a digital oscilloscope
Rigol 1102 E.

From the oscillogram in Fig. 7 it follows that the
amplitude of the voltage on the WCH with water in this
mode is not less than 72 kV, the pulse duration on the base

is approximately 1200 ns, and the pulse shape is aperiodic,
unipolar, does not pass through the zero line. The zero line
is shown in Fig. 7 and further by the arrow located to the
left of the oscillogram.

RIGOL STOF F =T .8

EIFER 16,613 Time 200.8ns @0, 0066S
Fig. 7. Typical oscillogram of the voltage pulse on a working
chamber with water «Sofia Kiev» seeded by E-coli. The scale
division along the time axis is 200 ns/div; along the axis of the

process is 20 kV/div. In the multi-gap discharger 6 gaps of 8 are
ruptured. The gap in the WCH is =22 mm. A low-resistance

resistive voltage divider with division coefficient
k;~2000 is used

Two additional bursts at the fall of the pulse on this
oscillogram, as well as on other oscillograms, are due to
the presence of three high-voltage capacitive storage
devices: the main one and two sharpening ones. The front
part of the pulse is due to the last (second) sharpening
cascade with the second sharpening capacitive storage, the
first additional burst at the pulse decay is due to the
presence of the first cascade of sharpening with the first
sharpening capacitive storage, and the second additional
surge at the pulse decay is due to the presence of the main
high-voltage capacitive storage device.

The results of microbiological analyzes of water are
given in Table 1.

Table 1

Detection of the bacteria of the family E.coli in water
The name| Results of |Approximated|Calculated|Treatment

of the |investigations,| treatment | treatment | duration
indicator | CFU/cm® mode, mode, (¢, 8)
(units of (E, kV/cm) (E,
measure kV/em)
CFU/cm’)
Water
sterile.

Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

Water
sterile.
Dilution
E.coli 10°

*Note: CFU — colony forming units.

210 30 20.09 10

31.8 20

60 30 19.0 10

0 30 1.8 20
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Fig. 8 shows a typical oscillogram of pulse voltage on
the WCH with milk whey.

£

RIGOL STOP F =T .56l

1 HEH

[MEFEY 18 .6U 5 Time 288.0ns BHE . BEODS
Fig. 8. Typical oscillogram of the voltage pulse on a working
chamber with milk whey. The scale division along the time axis
is 200 ns/div; along the axis of the process is 10 kV/div. In the
multi-gap discharger 6 gaps of 8 are ruptured. The gap in the
WCH is d=22 mm. A low-resistance resistive voltage divider

with division coefficient k; =1000 is used

The pulse duration along the base on the oscillogram
(Fig. 8) is approximately 350 ns. The pulse shape is
oscillatory with a large decrement of oscillations. The
amplitude of the voltage pulse on this oscillogram is
approximately 45 kV, and the amplitude of the voltage is
approximately 20.45 kV/cm.

In Fig. 9 shows a typical oscillogram of the pulse
voltage on the WCH with raw milk.

The results of microbiological analyzes of milk whey
treated with CHVIA pulses, a sample oscillogram of which
is presented in Fig. 8, are given in Table 2-5.

RIGOL STOF £ =T .5al

[CH 1 W T Time 20868.8ns D40, 60065
Fig. 9. Typical oscillogram of the voltage pulse on a working
chamber with raw milk. The scale division along the time axis is
200ns/div; along the axis of the process is 10 kV/div. In the
multi-gap discharger 6 gaps of 8 are ruptured. The gap in the
WCH is d=22 mm. A low-resistance resistive voltage divider

with division coefficient £,;~1000 is used

Table 2
The results of the analyzes on the detection of E.coli family
bacteria in milk whey after CHVIA treatment

The name of the indicator, units of measure Result,
CFU/em’ E.coli CFU/cm’
at E=30 kV/cm, total treatment duration 30

=10 s and dilution 10°
at E=30 kV/cm, total treatment duration 0
=20 s and dilution 10°

at E=30 kV/cm, total treatment duration
=10 s and dilution 10°

at E=30 kV/cm, total treatment duration 0
=20 s and dilution 10°

20

Table 3

Physicochemical parameters of initially raw milk after CHVIA treatment

The name of the
indicator, units of
measure

ND for testing techniques

Investigation result

Indicator value in
accordance with ND

Compliance with ND

1 2

3 4 5

Determination of the mass portion of vitamin C by titrimetric method in food products

mass part of vitamin C,
ppm

GOST 30627.2-98

5.0

not regulated corresponds to ND

Determination of peroxidase by the method of qualitative analysis in food products

peroxidase for baked,
ultra-pasteurized,
sterilized milk

DSTU 7380:2013

detected

absent does not correspond

Determination of phosphatase of milk and milk products by method of qualitative analysis

phosphatase for

pasteurized milk DSTU 7380:2013

not detected

absent

corresponds

From Table 2 it follows that after complete treatment
of milk whey in the WCH during 20 s by high-voltage
pulses (see Fig. 8) complete inactivation of E.coli bacteria
is guaranteed. When treated during 10 s from 20 to 30
colony forming units remain not inactivated. Thus, the
existence of a mode of complete guaranteed inactivation at

The pulse duration along the base on the
oscillogram in Fig. 9 is approximately 350 ns. The pulse
shape is oscillatory with a large decrement of oscillations
(weakly vibrational). The amplitude of the voltage pulse
on this oscillogram is approximately 60 kV, and the
amplitude of the electric field strength is approximately

CHVIA treatment of products was confirmed 60/2.2=27.3 kV/cm.

experimentally. In control (not treated by CHVIA) samples The results of laboratory studies of the
of milk whey, a continuous growth of E.coli bacteria physicochemical parameters of milk after CHVIA
(>>1000 CFU/cm®) was observed. treatment (see Fig. 9) are given in Table 3.
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From the results given in Table 6 it follows that in
CHVIA treated milk there is a peroxidase enzyme, the
absence of which is characteristic of baked, ultra-
pasteurized, sterilized milk, that is, milk that was amenable
to processing at high temperatures (greater than 100 °C).
However, in CHVIA treated milk, no enzyme phosphatase
was detected, the absence of which is characteristic of
pasteurized milk. In addition, from the data of Table 6 it
follows that the amount of vitamin C which is very
sensitive to different treatments, after CHVIA treatment
has remained at the level meeting the requirements of
normative documentation (ND), that is, CHVIA treatment
is soft processing. All analyzes (microbiological and
sanitary-hygienic) of treated and control samples of water-
containing foods and water were conducted by specialists
of the public utility «Sanepidservice» (public unity «SES»,
the Kharkiv city). This enterprise is accredited by the
National Agency of Ukraine for Accreditation
(Accreditation Certificate No. 2H1207 of 25.02.2015).

