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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 39: NOBEL PRIZE LAUREATES IN PHYSICS FOR 2011-2015

Purpose. Implementation of brief analytical review of the distinguished scientific achievements of the world scientists-physicists,
awarded the Nobel Prize on physics for the period 2011-2015. Methodology. Scientific methods of collection, analysis and
analytical treatment of scientific and technical information of world level in area of astrophysics, physics of elementary particles,
Physics of high energies, of modern theoretical and experimental physics. Results. The brief analytical review of the scientific
openings and distinguished achievements of scientists-physicists is resulted in area of modern physical and technical problems
which were marked the Nobel Prizes on physics for the period 2011-2015. Originality. Systematization is executed with exposition
in the short concentrated form of the known scientific and technical materials, devoted opening of acceleration of expansion of
Universe, creation of breach technologies of manipulation the quantum systems, theoretical discovery of mechanism of origin of
mass of under-atomic particles, invention of effective power sources of light — blue light-emitting diodes and opening of neutrino
oscillations. Practical value. Popularization and deepening of scientific and technical knowledges for students, engineers and
technical specialists and research workers in area of modern theoretical and experimental physics, extending their scientific
range of interests and cooperation in further development of scientific and technical progress in human society. References 17,
figures 14.

Key words: modern physics, distinguished achievements, speed-up expansion of Universe, technologies of manipulation of the
quantum systems, mechanism of origin of the masses of under-atomic particles, energy saving sources of light, blue light-
emitting diodes, neutrino oscillations..

Ilpueeoen Kpamkuili ananumuuecKuili 0030p 8blOAIOUWAUXCA HAYUHBIX O0OCMUMICEHUIl YUeHbIX mupa, ommeuennvlx Hobenesckoii
npemueit no ¢usuxe 3a nepuod 2011-2015 ze. B uucno makux 0ocmudiceHuil owiiu OMKpbvlMUe YCKOPEHUA PACUIUDEHU
Bcenennoii, cozoanue npopuléHbIX MeXHON0ZUIL MAHURYIUPOSAHUA KGAHMOGLIMU CUCHEMAMU, MEOPemuYecKoe 00HapyHcenue
MEXAHUZMA NPOUCXOHCOCHUS MACCHL CYOAMOMHBIX HACMUY, U300pemenue IHEP20IPPEKMUCHBIX UCHOUHUKOE C6eMA — CUHUX
€6emoou0008 u OMKpvimue HelumpuHHsIX ocyunnayui. budn. 17, puc. 14.

Kniouesvie crosa: coppeMeHHasi GU3NKa, JOCTHKEHHSs], YCKOPEHHOe pacuinpenne BeerenHoii, TeXHOJI0rHH MaHHITY THPOBAHUS
KBAHTOBBIMH CHCTEMAMH, MeXaHU3M NPOMCXOKIEHHSI MACChl CyGATOMHBIX YacTHI, JHeprocoeperarone HCTOYHUKH CBETA,
CHHHE CBETOANO/bI, HEHTPHHHBIE OCIUISIHH.

Introduction. Physics in the will of the famous
Swedish engineer-inventor and businessman Alfred Nobel
(1833-1896) was mentioned in the first of five fields of
scientific knowledge and social movements (physics,
chemistry, medicine, literature and the struggle for peace
between nations), which should In the near future to
establish awards for outstanding scientific research,
revolutionary inventions, a major contribution to the
culture and development of human society [1]. Note that
the first Nobel Prize in physics was awarded to the
German Wilhelm Roentgen (1845-1923) in 1901 «for the
discovery of X-raysy [2]. From 1901 to 2011, the Nobel
Prize in physics was awarded to 190 scientists around the
world. At the same time, 58 times the Prize was awarded
to two or three researchers simultaneously (according to
the existing position in the authors' team of applicants
there should be no more than three scientists) [1].
American John Bardin (1908-1991) has so far been the
only scientist awarded in this group of scientists Nobel
Prize in Physics twice - in 1956 («for the study of
semiconductors and the discovery of transistor effect»)
and in 1972 («for the development of the theory of
superconductivityy) [2, 3]. Women scientists became
Nobel Prize Laureates in physics only twice - the
Frenchwoman of Polish descent Maria Sklodowska-Curie
(1867-1934) in 1903 («for the study of the phenomenon of
radioactivityy) and the American Maria Geppert-Mayer
(1906-1972) in 1963 («for the creation of a shell model of
the nucleusy) [2].

1. The discovery of the acceleration of the
expansion of the Universe. The Laureates of the Nobel
Prize for Physics in 2011 were the Americans Saul

Perlmutter (Fig. 1), Adam Riess (Fig. 2) and Brian
Schmidt (Fig. 3) «for the discovery of the acceleration of
the expansion of the Universe by observing distant
supernovasy [1]. Their fundamental conclusion about the
accelerated expansion of the universe with time was
obtained in the course of very fine and accurate
observations of supernova stars conducted by S.
Perlmutter from the University of California (Berkeley,
USA), A. Riess from the Space Telescope Science
Institute (Baltimore, USA) and B. Schmidt from the
famous Mount Stromlo Observatory at the Australian
National University [1].