Energy efficiency of high-voltage prototype of
CHVIA installation. Energy efficiency is determined by
two components: high degree of microbiological
(microbial) disinfection of the processed product at a given
specific energy input and reduced specific energy
consumption in comparison with known methods (for
example, thermal sterilization and pasteurization). The first
component can be estimated by conducting CHVIA
processing and making the corresponding microbiological
analyzes of the processed product (water, milk, milk
whey). The second component of energy efficiency can be
estimated on the basis of what part of the energy consumed
from the power supply network by the CHVIA installation
was delivered to the WCH and there it was dissipated
leading to the required degree of inactivation of
microorganisms in the water. Since in all elements of the
CHVIA installation, including in high-voltage capacitors, a
transformer and dischargers, not more than 0.1 total energy
consumed from the network dissipates in total, efficiency
of the installation can be estimated as 0.9, or 90% [4-6]. It
is more difficult to estimate how much energy is dissipated
in the WCH. We do this with the help of oscillograms of
voltage pulses on the WCH with the treated product. A
typical oscillogram of the voltage pulse on a chamber with
water being treated is shown in Fig. 10.

RIGOL STOP F B . @au

[MEFED 18.8U13 Time 288 .0ns bHE,E8E0ES

Fig. 10. Typical voltage pulse oscillogram on a working chamber
with treated water

The three peaks (maximums), as mentioned above,
on the oscillogram correspond to the processes of
discharge of three capacitors (C1, C2, C3) on the load —
the working chamber, in this case filled with water (see
Fig. 1). The first (largest) peak after the pulse front is the
maximum voltage on the WCH due to the energy input to
the chamber from the most low-inductive discharge circuit
with the capacitive storage C3. The second peak
corresponds to the process of connecting and discharging
capacitor C2 on the WCH. The third peak corresponds to
the process of connecting to the discharge on the WCH of
capacitance C1, more remote from the WCH and having
the greatest inductance.

Energy which is released in the WCH during
processing can be estimated by the formula

E =nT | iudt = nTiugut, (1
where i is the current as a temporal function, u is the
voltage as a temporal function, i,, is the averaged current,
u,, is the averaged voltage, ¢ is the duration of one pulse at
half-height — the length of time during which the energy of
the pulse is released in the WCH, n is the pulse repetition
rate, T is the treatment duration.

We suppose that water in the WCH is a purely
resistive load. The pulse duration is determined from the
oscillograms.

According to the voltage oscillogram, it is possible to
find the active resistance R, of water in the chamber,
knowing the value of the high-voltage capacitance C;, in
which energy is accumulated before after transformation in
the transformer MOM 100/100 [7]

(t/07) = Rwah'Chvs (2)
where ¢ is the pulse duration at half-height, and #/0.7 is the
pulse duration before the measured value decreases from
the amplitude value in e =~ 2.71828 time.

For our installation C,, =~ 10° F, ¢ = 380 ns (see
oscillogram in Fig. 10). Thus

Ryen = (#0.7)/C, = (3.8-107/0.7)/10® = 54.3 Q.

Taking into account that u,, =~ 40 kV, i,, = uy/Ryep =
= 40000 V/54.3 Q2 = 736.65 A. From here it follows that at
n =400 pulses/s, T=10s, t = 3.8:10" s, the energy E,
dissipated in the chamber is E,,.,=nTi, .t = 400 pulses/s x
x 10's X 736.65 A x40000 V x 3.8 x 107 s = 16 x 736.65 x
x 3.8~44.8 kJ.

Here, the averaged power P consumed in the WCH
with water approximately equals P = E,,;,/T =44.8 kJ/10 s =
~4.5kW.

The energy E|c; initially stored in the high-voltage
discharge circuit in the capacitor C1 before each discharge
can be estimated by the formula

Eic1 = Cluc®/2 = 10°%(50-10°)/2 = 12.5 J.

We estimate the total energy E¢; accumulated in C1

during time T
Eci =nTE ¢ =400 pulses/s x 10 s x 12.5] =
= 50000 J =50 kJ.

E/Ec) = 44.8/50 = 0.896.

The resistivity of the water in WCH can be estimated
by the formula

P = RS/, 3)
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where S is the cross-sectional area of WCH with the liquid
to be treated relative to the current flow direction, / is the
length of the interelectrode gap in the WCH i.e. its
(working chamber’s) height.
At §=3.144.75>10*=7.1-10" m’, /= 1.5:10 ° m:
p=543Qx71x%x10°m%1.510° m=25.7 Q-m.

We estimate the heating Af of water in a non-current
(stationary) WCH for 7' = 10 s with energy E = 44.8 kJ
dissipated in the chamber. If we assume that half of this
energy was used to heating the water, and the other half to
heating the metal electrodes - the covers of the WCH and
its insulating (fluoroplastic) housing, then

E=2.cVyAt ie. At=0.5-E/(c-V-y), 4)
where ¢ = 4200 J/(kg'K) is the specific heat of water, V' is

the water volume in the WCH, y = 10° kg/m’ is the density
of water.
V=81=7.110"m"1.510"m= 10" m’.
So:
At =0.5-44.8-10°7/(4200 J/(kg'K)x
x107* m*10° kg/m*) = 53.3 K.

The obtained calculated result is in good agreement
with the experimental result on heating water in a given
WCH under CHVIA treatment. The measurements were
carried out with a M890G tester using a thermocouple. The
measured temperature drop from the initial (start) f,, to
the final t;,,, was At,., = tpw — tuan = 74 — 20 = 54 K.
Hence the conclusion follows that practically all the
electromagnetic energy reaching the WCH is released in
it in the form of heat. This is of fundamental importance,
since both electromagnetic factors (electric and magnetic
field strength, voltage and current in the WCH) and
thermal energy  are synergistically  directed
(unidirectional) factors. This unidirectional effect leads
to an increase in the degree of inactivation of
microorganisms in the flowable liquid products processed
in the WCH. At the same time, all energy supplied to the
WCH is used for its intended purpose — microbiological
disinfection of the product processed in the chamber. If
we now assume that all the heat released in the chamber
is transferred through a heat exchanger to an unprocessed
product that has not yet passed through the WCH, then
the efficiency 7, for the given technological process
Ne = 85-99.5%.

An important indicator is also the specific energy
consumption of FE, that is, the amount of energy
expended for processing a unit (for example, units of
volume or mass) of the product. At CHVIA processing in
industrial flowing option, when rational heat exchange is
involved, this is the amount of electromagnetic energy
Ejoy introduced into the WCH which in the chamber
passes into thermal energy. Here, the product heating
Atg,,, 1s guaranteed in the flow mode, while it flows
through the WCH, by several K (for example, by 5 K)
and the transition from the subcritical temperature to the
supercritical temperature of the product which ensures
irreversible inactivation of microorganisms under the
action of high external pulsed electric field.

Estimation of Ej,,, and E,

Ejow = ¢-V-p-Atgo, = 4200 J/(kg-K)x10™* m*x10° kg/m*x
x5 K=21001J;

Eyy = Epo/V = cp-Dtgy = 2100 J/10* m’ = 2.1-107 J/m’ =
=2.1-10* kJ/m’ = (21000/3600) kW-h/m’ =
=5.83 kW-h/m’.

Thus, the estimated value of the specific energy
consumption in the flowing mode at CHVIA treatment of
products is E, = 5.83 kWh/m’. AT the traditional scheme
of microbiological milk disinfection (with the help of heat

treatment —  pasteurization), the specific energy
consumption is more, at least 4 times [1, 2].
Conclusions.

1. Rational modes of operation of CHVIA installation
for the tested working chambers take place at amplitudes
of pulsed electric field strength £ ~ 30 kV/cm in the liquid
in the working chamber and at the treatment duration of
20 s with high-voltage pulses of duration 300-1200 ns at
pulse repetition rate n =~ 400 pulses/s.

2. At rational modes in the treated water, milk whey and
milk, the demonstrative E.coli bacteria are completely and
irreversibly inactivated. In this case, the enzyme
peroxidase in milk is preserved. Consequently, the tested
rational mode of disinfecting milk treatment is milder than
the mode of thermal sterilization, and approximately
corresponds to pasteurization.

3. The amount of vitamin C, highly sensitive to various
treatments, after treating milk in rational modes is
maintained at a level that meets the requirements of
regulatory documentation, that is, CHVIA treatment is a
soft treatment that preserves the biological and nutritional
value of the products.

4. Estimated value of specific energy consumption in
flowing mode AT CHVIA treatment of products is
E, =6 kWh/m®, which is about 4 times less than at
traditional heat treatment. At the same time, the energy
efficiency of the proposed complex of high-voltage
pulse actions is 4 times higher compared with
pasteurization.

5. The results of the performed investigations open the
prospect of the industrial application of a complex of high-
voltage pulse actions for the disinfecting treatment of
water-containing food products.

REFERENCES
1. Minuhin L.A., Gaffner V.V., Menshenin G.A. Study the
possibility of reducing energy consumption during the
pasteurization of milk on small enterprises. Agrarnoe
obrazovanie i nauka, 2016, no.3. (Rus).
2. Solovyov S.V. Povyshenie effektivnosti protsessa teplovoy
obrabotki moloka putem obosnovaniya konstruktivaykh i
tekhnologicheskikh parametrov nagrevatelya. Diss. cand.
techn. nauk [Improving the efficiency of the process of milk
thermal processing by justifying the design and technological
parameters of the heater. Cand. tech. sci. diss.]. Velikie Luki,
Russia, 2016. 155 p. (Rus).
3. Boyko N.I, Tur A.N., Evdoshenko L.S., Zarochentsev A.I.
High-voltage pulse generator with an average power of up to 50
kW for treatment of food products. Instruments and experimental
technique, 1998, no.2, pp. 120-126. (Rus).
4. Kuchinskiy G.S. Vysokovoltnye impulsnye kondensatory.
[High-voltage pulse capacitors]. Leningrad, Energiya Publ.,
1973. 176 p. (Rus).

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.3

59



Available at:
15

5. Losses and efficiency in transformers.
www.ets.ifmo.ru/usolzev/SEITEN/u2/tr/1_9.htm (accessed
May 2017). (Rus).

6. Mesiats G.A. Impul'snaia energetika i elektronika [Pulsed
power and electronics]. Moscow, Nauka Publ., 2004. 704 p.
(Rus).

7. Bogatenkov .M., Imanov G.M., Kizevetter V.E. Tekhnika
vysokikh napriazhenii: Uchebnoe posobie dlya vuzov [High
voltage techniques]. Saint Petersburg, PEIPK Publ., 1998. 700
p- (Rus).

Received 13.03.2018

How to cite this article:

M.I. Boyko', Doctor of Technical Sciences, Professor,
A.V. Makogonl,

AL Marym'nz, Candidate of Technical Sciences, Associate
Professor,

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

phone +380 57 7076245,

e-mail: qnaboyg@gmail.com

% National University of Food Technologies,

68, Volodymyrska Str., Kyiv, 01601, Ukraine,

e-mail: andrii_marynin@ukr.net

Boyko M.I., Makogon A.V., Marynin A.l. Energy efficiency of the disinfection treatment of liquid foodstuffs by high-
voltage pulse effects. Electrical engineering & electromechanics, 2018, no.3, pp. 53-60. doi: 10.20998/2074-

272X.2018.3.07.

60

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.3



Power Stations, Grids and Systems
UDC 621.31

doi: 10.20998/2074-272X.2018.3.08

H. Glaoui, A. Harrouz

SLIDING MODE CONTROL OF THE DFIG USED IN WIND ENERGY SYSTEM

This paper, presents the application of the direct vector control using the sliding mode control (SMC) on the doubly fed induction
generators (DFIG). The synthesis of the control laws is based on the model obtained by the orientation of the stator flux. The
active and reactive powers that are generated by the doubly fed induction generators will be decoupled by the orientation of the
stator flux and controlled by sliding mode controllers that have been developed. In order to rule on the validity as well as the
performance of this type of adjustment, we will check its robustness by varying some parameters of the machine doubly fed
induction. References 34, figures 9.

Key words: doubly fed induction generators (DFIG), vector control, sliding mode control.

Llenv. B cmamve npedcmaeieno npumeHeHue NPAMOZ0 GEKMOPHOZ0 YNPAGNEHUA C UCHONb306AHUEM YRPAGICHUA DEHCUMOM
ckonvacenusn (SMC) na unOyKyuoHHbIX 2eHepamopax 060iinozo numanus (DFIG). Cunmes 3aKoH06 ynpasieHus 0CHO8aH HA MOOeU,
ROYYEHHOI C NOMOUBIO OpUEHMAUU NOMOKA cmamopa. AKmugeHble U peaKmugHvle MOUHOCIU, 2eHepupyemble UHOYKIUOHHBIMU
2eHepamopamu  060IIHO20 NUMAHUA, PA30eNeHbl OpUeHmAayuell NOMOKA Cmamopa u ynpasiAwmca papadomaHHbiMu
Konmponnepamu pexcuma ckoavyicenus. Ymoovt onpedenums 00CmoBepHOCHYL U IPPEKMUBHOCHb OAGHHO20 MUNA PeyTUPOBAHUS,
HPOGEPAEHICSL €20 HADEHCHOCHIb NYMEM BAPLUPOSAHUA PAOA NAPDAMEMPOE MAWIUHbL 0601iH020 numanus. bubn. 34, puc. 9.

Kniouesvie cnosa: MHaAyKUMOHHBIE TeHepaTopbl ABoiiHOro nutanus (DFIG), BekTopHOe ynpaBieHue, ynpaBjieHHe Pe;KUMOM

CKOJIb’KCHUS.