Fig. 1. Prominent American physicist-astronomer
Saul Perlmutter, born in 1959,
Nobel Prize Laureate in physics for 2011

© M.I. Baranov
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S. Perlmutter, A. Riess and B. Schmidt carried out
their many years astronomical observations using
exclusively supernovae of type la located in the distant
galaxies of our Universe. For these observations, they
used several large telescopes, including a 3.6-meter
telescope type NTT (New Technology Telescope) and a
8.2-meter telescope type VLT from the world-famous
South American observatory La Silla (ESO, Chile) [1].
Fig. 4 shows a series of photos of the 1995K supernova
made by the Laureates on April 3, 1995, using a 3.6-
meter NTT telescope [1]. Based on the analysis of such
images, they made a scientific discovery, awarded such
a high Prize.

Fig. 2. Prominent American physicist—strnomer
Adam G. Riess, born in 1969,
Nobel Prize Laureate in physics for 2011

Fig. 3. Prominent Australian-American physicist-astronomer
Brian P. Schmidt, born in 1967,
Nobel Prize Laureate in physics for 2011

It is believed that the accelerated expansion of the
universe is due to the presence of «dark» energy («black
holes») in it [1, 4]. The origin of this energy in outer
space and its nature for scientists are still deeply
mysterious phenomena. In the scientific world, it is
common to believe that this discovery, accomplished by
astronomical physicists, is one of the few recent truly
great scientific discoveries in physics and astronomy [1].
It can have serious worldview significance for mankind.
Here we should note that the fundamental discovery made

earlier on the basis of astronomical observations by the
famous American astronomer Edwin Powell Hubble
(1889-1953) about the expansion of the universe
remained practically beyond the «field of vision» of the
Nobel Committee at the Royal Swedish Academy of
Sciences [1]. An interesting fact is that E.P. Hubble once
led the movement of numerous scientists for the
establishment of the Nobel Prize in astronomy. It should
be noted that this movement did not have much success,
but it apparently influenced the members of the Nobel
Committee in a certain way, who nevertheless made the
decision that the world's astronomers could receive the
Nobel Prize in physics [1, 2].

24.April 1995
NTT/SUSI

28.MAY 1995
N 5 NTT/SUSI
Fig. 4. A series of astronomical images of a very distant
supernova in our Universe, which has an international
registration number 1995K [1]

Recall that for 111 years of awarding the Nobel
Prizes (for the period 1901-2011), astronomical scientists
were awarded 11 times this prestigious award [1].

2. The discovery of a method for measuring
microparticles and quantum systems without
destroying them. Nobel Prize winners in physics in 2012
were Frenchman Serge Haroche (Fig. 5) and American
David Wineland (Fig. 6) working in the field of quantum
physics, «for the advanced discoveries of experimental
methods that make it possible to measure individual
quantum systems» [5]. S. Haroche and D. Wineland laid
the scientific basis for a new generation of experiments in
quantum physics that allow «to directly observe
individual quantum particles without destroying them.» S.
Haroche and D. Vineland carried out their quantum
experiments independently of each other. These scientists
managed to develop original physic-engineering solutions
for manipulating individual quantum microparticles
without destroying their quantum-mechanical nature.
Many experimental physicists believed that such studies
were simply impossible. The American physicist used the
method of ion «traps», manipulating ions with the help of
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quasiparticles-photons (quanta of an electromagnetic field
or light that do not have a rest mass [6]). His French
counterpart, on the other hand, measured the quanta of
light, directing the flow of atoms of matter through a
photon «trap» [5].

D. Wineland taught specialists to trap microparticles
that carry an electric charge (for example, atoms and
ions), and also to monitor and measure their state with the
help of light quanta [5].

Fig. 5.Prominent French experimental physicist
Serge Haroche, born in 1944,
Nobel Prize Laureate in physics for 2012

Fig. 6. Prominent American experimental physicist
David J. Wineland, born in 1944,
Nobel Prize Laureate in physics for 2012

S. Haroche developed an opposite scientific
approach that allows you to understand the physical
wonders of the quantum world. He came up with a way to
control and measure the properties of «captured» photons
with the help of atoms trapped in the «trap» [5]. In this
case, S. Haroche and his colleagues used «Rydberg»
atoms in their experiments, which are more than a
thousand times larger than ordinary atoms of matter [6].
They sent them to a photon «trap» with a strictly defined
rate, causing them to communicate with the microwave
photons (quanta of light) present there. Because of this
interaction, the quantum energy state of the «Rydberg»
atoms themselves, named after the famous Swedish
physicist J.R. Rydberg (1854-1919) [2, 7], while
changing. Measurement of the state of these atoms
occurred at the output of the specified «trap». As a result,

physicists received information about photons trapped in
the trap, without destroying them. Like everything, at first
glance, it's easy! And behind this apparent simplicity lies
the many years of painstaking work of many physicists,
connected with high-precision measurements at the
atomic level. The described method, as it turned out, can
be used to calculate the number of photons trapped in the
trap. Subsequently, the physics laureates, based on these
achievements, have learned to track changes in the
quantum state of an individual photon in real time [5, 8].
Thanks to their research, it became possible to create in
the future superhigh-precision clocks and superfast high-
speed quantum computers. If a quantum computer with a
large volume of information qubits is created in the
foreseeable future, its computing power is expected to be
truly enormous, which will lead to a real information and
technological breakthrough in the world.

3. Theoretical detection of the mechanism of
origin of the mass of subatomic particles. The Nobel
Prize in physics for 2013 was awarded to two theoretical
physicists, the Belgian Francois Englert (Fig. 7) and the
British Peter Higgs (Fig. 8) [9].

Fig. 7. Prominent Belgian theoretical physicist
Francois Englert, born in 1932,
Nobel Prize Laureate in physics for 2013

Fig. 8. Prominent British theoretical physicist
Peter Higgs, born in 1929,
Nobel Prize Laureate in physics for 2013

This Prize F. Engert and P. Higgs were awarded «for
the theoretical detection of the mechanism that helps to
understand the origin of the mass of subatomic particles,
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recently confirmed by the discovery of the predicted
elementary particle in experiments on the ATLAS and
CMS detectors of the Large Hadron Collider at CERN»
[9]. It is important to note that these physicists were given
this prestigious and highly paid (USD 1.2 million for two
[5]) Prize not for the prediction of the «Higgs» boson
experimentally discovered in 2012 at the largest
accelerating electrophysical installation in the world -
Large Hadron Collider (LHC) at the European Center for
Nuclear Research (CERN), located near Geneva
(Switzerland) [3], but for the very «Higgs» mechanism,
whose «echo» is the «Higgs» boson. The history of
constructing theories of weak and strong interactions of
microparticles in the field of elementary particle physics
and high-energy physics is quite complex, requires special
consideration and is not particularly interesting for us
now. Undoubtedly, it is interesting in terms of the
scientific priority for not one dozen theoretical physicists
who have put their heads and hands on the creation of
such theories and the development of a «Higgs»
mechanism (for example, R. Braut, Ch. Yang, R. Mills,
G. Guralnik, K. Hagen, T. Kibble and others) [9].

The role of the boson, first mentioned explicitly (in
the form of a new massive spinless particle) in the
theoretical work of P. Higgs (1964), as a convenient
«echo» for the experimental mechanism of interaction in
the microworld, was truly realized by physicists only in
1970th years [9]. Here to him (this boson), as well as to
the very mechanism of interaction of elementary particles
for ever, and a convenient and brief, but not quite fair
epithet «Higgs». It was after the theory of electroweak
interactions was constructed that relied, among other
things, on this mechanism, and also after it was shown
that this theory is renormalizable (self-consistent and
suitable for calculations) and there arose a mass interest
among physicists towards properties and to Search for the
Higgs boson [9].

Theoretical physicists began to calculate the
processes of birth and decay of this boson, and
experimental physicists began to search for it in nuclear
reaction products at all the largest colliders in the world
(for example, in Europe at the electron-positron LEP
accelerator with energy up to 104 GeV at CERN and in
the USA at a giant proton-antiproton accelerator
«Tevatrony» with an energy of up to 1 TeV at the E. Fermi
National Laboratory for Nuclear Research [3]). There
were years of observations, and no one could find the
required boson. The overwhelming majority of the
world's leading physicists based on accumulated scientific
data by the beginning of the 21st century convinced
themselves that the Higgs boson should exist. They
lacked the final touch - the direct discovery of the
«Higgs» boson in the experiment. And now, at the super-
powerful proton collider LHC at CERN, actually
launched in 2009, the Higgs boson in 2012 was
experimentally discovered. This important scientific event
happened almost 50 years after the theoretical discovery
of this elementary particle [9].

What is the essence of the «Higgs» mechanism and
why does the «Higgs» boson answer the microcosm?
According to [9], the «Higgs» mechanism for relativistic
theories of the interaction of elementary particles is based

on the idea that when a massless scalar particle «contacts»
a massless carrier of interaction, a carrier particle with
mass (some unknown massive boson) is born. To
approach historical truth in the issue of the birth in
physics of elementary particles of this idea, formulated by
P. Higgs only in 1964, we note that in 1963 prominent
American physicist, Nobel Prize Laureate in physics for
1936 («for the discovery in cosmic rays of the positrony
[2]) Karl Anderson (1905-1991), published a similar idea
with reference to the nonrelativistic theory of the
interaction of microparticles [9]. Therefore, the author of
the above-mentioned scientific idea, which later became
the basis of the «Higgs» mechanism of particle
interaction, probably should be considered the US
physicist K. Anderson.

As for the possible liability for the inexperienced
reader of the Higgs boson for the mass of all the particles
in our Universe, it is immediately necessary to say
unambiguously that this boson does not give anybody and
nothing in nature [9]. It turns out that the mass of particles
is given by a «Higgs» field. The «Higgs» boson is only a
microscopic «ripple» and a kind of energy perturbation of
this «Higgs» field [9]. In addition, the Higgs field gives
mass only to electrons, muons and some other heavy
particles [6, 9]. The mass of protons and neutrons that
make up the nuclei of all chemical elements from the
periodic system of elements of D.I. Mendeleyev [3, 6] and
the mass numbers A determining them and,
correspondingly, up to 99 %, the mass of any substance,
determine completely different physical mechanisms [9].
In this connection, the «Higgs» field corresponds
approximately to 1 % of the mass of the surrounding
matter [9]. The «black holes» present in space, as well as
the undiscovered particles of «dark» matter [4] and,
possibly, neutrinos also receive their mass due to other
physical sources [9]. At present, in physics of elementary
particles on the universal level of communication between
scientists, it is considered that the «Higgs» boson is
nothing, and the «Higgs» field is everything [9]. It is not
yet possible to obtain and investigate this field without the
boson in question. Therefore, the «Higgs» boson should
help mankind to know the properties and origin of the
«Higgs» field. And for this, numerous experiments are
required at the Large Hadron Collider LHC, accompanied
by the birth and decay of the Higgs boson. Statistical
processing of the results obtained in these processes
should «shed» light on its nature and the nature of the
«Higgs» field. At present, physicists believe that the
«Higgs» field does not generate gravity associated with
the total energy of the physical body. The «Higgs» field
can translate some of the energy of the physical body into
rest energy (in its mass). However, it does not influence
the gravitational interaction of bodies [9].