Introduction. The technique of sliding mode control
(SMC) was first developed for a linear system of the second
order, and since then, the spectrum of its use has been
extended to a larger case of linear, nonlinear, discrete and
multi-variable systems [1, 2]. Variable structure control has
gained some popularity because of its simplicity and
efficiency. In such a system, the command by switching
makes it possible to bring the figurative point of the
evolution of the system on the super sliding surface. When
this hyper-surface is reached, the sliding regime occurs [3-5].

Many strategies have been developed over the past
decade to optimize the power extracted from the wind
energy conversion system. Several authors have tackled the
control problem of electrical machines operating in the field-
weakening region. For example, Taraft and all [6], Saleh
Mobayen, Fairouz Tchier [7], Ansarifar, and all [8], Bartolini
and al. [9], Benbouzid and al. [10], Seibel and al. [11] which
used the sliding mode approach to achieve active and
reactive power control. Hongchang Sun and all [12] explored
the maximum wind power tracking of doubly fed wind
turbine system based on adaptive gain second-order sliding
mode. Kassem and all [13], Belmokhtar and all [14]
proposed a dynamic modeling and robust power control of
doubly fed induction generators (DFIG) driven by wind
turbine at infinite grid. Weng and al. [15] a sliding mode
regulator for maximum power tracking and copper loss
minimisation of a doubly fed induction generator.
Abdeddaim and all [16] Optimal tracking and robust power
control of the DFIG wind turbine.

With the planned strategy, the generated wind
energy can reach twice its nominal value thanks to a fast
and reliable electric control completely robust. Indeed, by
employing an appropriate control technique where the
power produced in DFIG mode is derived from both the
stator and the rotor. In addition, the power supplied by the
rotor increases in this case by 100 % with respect to the
nominal power of the stator. However, this solution
makes it possible to maintain the operation of the wind
energy conversion system in its stable zone.

The system considered consists of a dual-feed
induction generator whose stator is directly connected to

the gate and its rotor is powered by a matrix converter. In
this paper, the sliding-mode approach to performing
active and reactive power control is used.

This last enjoys interesting strong properties such as
the insensitivity to the variations of the parameters of the
controlled part as well as to the disturbances, which can
act on this last one. Its behavior does not depend any
more than the parameters that define the hyperactive
surface of the slip. Despite having various advantages,
this control technique also has a disadvantage that limited
its use initially. Indeed, in practice, imperfections such as
switching delays and hysteresis generate oscillations
around the sliding surface. Several techniques have been
proposed to overcome this disadvantage [11, 17]. Some
consist in approximating the discontinuous function by a
continuous function in the vicinity of the switching
surface, the reduction of chattering taking place at the cost
of a loss of precision. Due to the many advantages of
variable structure control, such as robustness, speed, and
simplicity of implementation, this type of control seems
to us quite suitable for dual feed generators for which
performance can be required. Moreover, as some
parameters of the generator prove to vary during the
operation and that the load is often unknown; the control
will have to take into account these parametric
disturbances and variations to avoid a degradation of
performances [18]. The main objective of this paper is to
advance the understanding of the controlled SMC in the
wind system, by studying its behavior with wind energy
system. Taking into account many unresolved issues
associated with wind energy, the results of the analysis
and evaluation of discretization behaviors in the SMC
systems are essential for their applications in the control
of renewable energies [19].

However, the analysis and evaluation of
discretization behaviors in SMC systems has proved to be
a difficult task due to the lack of work done on this topic.
There is apparently a gap between the expected ideal
dynamic performance based on continuous-time system
models and the actual dynamic performance when the

© H. Glaoui, A. Harrouz
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control system is discretized. Delay in delivery of control
signals due to discretization is the key factor affecting
control performance. This is especially true when the
control is of a discontinuous nature, such as SMC.
«Disruptive» switching may cause incorrect actions due
to the timely delivery of control signals. These behaviors
can cause serious damage to industrial control devices
such as actuators [19]. In addition, the deteriorated
invariance property can worsen the reliability of SMC
systems, making controlled industrial processes
vulnerable to unexpected environmental changes.

Issues of interest in studying discretization behaviors
in SCM systems include:

e conditions to ensure stability;

¢ steady state boundary conditions;

e system trajectory models (periodicity);

e sensitivity of trajectories to initial conditions;

e relationship between trajectory models and their
symbolic sequences;

e dynamic behavior change with respect to the
sampling period.

To our knowledge, this research is the first to
systematically study the discretization behaviors of SMC
systems, and to develop methods for controlling the wind
system based on the DFIG generator. The significance of
this work lies in the fact that it promotes the
understanding of discretization behaviors in SMC
systems, thus providing useful measures to prevent
potential behavior from occurring. It also results in new
methods useful not only for the analysis of the
discretization of the SMC systems, but also for the
synthesis of the laws of the controls as a function of the
model obtained by the orientation of the stator flux.

The characteristic feature of a continuous time SMC
systems is that a sliding mode occurs on a prescribed
manifold, or switching surface, where a switching control
is employed to maintain the state on that surface [20-23].
Since the theory has been originally developed from a
continuous time perspective, implementation of sliding
mode for sampled data systems encounters several
incompatibilities due to limited sampling rate,
sample/hold effect, and discretization errors. As a result, a
direct translation of continuous-time SMC design for
discrete implementation leads to the chattering
phenomenon in the vicinity of the switching surface.

In this paper, basic results obtained in the study of
continuous-time and discrete-time SMC systems theory
during its over twenty years history are reviewed. The
discretization issue of SMC systems is introduced.

Machine model. Flux-Oriented Vector Control
presents an attractive solution for achieving better
performance in variable speed applications for the doubly
fed induction machine in both generator and motor
operation. With this in mind, we have proposed a control
law for the DFIM (doubly fed induction machine) based
on the orientation of the stator flux, used to make it work
as a generator. The latter highlights the relationships
between the stator and rotor quantities [24-26]. These
relationships will allow to act on the rotor signals to
control the active power exchange and reactivate between
the stator of the machine and the power system.

The wind turbine rotates at a speed that depends on
the wind speed (Fig. 1). This speed is matched to that of
the electric generator through a gearbox [27, 28].

3
Q mec

Fig. 1. Wind turbine model

The output power of wind turbine is given as

A
Pm =”7cp<z,ﬁ)v3,md : (1)

where, p,, is mechanical output power of the turbine (W);
p is air destiny (kg/m’); 4 is turbine swept area (m?); /3 is
blade pitch angle (deg); 4 is tip speed ratio of the rotor
blade tip speed to wind speed; C, is performance
coefficient of wind turbine, which is the function of § and
A5 Viing 18 wind speed (m/s).
The tip speed ratio 4 is calculated as
g=Reor ©)
Vwind
From an engineering point of view, there are many
different representing methods of performance coefficient C,.
But they all represent C, as a nonlinear function of
and /. In this paper, C, is denoted as
_C5
c, 5
C,(4,p)= Cl((T_C3(ﬂ+2~5)_C4)e "+ Gk (3)
1

where C, = 0.645, C, = 116, C; =04, C, =5, Cs = 21,

Cs=0.00912.
Variable /; can be calculated as
1 1 0.035

—= - — @
A A+0.08(8+2.5) (B+2.5)° +1
Wind turbine dynamics simulations have been run
for wind step changes. The characteristic feature of the
dependence of the wind turbine power upon the wind
speed has been illustrated in Fig. 2 (the nominal power
being 2 MW) [29].