4. The invention of blue LEDs — energy-saving
light sources. In 2014, three Japanese experimental
physicists, Isamu Akasaki (Fig. 9), Hiroshi Amano (Fig.
10) and Shuji Nakamura (Fig. 11) received the Nobel
Prize in physics «for the creation of a new energy efficient
and environmentally friendly light source - blue light-
emitting diodes” [10-13]. Note that before 1990, world
manufacturers of LEDs could only produce red, yellow
and green diodes. It is known that only a combination of
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blue, green and red colors can give a pure white color.
Therefore, the current problem in the physics and
technology of semiconductors for the world's leading
manufacturers of LED products was the one that was
associated with the invention of light-emitting diodes
giving a bright blue color [10].

Fig. 9. Prominent Japanese experimental physicist
Isamu Akasaki, born in 1929,
Nobel Prize Laureate in physics for 2014

L

Fig. 10. Prominent Japanese experimental physicist
Hiroshi Amano, born in 1960,
Nobel Prize Laureate in physics for 2014

Fig. 11. Prominent Japanese experimental physicist
Shuji Nakamura, born in 1954,
Nobel Prize Laureate in physics for 2014

Fundamental and applied physical and technical
investigations of I. Akasaki, H. Amano and Sh. Nakamura

showed that one of the promising semiconductor
compounds on the basis of which it is possible to create
such light emitters can be gallium nitride GaN [10-13]. In
the early 1990s, these Japanese physicists based on GaN
gallium nitride created both double-layered and multilayer
heterostructures with p-n junctions of conductivity that
provide the creation and industrial production of blue-
light-emitting diodes [10-13]. This scientific and technical
event was a major breakthrough in the field of world light
technologies.

In 1993, Nichia Chemical Industries Corporation
(NCI) (Tokushima, Japan) was the first in the world to
start the industrial production of blue LEDs [10]. These
LEDs made it possible to manufacture new energy-
saving white sources. The invention of I. Akasaki, H.
Amano and Sh. Nakamura of blue LEDs, which are
necessary for obtaining all shades of light in LED
devices, was a real technological revolution for outdoor
LED video screens [10].

Sh. Nakamura became famous not only for the
invention of blue LEDs of high brightness, but also for
the NCI Corporation in 2005 win in a lawsuit to pay him
a fee based on the results of the introduction of his
patents worth about 9 million USD (the largest Japanese
bonus!) [13].

5. Discovery of neutrino oscillations. The Nobel
Prize in physics for the year 2015 was awarded to two
experimental  physicists: Canadian  Arthur  Bruce
McDonald (Fig. 12) and Japanese Takaaki Kajita (Fig.
13) «for the discovery of neutrino oscillations, which
shows that neutrinos have a mass» [14]. These scientists
led the two leading scientific groups SNO (Sudbury
Neutrino Observatory, Canada) and Super-Kamiokande
(Japan), engaged in the study of the easiest, most
mysterious and subtle instrumentation detectors -
neutrinos [6, 7]. These particles, which interact extremely
weakly with matter, belong to leptons [6]. They arise in
the beta decay of atomic nuclei and the decays of
elementary particles and are characterized by spin
S,=x1/2 [6, 7]. Their measurements have shown that
neutrinos come in three varieties: electronic v,, muonic v,
and tau-neutrino v, [6, 14].

Fig. 12. Prominent Canadian experimental physicist
Arthur Bruce McDonald, born in 1943,
Nobel Prize Laureate in physics for 2015
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Fig. 13. Prominent Japanese experimental physicist
Takaaki Kajita, born in 1959,
Nobel Prize Laureate in physics for 2015

Moreover, these three kinds of neutrinos are not
separated from each other in the microworld and,
accordingly, in the macrocosm. They are able to mutually
oscillate - spontaneously turn «on the fly» into each other.
It was for the proof of the reality of this physical effect
(neutrino oscillations) that the Nobel Prize for the past
year was awarded to these scientist-physicists.
Experimental demonstration of this fact in the field of
elementary particle physics and measurement of
parameters of neutrino oscillations using cosmic rays
contributed to the active development of neutrino physics
and the progress in this scientific area of our knowledge.
Mutual transformations of neutrinos in the Earth's
atmosphere (Fig. 14) are due to their very small masses at
distances of a few (tens of) kilometers - a purely quantum
effect [14, 15]. Note that the main milestones in the field
of neutrino physics prior to the studies we are considering
are A.B. McDonald and T. Kajita became [2, 14]:
achievements awarded the Nobel Prize in physics for
1988 («for the discovery of muon neutrinosy), for 1995
(«for the discovery of electronic neutrinos”) and for 2002
( «for the discovery of solar neutrinos»). Despite this,
before the discovery of A.B. McDonald and T. Kajita,
neither neutrino masses nor their oscillation parameters
were known to physicists [2].

Fig. 14 schematically shows the processes of «birth»
during the passage of high-energy cosmic rays (mainly
the proton flux p) through the earth's atmosphere of pions
(), muons (u), electrons (e), muonic v, and electronic v,
neutrinos, measured Deeply located underground in the
mines by detectors (detector) [14]. In the course of the
measurements, it was established that after the course of
the series shown in Fig. 14 decays to the Earth neutrinos
penetrate in the ratio v,/v,~1.2/1.

Estimated calculation data, performed by theoretical
physicists in 1991, indicated that for the reduced ratio of
muonic v, and electronic v, neutrinos, an equality of the
form v,/v~2/1 [14-16].

Fig. 14. Schematic representation of the processes of «birth» of
muonic and electronic neutrinos in the Earth's atmosphere [12]

The reason for the discrepancies in the v,/v, ratio for
physicists was at that time unknown and
incomprehensible. In 1998, at an international conference
on astrophysics, T. Kajita, on behalf of the collaboration
of Japanese scientists Super-Kamiokande, a report was
made, from the results of which it emerged that in
underground neutrino detectors from above (from the
nearest Earth's surface) and from below (from a remote
opposite terrestrial surface) Numerous quantities of
muonic neutrinos v, arrive at the Earth. The neutrino
detector Super-Kamiokande was a large underground
cistern located in an old mine inside the mountain and
filled with ultrapure ordinary water [16]. The internal
walls of the detector were completely covered with
sensitive photomultipliers, which registered light flashes
from nuclear events that flowed inside its working
substance-water. The energy cosmic neutrino (with an
energy of the order of 100 MeV) of the electron or
muonic variety, colliding with the atomic nucleus of
water, turns into an electron e or a muon u that flies
forward at a high speed and emits light due to the
Vavilov-Cherenkov effect [6, 14-16 ]. Due to this, the
neutrino detector Super-Kamiokande not only detected a
neutrino bombarding it, but also determined their sort,
energy and direction of arrival to the Earth. Recall that the
substance of our planet for neutrinos is almost completely
«transparenty [14]. Therefore, on the basis of the
experimental data obtained by Japanese physicists, an
important conclusion was drawn that on a thousand-
kilometer path through the solid crust, semi-liquid mantle
and liquid core of the Earth [17], an essential part of the
muon neutrinos v, penetrating our planet from the
opposite location of the side detectors Turn into other
types of neutrinos [14]. Moreover, not in the electronic
neutrinos v, measured by the detectors, but in the
unmetered by them, the tau-neutrino v,. Analogous results
in the part of neutrino oscillations (with respect to
electronic v,, muon v, and tau-neutrino v, coming from
the Sun) in the period 2001-2002 were obtained by the
collaboration of Canadian scientists SNO with the help of
underground neutrino detectors of elementary particles,
the capacitances of which were filled with heavy water,
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whose nuclei (deuterons) contained a weakly bound
system of proton and neutron [14, 15]. At the energy of
several neutrons of SNO neutrons acting on the detectors,
the deuterons of their heavy water decay into protons and
neutrons. By highlighting gamma quanta in neutrino
detectors that accompany the capture of deuterium nuclei
by the produced neutrons, physicists have judged the
nuclear transformations taking place in them. So
physicists from the Super-Kamiokande and SNO
collaborations obtained irrefutable experimental evidence
in favor of the existence of neutrino oscillations [14].
These experimental results also confirmed the validity of
the «solar model» developed by theoretical physicists,
describing the thermonuclear reactions that are taking
place inside our luminaries and the «born» fluxes of solar
neutrinos that pervade space and penetrate outer space
and the planet Earth.
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PROFESSOR P.P. KOPNIAIEV - SCIENTIST, PUBLIC PERSON, ESTABLISHER OF
HIGHER ELECTRICAL ENGINEERING EDUCATION (to the 150™ anniversary of his
birth)

Purpose. To carry out complete historical and scientific analysis of Professor P.P. Kopniaiev's activities and establish his role and
place of achievements in the formation of the basic concepts and directions of the theory of electrical engineering and its
practical application in the development of higher education in Ukraine. Methodology. We have applied general scientific
methods of logic and classification, analysis and synthesis and special historical methods — historical-comparative, problem-
chronological, synchronic and diachronic. Results. On the basis of generalization of a wide range of sources of central, regional
and personal archives, the principles and content of scientific-pedagogical, organizational and public activities of P.P. Kopniaiev
were revealed and the classification of the scientific work according to the main directions of his research was conducted.
Originality. Complex analysis of P.P. Kopniaiev's scientific-pedagogical, organizational and public activities were carried out in
the field of higher electrical engineering education and industrial development in Ukraine, and his scientific achievements were
classified according to the main directions. Practical value. Factual information, generalizations and conclusions can be applied
in the teaching of humanitarian and engineering disciplines in higher education, in particular in the development of the lecture
courses and textbooks used in educational activities, as well as in the preparation of general and scientific works on the history of
science and technology. References 16, figures 4.

Key words: electrical engineering science, higher education, Professor P.P. Kopniaiev, Kharkiv Polytechnic Institute.