2500

2000

1500

§ 1000
o~ /
500 /
0 I
-500
0 5 10 15 20 25

v, [m/s]

Fig. 2. Static characteristic of wind turbine mechanical power
as a function of mean wind speed

For a given wind speed v,, the wind turbine power p,
and the moment m; = p, / w,.
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Model of generator «DFIG». In order to implement
the decoupling control of active and reactive power, it is
essential to transform the voltage and current of induction
generator stator and rotor from 3-phase form to dg form
under synchronous rotation coordinates. In addition, the
voltage and flux equations of induction generator are seen
as (5) and (6) respectively

d .
Vis = Ryl 4 +E‘//ds —0y Vs>

d .
Vs = Ryl gs + E‘//qs =05 v a5

e (5)
Vdr = erdr +El//dr —9,, Yars
d : )
Vqr = erqr +El//qr —9,, Ydrs
Vas = Lpd g + Ml gy ;
Vs = Lol ys + Ml .
(6)

Var = Ly d gy + Ml g5

Vg = Lrlqr +M1qs’
where Vy, Vi, Vi and V. are respectively the dg
coordinates components of stator and rotor voltage; Iy,
I, 1 and I, are respectively the dg coordinates
components of stator and rotor current; vy, W, Wa and
v, are respectively the dg coordinates components of
stator and rotor flux; L,, L, and M = L,,.

The electromagnetic torque is expressed as:

Com =312 aslys —V g5l as) 5 ™)

P=Vyl g5 — Vqslqs > (®)

0= Vqslds - Vds]qs :
This strategy consists to turn the rotor flux towards d
axis, and the stator flux towards q axis. After orientation
the stator and rotor fluxes are presented in Fig. 3

d - axis

q - axis

Rotor

Fig. 3. DFIG vector after orientation

Consequently, the two fluxes become orthogonal
and we can write:
Vs =Vss Var =V¥rs Vg =Vas=0.  (9)
If resistance R is neglected we have:
d
Vqs :EWL]S =0, Vs =Vs.

The developed active power and reactive power can
be rewritten as follows:

P=Vly; Q:_Vslqs9
where
M L
[ds:_zldr; Iqs:_ﬁr qr>
where

M L
P=-V L_[dr; 0=V ﬁr[qr'

s

Sliding Mode Control. The term «variable
structure systemsy appears because of the particular
structure of the system or regulator used, where this
structural change in a discontinuous manner between two
or more structures.

In the formulation of any practical control problem,
there will always be a discrepancy between the actual plant
and its mathematical model used for the controller design.
These discrepancies (or mismatches) arise from unknown
external disturbances, plant parameters, and
parasitic/modeled dynamics [30, 31]. Designing control laws
that provide the desired performance to the closed-loop
system in the presence of these disturbances/uncertainties is
a very challenging task for a control engineer. This has led to
intense interest in the development of the so-called robust
control methods, which are supposed to solve this problem.
One particular approach to robust controller design is the so-
called sliding mode control technique.

The behavior of nonlinear systems with
discontinuities can be formally described by the
generalized state equation:

X(6)=F(x,,U), (10)

where X eR” is the state vector, ¢ time and is the
function describing the evolution of the system over time.
This class of system has a term which represents, at the
same time, the discontinuity and the control: U.
Historically, the first regulators built on this model
have been simple relays. Easy to implement. They have
led the automation engineers to develop a theory that can
describe such an operation. The bases of such a theory
have been laid: it suffices to say that the behavior of the
system is described by two distinct differential equations,
depending on whether the equation of evolution of the
system is greater or less than a surface called hyper-
surface (increased surface) switching where:
S(X) = (S1(X), S(X),..... 8, (X))..

So we have

Ut(Xx,r), if S(x,t)>0;
U(x)= (), if - S(x,r)> )
U (x.), if S(x.,7)<o.
We consider a nonlinear system defined as
0 (0) = () + blx Du(x,1) (12)

where x is the state vector and are nonlinear functions and
is the control input f{x, ?), b(x, t)u.

To design a sliding mode control law, we must firstly,
choose the switching surface (Fig. 4).

ép

**** L Switching surface

Y

v e

/’
’,
7’

Equilibrium point

s=0
Fig. 4. Sliding mode in a phase plane
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We take the general form proposed by Slotine [24]:
d (n=1)
S= (— + ﬂ} e,
dt

where e = x — x, is the tracking error; is x, the desired
state, is n the system order and A is a positive coefficient.

After choosing the sliding surface, we must choose
the control law where the reaching condition defined by
Lyapunov equation satisfied

§§<0 Vvt

The control law has the following form.
Thus, the vector control to be applied to the system
is obtained by adding two control terms such as
U=Ug +U,, (15)

where U,, on the sliding mode; U, allows to influence the
approach mode.

In order that the condition (19) is verified at any
time, is chosen as follows [32] (a complete study of
sliding-mode with ERL can be found in [32]

(13)

(14)

S=— (16)

k S
» Sat(;] .
5 +(1—50)e“"‘s |

where £ is the discontinuous gain,

is the desired reaching time, >0, 0<&<l and p>0,

S). . .
sat g is the saturation function

1, if E>1;
¢

sat[ﬁJz E, if —1££$1;
¢ ¢ ¢

-1, 1if £<—1.
¢

(17)

The use of saturation function instead of sign
function is justified to avoid chattering phenomenon.

The sliding mode applied to DFIG. We will use
this technique to control the rotor currents of DFIG with a
strongly coupled model [33, 34] (Fig. 5).