Packpveimo npouecc 3aporcoenus cucmembvl 6bicuiezo 1eKMPomexHuueckoit oopazoeanus é Yxkpaune ¢ xkonye XIX 6. nauana
XX 6. Obocnosanno exnao npogpeccopa ILII. Konuseea 6 ocnosanue Hayunoii INeKmMPOMEXHUUECKOU WIKOAbL YKpauHbl.
Packpeimo 0pzanu3auyuoHHyI0 0eAmeabHOCHb YUEH020 6 CO30aHUU INeKMPOMmexXHuuecko2o @axynovmema XapvKoecKoz2o
NONIUMEXHUUECKO20 UHCIMUmMYM U NEPEo20 6 YKpaune cneyuanusupoeanHozo Gvlcuiez0 y4edHO20  3a6edeHUs
IneKkmpomexnuyeckozo npoguna. Jlokazano, umo 60cemMb OCHOGHBIX INEKMPOMEXHUYECKUX HANPAGTIEHUIl HAYYHBIX
uccneoosanuii, navamuix ILI1. Konnaegvim, nonyuunu pazeumue u cmaiu 6 nocieoyouue 200bl 0moeabHol HAYYHOU WKO0I

unu Hayuynvim Hanpagienuem. budn. 16, puc. 4.
Kniouesvie cnosa: 3JIeKTPOTEXHHYECKasi HayKa,
NOJIMTEXHUYECKHil HHCTHTYT.

Introduction. As evidenced by the experience of
world and domestic science and education, a decisive role
in their progress was played by prominent personalities.
The formation of electrical engineering and the system of
higher electrical engineering education in Ukraine is
closely linked with the activities of talented electrical
engineer, the organizer of science and education,
Professor P.P. Kopniaiev. In different years, the scientist
held the posts of Dean of the Mechanical Department, the
Faculty of Electrical Engineering, the Rector of the
Kharkiv Technological Institute (KhTI), the chairman of
the All-Ukrainian Electrical Engineering Section and the
All-Ukrainian Association of Engineers. P.P. Kopniaiev is
the author of the first fundamental textbooks and manuals.
He insisted on widespread implementation of his own
developments and research results of his students, which
enabled the development of the electrical engineering
industry in Ukraine. It is precisely with his name that the
establishment of the Department of Electrical
Engineering, the Faculty of Electrical Engineering and the
first specialized educational institution in Ukraine - the
Kharkiv Electrical Engineering Institute - is directly
connected. Scientific and organizational activities of P.P.
Kopniaiev was fragmented in the publications of the
students of the scientist and published before the
anniversary of the Electrical Engineering Faculty of NTU
«KhPI» [1, 2]. Investigations [3, 4] are dedicated to the
personality of Professor P.P. Kopniaiev [3, 4].

The goal of the paper is on the base of scientific
literature and processing sources, primarily archival

BbICIIEe OOpa3oBaHmue,

npogeccop ILII. KonusieB, XapbkoBckuii

documents, to supplement the information on scientific
and educational activities and biography of the famous
Ukrainian electrical engineer - P.P. Kopniaiev.

The origin of electrical engineering research in
Ukraine. The system of higher electrical engineering
education began to be formed at the leading Universities
of Ukraine in the late 19th and early 20th centuries. In
Lviv Polytechnic, the beginning of electrical engineering
studies is associated with the activities of Professors F.
Strzheletsky and K. Olearsky. The interest in the new
industry was revealed by talented engineer and scientist
R. Gostkovsky. His scientific works concern the issues of
electric motors, DC generators, the use of electric energy
for rail transport, and so on. Further research in the field
of electrical engineering was continued by Professor F.
Dobzhinsky. He carried out electrical measurements,
electric machines, the theory of electric circuits, and so
on. As a separate educational discipline, -electrical
engineering was introduced into the curriculum of the
Lviv Polytechnic in 1887. And in 1890 a Department of
Electrical Engineering was established, headed by
Professor R. Dzeslevsky, a graduate of the Technical
Academy of Lviv. The expansion of the electrical
engineering direction of the Lviv Polytechnic is
associated with Professor S. Frise and Professor G.Z.
Sokolnitsky  initiated  introduction of electrical
engineering in Western Ukraine.

Electrical engineering at the KPI was taught by well-
known  scientists:  Professors M.A.  Artemiev,
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A.V. Krukovsky, A.A. Skomorokhov, S.M. Usaty,
A.A. Sokolov. At the initiative of A.V. Krukovsky an
electrical laboratory was created. Professor M.A.
Artemiev had a wealth of practical experience, which
allowed him to become the Head of the Department of
Electrical Engineering created in the KPI in 1900 and
begin teaching this discipline. In 1918, in order to expand
the training of engineers of new specialties, at the KPI
Electrical Engineering Faculty with branches of electric
power stations, electric traction and communications
technology was created, but in fact nothing has changed.
As before, the issue of electrical engineers was conducted
in one specialization at Mechanical Department. The
number of students who completed the Diploma Works
on electrical engineering was five to six per year. Since
1921 the general course of electrical engineering has been
expanded. Several new disciplines were introduced,
including the introduction to electrical engineering, the
encyclopedia of electrical engineering, the theoretical
foundations of electrical engineering and the basics of the
theory of alternating currents.

In 1921, the Electrical Engineering Department of
the reorganized Ekaterinoslav Polytechnic Institute was
attached to the Mechanical Engineering Faculty of the
Ekaterinoslav Mining School. It was headed by Professor
of electrical engineering G. E. Evreinov He began
research in the field of electrification of mining
enterprises, theoretical foundations of electrical
engineering and became the founder of electromechanical
specialty at the Institute. In Odessa, the Higher Courses of
Telegraph Mechanics were opened in 1900. In subsequent
years, the Courses were expanded and in 1923 the Odessa
Electrical Engineering College of High Currents was
organized. @~ The  educational institution trained
communication engineers, the training period was four
years. In 1929 the Electrical Engineering College was
reorganized into the Faculty of Electrical Engineering of
the Odessa Polytechnic Institute [3, pp. 36-40].

The organization of the physical office has
become the impetus for the establishment of electrical
engineering research in the Kharkiv Practical
Technological Institute. On August 5, 1885 at the
suggestion of V.L. Kirpichov, as Assistant Professor
of physics, Associate Professor of the Kharkiv
University O.K. Pogorelko was appointed by the
Ministry of Public Education. Expanding the teaching
of electrical engineering in the KhTI belongs to a
talented electrical engineer, scientist and Professor
M.P. Klobukov [4, p. 12].

Activities of P.P. Kopniaiev from to establish the
Electrical Engineering Faculty and the Electrical
Engineering Institute. After graduation in 1898 P.P.
Kopniaiev (Fig. 1) was invited to the Kharkiv
Technological Institute. All subsequent life of the
scientist, with the exception of forced departure to St.
Petersburg in 1905-1907, is connected with Kharkiv, with
KhTI, where he was formed as a leading scientist in the
field of electrical engineering and as the founder of
electrical engineering education in Ukraine.

Fig. 1. Pavlo Petrovich Kopniaiev

Scientific ~ and  pedagogical  activity  of
P.P. Kopniaiev started in KhTI at the time when the
situation with the electrical engineering direction was
unresolved. Educational discipline «General Electrical
Engineering» was taught to students of Mechanical
Department in volume of two hours per week, diploma
projects on electrical specialization were not performed.
There were no scientific studies either. Professor
P.P. Kopniaiev immediately began reorganizing the
teaching of disciplines of the electrical engineering
profile. At his initiative, the number of lecture hours was
increased. For the first time in the curriculum special
courses were included covering various sections of
electrical engineering, and, most importantly, a load was
assigned for graduation design. All this created
favorable conditions for the first issue, which took place
already in 1900 and consisted of five specialists
specializing in electrical engineering. Extension of the
teaching of electrical engineering disciplines, the
introduction of new electrical engineering directions, the
use of new techniques, the formation of independent
electrical engineering disciplines required the creation of
textbooks, manuals, methodological literature. Published
in 1893-1894 by the lithographic method, the textbook
on general electrical engineering by M.P. Klobukov was
the only textbook in Ukraine, had a small set and a
number of shortcomings. Summing up the accumulated
material, during 1900-1902, P.P. Kopniaiev prepared a
two-part textbook for publication, which contains a full
course of general electrical engineering. They became
the first in Ukraine textbooks on the basics of electrical
engineering. Manuals by P.P. Kopniaiev were marked
by a sequence of teaching, accompanied by examples,
which gave the opportunity to apply theoretical
foundations for practical activities in the field of
electrical engineering [5, sheets 1-2].

Creation of the Department of Electrical
Engineering contributed to the expansion of the subjects
of diploma projects in electrical engineering
specialization and to increase the number of lectures to
three hours in the first year and two - in the second. For
example, in 1904/1905 academic year twenty five topics
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were worked out. It became obligatory to attend
laboratory and practical classes. The term of the course in
electrical engineering was completed when the exam was
completed. P.P. Kopniaiev is the initiator of the
introduction of new teaching methods. He submitted a
request to the Institute's academic committee to allow
students, in parallel with listening to lectures, to carry out
laboratory work and independent projects. Before these
innovations, students listened first the course of lectures,
were tested and only then became practical work. After
several meetings, the innovator-scientist was allowed the
introduction of a new learning system [6, sheet 1].

Even at the beginning of his pedagogical activity at
the Technological Institute P.P. Kopniaiev developed a
project for the organization of an independent Electrical
Engineering Faculty (EF). In 1907, 1912, 1914, the
scientist made new attempts at its organization. On
November 26, 1920, on the basis of the decision of the
People's Committee of Professional Education of Ukraine,
a commission under the leadership of P.P. Kopniaiev was
created. The commission consisted of: lecturers of KhTI
V.O. Izyurov, secretary of the commission
V.M. Kyyanitsia, responsible for the construction of the
laboratories Engineer V.A. Radzig and the representative
of the Council of Students F.A. Stupel. The purpose of the
commission was to organize an independent Electrical
Engineering Faculty, to create new curricula, to supply
new modern equipment. Electrical Engineering Faculty

was opened on January 21, 1921. Professor
P.P. Kopniaiev was appointed as Dean [2].
It should be noted that the first Electrical

Engineering Faculty in Ukraine was opened at the KPI in
1918. But in fact the issue of electrical engineers was
conducted only in one specialization. Diploma projects in
electrical engineering 5-6 students per year performed.

The opening of the Faculty of Electrical Engineering
in KhTI was very important for the development of
industry in the South of Russia. P.P. Kopniaiev at the
creation of the Faculty, predicting the huge demand for
specialists in new electrical engineering specializations,
offered accelerated releases - training for four years by
separate curricula [57, p. 169].