Ly
er—Px
&
1 f“'? Ps
v — Tal:
ol -
Ry + p(Lr - 1ﬂr} L EE—
=
wrlly =77
- [H
o (Ly — 1) Ly,
"
Vg 1 ] — Q.
Lin = _omt
R, +p(L, -1 L
Lrd

Fig. 5. Global scheme mode of the DFIG control

Recall the model of DFIG in Park's Den which is
given by the following equations:

Vo = RIy 400
dgs = Nslags + d + @Oy - DPyyss

(18)
dgr _ .
qur = Rsldqr +T+ @y q)dqr’
q)dqs:ledqs+M'ldqr; (19)
chqr :Ls[dqr +M'[dq5'

The vector of the state variables chosen for the
control of the machine is given by:

The model of the machine with the consideration of
the state variables is given by the following equations:

Vds
Vas _
Vdr
Vr
[ M Ao
Ry -a® 4 — R, ~C(L,‘01dr +ml/qu—wx(bqs + dtds :

do
Ry -a®, — R, »c(L,o’Iq, +LLV‘JSJ+ 0, ® g +—;

NoR dt

M M dly,
R, ~b(Lr0'1d,. + Lo Ves J -R, - c®y -0, (Lralq,. + E Vis J +L.o dt’ ;

s%Ys

M M dl,,
R, .b[L,,oiq, o de]fR, oD +w,[L,a]dr +EVqu+L,a o
1 1 M
a=—,b=—,c= .
oL, oL, oL,L,

The state model of the machine is put in the
following form:

X :f(x,t)+g(x,t)(/dq; (20)
0y
dt (1 0 o0 0 |
dP g 01 0 0
X- dld; gler)=|0 0 G% 0 |;
dr 00 0 !
dl,, L oL, |
L dt

qu = [V ds Vqs Vdr Vqr J )

qu J + ws(qu

M
=R -a® 4 + Ry -C[LrO'[d,. + 1

§Ts

M
—Ry-a® 5+ R -C[Lralqr +—Vdsj—ms(1)d5
Lo,

§Ts

! -R.-b L,a[d,-%-diS + R, c®y +w, L,O'Iq,-%-inS
Lo Ly

§S
M
v,
Lo, * D

M
- [—R,-b(L,anﬁLw‘

Sliding surfaces in the Park marker are defined to
control the rotor currents. They are given by the following
equations:

Vds ) + Rr ) cq)ds - wr[erdr +
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Sy :l([drref _Idrl
Sq = j’(Iqrref _Iqr)’

where V. and V,, are the two control vectors, to force the
system path to converge to surfaces S , = 0.
The control vector Uy, is obtained by imposing S,, =0

f(x,t)+ g(x,t)qu =0; (21)

~| =R, b Lol +LV[F +R, Oy + | Lol My
LSCUS LSwS

Ueqaq =

M M
_ [ R, - b[ Lol + mVds ] + R, oy — w,[L,o*]d,. Vs j]

To have good performance, good dynamics and
good switching around surfaces the control vector is
imposed as follows:

qu = queq + KSlgI’l(qu) . (22)

Simulation results. The figures below (Fig. 6)
represent the different curves by the simulation of the
DFIG with sliding mode controllers.

parametric variations on the performance of the
adjustment. We consider variations on all parameters that
can undergo changes (stator and rotor resistors, stator,
rotor and mutual inductors, and moment of inertia).

The results of the test of robustness to variations of
the reference power simulation obtained show that
decoupling is ensured at all times of the active and
reactive powers, despite the presence of slight oscillations
which are due to the Chattering phenomenon (Fig. 7).

4 T T T

T
I

Statoric active power (W)

< muw‘ g“‘\ X
L= (Y A
ool U 3 02 04 06 08 1 12 14 16 18 2
i C—rriffd v
.l Y ‘ Fig. 7 Results of the system with the function sign
a0l | | \ \ \‘ N
i v N s R\ ; ; ;

: : ‘ ‘ ‘ ‘ 4 . The results obtained in Fig. 8, 9 show that
e -~ decoupling is ensured at all times of the active and
o . - reactive powers, despite the presence of slight oscillations

;f}“‘ﬂn 4 il i1l | that are due to the Chattering phenomenon.
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NI w1l ]
g'?j ! 1 gl
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0 02 04 06 08 e 12 14 16 18 2 %H‘H
——— ‘ — : e gl
R I S Sy e s
g @ ‘\\‘ I | I H“ ‘ It [\ ‘ﬁ N s
ERT AT R AT AN T ATV :
S Py TTTITY AR AR AR A RN )
g oﬁ\\'\ \ / \“\‘\H “VM‘\“UW “H““M;;r H\“‘Um ‘\U, H‘H\M» sim
il {l il 1R R Vo 4 I
mgu ! | | | ! | |
. \ 1 =4
T L
. | I | R
:, oo L S S U U SR N SR
% ‘\u. m“ ‘J \‘ C\“L “‘ o 02 04 06 08 m«e(s) T2 4 ) ) 2
§1] il Fig. 8. Robustness test for a variation of R
4 \ \ \ 10
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Fig. 6. Simulation results of the system GADA and voltage g b
inverter ZQ‘ﬁ
el
Its characteristics have allowed us to cite the
performance of regulators in sliding mode, such as: o
e good continues stator currents compared to
references; =
e perfect decoupling between the two components of £ o4
the stator current. 5.
Therefore, the control of the active power of the ~
" I 1 L L 1 I L L I

stator is by the direct component of the current, while the
reactive power of the stator of the quadratic component of
the stator current.

In order to test the robustness of this control
structure by sliding mode, we studied the influence of

Time (s)

Fig. 9. Robustness test for a variation of R,

Conclusion. In this paper, a complete system for
electrical energy production has been done via wind
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turbine by use of the doubly fed induction generator
(DFIG). The studied system has been formed of a DFIG
with stator and rotor, which in that stator has connected to
the grid directly, machine converter and grid converter.
With the consideration of turbine variable velocity state
and design controller for DFIG in form of using of the
sliding mode.

Firstly, we have introduced the simplicity of the
control variable structure by sliding mode non-linear
switching surface. Then, we are interested more closely in
the application of this type of control on the asynchronous
machine with double feeding. The setting of the active
and reactive powers by the sliding mode brings a
remarkable improvement and good system performance
with DFIG.

The results of the simulations obtained are evaluated
and carried out using the Matlab / Simulink software and
show the performance and the effectiveness of the
proposed control.
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A TECHNIQUE OF FULL-SCALE MEASUREMENTS OF THE RESISTANCE
OF THE GROUNDING DEVICE

Purpose. The measurements of the resistance of grounding devices for various purposes using a three-electrode installation under
real conditions are considered. Methodology. On the basis of the use of a three-electrode installation, a technique for full-scale
measurements of the resistance of a grounding device of any design in an arbitrary soil structure is presented. Results. Based on
the measurement results, a system of sixth-order equations is solved which allows to determine the own and mutual resistances in
a three-electrode installation with a sufficiently high accuracy. Originality. It is not necessary to find a point of zero potential.
Practical value. The proposed technique allows to perform measurements in conditions of dense urban and industrial
development. References 9, tables 6, figures 2.

Key words: grounding device, grounding resistance, full-scale measurements, technique, three-electrode installation, zero
potential point, system of equations.

Paccmompensvt  usmepenuss  CORPOMUGIEHUS  3A3EMAAIOWAUX — YCIMPOUCME  PA3IUYHO20  HABHAYEHUs C  HOMOUbIO
mpexIneKmpoonoli ycmaHoeku 6 peanvHvix ycirosusx. Ha ocnose ucnonvzoeanus mpexnekmpoonoi ycmaHoeKu
npeocmaeneno 0060cnoeanue MemoOUKU UMEPEHUA CONPOMUBTIEHUA 3A3EMIIAIONLE20 YCMPOIICINEA 1000l KOHCMPYKUUU 6
npouseonvoi cmpykmype cpynma. Ilo pesynsmamam uzmepenuii pewiaemcs cucmema ypagHeHUil wecmozo nopaoKd, 4mo
no0360.151em onpeoenumsy coOCmeeHHble U 63AUMHbIE CONPOMUBTEHUA 8 MPEXINEKMPOOHOI YCIMAHO8Ke ¢ OOCIMAMOYHO GbICOKOIL

MOYHOCMbIO U 6€3 OMBICKAHUA MOYKU HY1e6020 nomenyuana. bubn. 9, Tadin. 6, puc. 2.

Kniouesvie  cnosa: 3azemuisiioliee  yCTPOICTBO,

COIIPOTHUBJICHHUE

3a3eMJIeHUsl, HaTypHble HU3MepeHusi, MeTOo/JAuKa,

TPEX3JIEKTPOAHAsl YCTAHOBKA, TOYKA HYJIEBOI'0 IOTEHIIHAaJIa, CUCTeMa ypaBHeHﬂﬁ.

Introduction and problem definition. At
present, a three-electrode measuring installation has
been widely used to measure the resistance of
grounding devices (GDs) [1]. One of the main tasks
that must be solved in order to obtain sufficiently
accurate results with this installation is, as indicated in
[2], the correct choice of the locations of the measuring
electrodes, i.e. such their arrangement at which the
measured value of resistance differs from its true value
by no more than 10 % in one direction or another.
However, in a number of cases, the measurement of the
resistance of the GD of urban and industrial substations
presents a serious problem to this day.

Analysis of recent investigations and
publications. Many domestic and foreign scientists solve
the problem of increasing the accuracy of measuring the
electrical parameters of the earth and GD.

The calculation method for determining the optimal
arrangement of measuring electrodes at measuring the
resistance of large-sized grounding devices with the help
of the considered models has only limited application due
to their external fields [3].

On the basis of a critical analysis of existing
methods for determining the grounding resistance, a
refined version of its definition was considered in [4]. By
introducing the concept of special and quasi-equipotential
regions of the grounding device, a new technique for
measuring its resistance was proposed and experimentally
tested. However, the proposed method in a number of
cases does not allow measuring the resistance of
grounding devices with acceptable accuracy.

In [5] a method of increased accuracy was proposed
for measuring the grounding resistance of a substation at
connecting a transmission line by measuring the
grounding current using a specially developed wireless
current sensor using GPS. Despite the fact that testing the
method at an operating substation of 500 kV confirmed its

validity, in some cases its use raises many questions and
requires a serious and detailed analysis.

The principal possibility of an accurate measurement
of the resistance of the grounding device was noted in [6].
However, unfortunately, in this case it will also be
necessary to determine the location of the potential
electrode by repeatedly finding the zero potential point at
the measurement site.

Mathematical modeling of the process of measuring
the resistance of the grounding device to the current of the
power frequency in a multilayer soil showed [7] that it is
impossible to choose by the experimental method for
measurements on the terrain such an arrangement of
electrodes in which the measured resistance of the
grounding device is equal to the true.

In [8] the theoretical, and based on the use of the
method of physical modeling in [9] the experimental
justifications of a new method of measuring the resistance
of the grounding device with the help of a three-electrode
measuring installation for any character of ground
heterogeneity, any size and configuration of GD and
arbitrary placement of measuring electrodes without
finding the zero potential point are presented.

The goal of the work is the development of a
technique for full-scale measurements of the resistance of
the grounding device by means of a three-electrode
measuring installation without finding a zero potential
point.

Recommended method of full-scale
measurements in a group of grounding devices and
processing of measurement results to obtain the values
of own and mutual resistances in a three-element
system. Preparation and carrying out of measurements of
electrical parameters of the GDs of operating substations
of voltage class above 1 kV must exclude dangerous
situations that may arise in this case. For example, in
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conditions of industrial or urban development, the
removal of electrodes over long distances is associated
with the possibility for potential outflow which poses a
serious danger.

Wires and cables connecting the source of
electricity, instruments, grounding devices, usually have a
significant length, especially at large dimensions of the
tested grounding device. In this case, it is necessary to
observe two rules [2]:

a) the connecting lines must not be laid parallel or at
a slight acute angle to the overhead line (OL) route. The
position of the electrodes (grounding conductors), in
addition to the tested one, should be chosen so that the
connecting lines are located with respect to the OL route
either at an angle close to the right angle or in the
direction opposite to the OL route connected for the
substation (the latter only applies to the dead-end
substations);

b) first the current ground electrode and the potential
electrode are mounted and the connecting wires are
connected to them. Then they begin to unfold and connect
to the subject.

At the end of the work, the measuring circuit is
disassembled in the reverse order. Initially, the connecting
wires are disconnected from the GD device and from the
devices, then the wires are rewound and only at the end
are disconnected from the current and potential
electrodes.

In connection with the above, the technique of full-
scale measurements in a group of grounding devices is as
follows.

Fig. 1 shows in the plan the circuit for the
implementation of the method of measuring the resistance
of individual interacting grounding devices in a sequence
of operations.

In the initial state, a system of three independent (to
check the absence of galvanic connection) grounding
electrodes 1, 2, 3 is used each having its own value R,
where i = 1, 2, 3. One of the grounding electrodes can be
set to measure its resistance, others or already exist, or are
created additionally. In general, the grounding electrodes
1, 2 and 3 are located in the ground.

Below we consider a system of three interacting
grounding electrodes in the shape of circular plates with a
diameter of 4 m, 2 m and 3.6 m. The plates are made of
from foamed polystyrene foam and placed on the surface
of a water basin (30x20 m) with a specific resistance of
water p = 12 Q'm at distances between them of 0.4 m.
First, the resistance of the grounding electrodes was
measured by a single-beam circuit [1], i.e. by the existing
method (see Table 6 for the values). Measurements were
made in early spring.

According to the new technique, a series of
measurements are made in experiments A (Fig. 1,a), B
(Fig. 1,b) and C (Fig. 1,¢).

The circuit of the measurement circuit is assembled:
the voltmeter 8 is connected to a pair of grounding
electrodes (1-2) by means of wires 7, the voltmeter 10 is
connected to a pair of grounding electrodes (2-3) by
means of wires 9, the voltmeter 12 is connected to a pair
of grounding electrodes (1-3) by means of wires 11. The
source 6 of the current monitored by the ammeter 5 is

connected to a pair of grounding electrodes (1-2) by
means of wires 4 and ensures current flow through the
circuit (Fig. 1,a). We record the readings of the ammeter
5 ({1.p), voltmeter 8 (U;.,), voltmeter 10 (U,.3), voltmeter
12 (U,3). From the grounding electrode 2 we disconnect
wire 4, move it to grounding electrode 3 and connect to it.
We provide the current flow through the circuit (Fig. 1,b).
We record the readings of the ammeter 5 (/;.;), voltmeter
8 (U}.,), voltmeter 10 (U,.3), voltmeter 12 (U,_3). From the
grounding electrode 1, we disconnect the wire 4, move it
to the grounding electrode 2 and connect to it. We ensure
the current flow through the circuit (Fig. 1,¢). We record
the readings of the ammeter 5 (/,.3), voltmeter 8 (U|.,),
voltmeter 10 (U,.3), voltmeter 12 (U,.3).

Fig. 1. . Schematic location of grounding electrodes
and connection of measuring instruments

As a result of measurements, we obtain the values of
parameters which we enter in Table 1.

Table 1
Results of full-scale measurements of parameters
Experiment A B C
Source Source Source
Measured | introducing in | introducing in | introducing in
parameter points points points
1,2 1,3 2,3
12, A 112.64 - -
I, A - 165.76 -
L, A - — 112.16
Up, V 379.9 169.41 243.275
Uj, V 128.296 3514 124.273
Uy, V 251.638 182 367.5

The treatment of given in Table 1 data allows to
obtain input resistances for each pair of grounding
electrodes in a system of three interfering grounding
electrodes. The input resistance at input of a source
between grounding electrodes, for example 1 and 2, is
determined by expression

RlZinp: U/ 1.

Similarly, we obtain the values of the input
resistances Risinp M Rozinp. The results are summarized in
Table 2.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2018. no.3 69



Table 2
Input resistances for corresponding pairs of grounding

electrodes
Determined Input resistances between grounding
parameter electrodes, Q
RlZinp Rl}inp R23inp
Parameter value 3.37 2.11 3.27

According to the results of Table 2 and taking into
account Fig. 2 we compose a system of three equations
with six unknown values of a three-element grounding
system:

R+ Ry — 2R 15 = Risinp;
Ry + Ry — 2R3 = Ry3inp; (1)
Ry + Ry — 2R3 = Rosing.

Neglecting (as an assumption) the mutual resistances
(R12, Ri3 and R,3) and the influence of the third grounding
electrode within each pair, by solving the system of three
equations with three unknowns obtained in this way, we
calculate the approximate values of the own resistances of
grounding electrodes (Ryo, Ry and Rzy) and summarize
them in Table 3.

Table 3
Approximate values of the own resistances of grounding
electrodes

Own resistances, Q
Rio Ry R0
1.11 2.26 1

Determined parameter

Parameter value

The obtained approximate values of the own
resistances of grounding electrodes make it possible to
estimate the approximate values of the mutual resistances
between the grounding electrodes within each pair. Such
an estimate is based on the fact that the mutual resistance
between two grounding electrodes is always less than the
smallest of them. The results of calculations are
summarized in Table 4.

(Fig. 2) of a system of three interfering grounding
electrodes. The system has the following form:

Ri-3)4= |:(Rl - RlZ)‘%} ~(Ri3 =Ry}

(Ri3 = Ryp )R3p Row — R
(s talta - - )

Ri5- 2A—{R2 Rpy)+

R23 R12)R12:| (Rys - Rps )

= -R
123 |: 13 R2

=| (Ry—Ry3)

(2)
Ri3-2)8

Ry3 —RpH )R
+( 23 RIZ) 231|_(R23_R12);
2

Ra-ac =

Rz —Ri» )R
(Ry —R32)+(13R#}L(R12 ~Rp3):
|

(R3 —R3p)—

Ryi3)c= M} +(Riy —Ri3)
L 1

The obtained approximate values of the parameters
of the circuit (see Table 3, 4), in accordance with the
procedure described in [8], are used as initial values for
the solution of the system of six equations with six
unknowns (2) for which the left-hand sides are presented
on the basis of the measurements given in Table 1 as
follows.

For example, in experiment A, the results of
measuring the voltages U;; and U,; and the current [},
when a source is input between grounding electrodes 1
and 2 make it possible to obtain input resistances, i.e. the
left-hand sides of the system of equations (2):

Riza= Uz / Iz
Rypn = U3 / 1.

The results of similar calculations for the input of a
source between grounding electrodes 1 and 3 (experiment
B), as well as grounding electrodes 2 and 3 (experiment
C), are summarized in Table 5.

Table 5

Table 4 The results of estimating the left-hand sides of the equations in the

Estimation of mutual resistances between the corresponding
pairs of grounding electrodes

. Mutual resistances between grounding
Determined
parameter electrodes, Q
RlZmut R13mut R23mut
Parameter value 1 0.8 1

2

Ri2 R20 R23
0

1 3
R10 Ris Rao
0 0

Fig. 2. Substitution circuit of the system of three interfering
grounding electrodes

According to the measurement data (Table 1) of the
currents (/1,, 113, I»3) and voltages (U}, U3, Ups) obtained
in each current measurement, we form a system of six
equations with six unknowns representing the substitution

input of the source between the respective grounding electrodes

The source connection Points Points Points
1,2 1,3 2,3
Detemlined parameter R13A R32A R12B R32B RIZC Rl}C

Parameter value, Q |1.139(2.234]1.022|1.098{2.169|1.108

Using the as initial approximate values of own
(Table 3) and mutual (Table 4) resistances of the
grounding electrodes and substituting the resulting left-
hand parts (Table 5) into equations (2), we solve the
system of equations using the program developed in the
Mathcad package and summarize the results in Table 6.

Table 6
Results of measurements of own and mutual resistances of
grounding electrodes by new and existing techniques and
estimation of discrepancies
Parameter, Q R; R, | Ry | Rip | Ri3 | Ry
Initial value 1.11 226 1 1 0,8 1
Using new technique 1.534|2.694[1.594/0.525]0.464|0.565
Using existing technique| 1.5 | 2.7 | 1.6 | 0.53]0.47 | 0.57
Discrepancy, % 2.2610.2210.37]0.94|1.27]0.87
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Analyzing the data of Table 6, we come to the
conclusion that the results of the calculations agree
satisfactorily with the results of measurements obtained in
the experiments. In this case, the discrepancy does not
exceed 2.3 %, which is a very good error result.

Thus, we obtain the required values of the own and
mutual resistances of the grounding electrodes making up
the three-element system.

Conclusions.

For the first time, the technique of full-scale
measurements of the resistance of grounding devices for
various purposes using a three-electrode installation
without finding a zero potential point is presented.

The proposed technique provides the minimal
possible separation of measuring electrodes outside the
GD which removes restrictions on building up the area
outside the investigated GD, by several times reduces the
length of the connecting wires of the measurement circuit
which increases the signal-to-interference ratio.

Experimental full-scale measurements showed that
the developed technique allows to obtain a fairly accurate
result in all cases of GD resistance measurements of
electrical installations.
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