The Faculty consisted of four Departments:
«Electric Machines», «Electrical Equipment», «General
Electrical Engineering», «Electric Traction». The Faculty
was taught courses on the electrical equipment of
factories and plants, electrification of mining industry,
electric networks and lines, electric stations and city
trams. The term of study was five years, industrial
practice became an obligatory element of training, to the
teaching of leading disciplines factory engineers were
involved. The study of special courses was carried out in
the measuring and electromechanical laboratories. On the
proposal of Professor P.P. Kopniaiev setting up a high
voltage laboratory began. Under the project of the
scientist the purpose of the new laboratory was not only
the educational process, but also scientific work. In the
laboratory it was planned to conduct technical tests of
high-voltage insulators and other insulating materials,
research of high voltage lines. Accumulated by
P.P. Kopniaiev during the previous years experience of
training specialists contributed to the fact that already in

the first year of the existence of the Faculty there was a
release of highly skilled specialists. Graduate projects
were carried out on the following topics: city electric
tram; electrical supply of cities, district stations, electric
installations for mines, equipment of electromechanical
plant [7, sheets 2-4].

The Professors and lecturers of the Faculty
included four Professors: 0.0. Potebnya,
V.M. Khrushchev, S.O. Teys and P.P. Kopniaiev and ten
lecturers, including O.B. Bron, V.M. Kyyanitsia,
0O.Ya. Berger, M.F. Perevozsky The generalization of
archival materials allows us to assert that the basis of the
staff of the Faculty was graduates of the Mechanical
Faculty of the KhTI, students of P.P. Kopniaiev [8, sheets
1-27; 9, sheets 1-2; 1].

The fruitful work of the scientist to create the
Faculty of Electrical Engineering provided the grounds
for the organization in 1930 of the first specialized
technical institution of the electrical engineering profile in
Ukraine - the Kharkiv Electrical Engineering Institute.
The Institute has developed a scientific and technical
school in the field of electrical engineering, where three
main functions - educational, research and innovation -
were presented. Fundamental and applied scientific
researches were conducted, based on a powerful
laboratory base, and corresponded to a high scientific
level. There was a close connection with production, the
results of research were implemented and had economic,
social significance. During this period, the first steps were
taken to establish international cooperation. Scientists
worked on topical issues and realized scientific
developments, received world recognition.

During the 1930-1934, the teaching staff of the
Institute was strengthened by highly qualified specialists.
At  the suggestion of P.P. Kopniaiev and
V.M. Khrushchev to the posts of faculty members of the
Departments experts from production, research staff of
research institutions, were invited. It contributed to
improving the teaching of fundamental and practical
disciplines, improving the quality of teaching specialized
courses and disciplines in technology of processes,
strengthening the links between research Departments and
production, the development of new scientific directions
and the beginning of reform in the Institute of scientific
electrical engineering school, strengthening the teaching
potential (Fig. 2) [10, sheets 1-3].

The presence of a powerful scientific potential
contributed to optimizing the structure of the Institute.
The development of electrical engineering in this period
took place quite rapidly, which required the creation of
new Faculties with differential specialties for the training
of specialists in a narrow specialization and curriculum,
which differed in content. Thanks to the base, which was
formed in the previous years at the Faculty of Electrical
Engineering by Professor P.P. Kopniaiev, training of
specialists at the Electrical Enginering Institute took place
in the following directions: electrical machines, electrical
apparatus, electric traction, central power stations,
transmission and distribution of electric energy. So,
Professor P.P. Kopniaiev was initiated and supported by
his students such areas of scientific activity as
fundamental and applied research in the fields of high
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voltage technology and transmission of electric energy at
a distance (V.M. Khrushchev, S.M. Fertik); theory and
practice of electric machines (G.I. Shturman,
O.Ya. Berger); electrical apparatus (B.F. Vashura,
O.B. Bron); power engineering and electric power
stations (A.L. Matveev); electric drive (T.P. Gubenko,
A.L. Aronov); theoretical bases of electrical engineering
(O.P. Sukachev); electrical measurements

(O.Kh. Khinkulov); electric traction (O.O. Potebnya).

Fig. 2. The first issue of electrical engineers
of the Kharkiv Electrical Engineering Institute

Research activity of P.P. Kopniaiev. The results of
the initial research investigations of the scientist were
published in 1896 and immediately attracted the attention
of the scholars of Europe. In the work the scientist
theoretically substantiated the proposed method of
analogy, emphasized the unity of laws, which are
essential for a particular group of phenomena, and proved
that in this regard the laws have the same mathematical
formulation. Unfortunately, the proposed model has not
found a decent use. Meanwhile, the work of
P.P. Kopniaiev in the conditions of that time was of great
importance. He was the first Russian scientist, and in
1898 he laid the scientific foundations of the method of
analogy in electrical engineering. This method has
become widespread in modern conditions, has given us
the opportunity to solve complex research problems [11].

The first specialization, which gradually began to
differentiate into the discipline, became the course
«Electric Machines». The machines of direct current
prevailed in the installations of that time. The formation
of a new course required academic literature for students
and for the training of scientific staff. The analysis carried
out by the author allows us to assert that the existing
scientific works on the theory of electric machines of
Russian and foreign scientists at that time did not meet the
basic requirements for the content of discipline. The basic
literature for the study of discipline at that time was the
textbooks of the scientists of the German scientific
school, which were considered the most experienced
specialists in the field of electrical machines. But their
works began to be translated only after 1908.

In 1904, based on the materials of his own research
P.P. Kopniaiev published a work devoted to questions of
theory, design, research of electric machines of direct

current [12]. The textbook systematized the experimental
material accumulated by the author for his years in the
KhTI and during internship in foreign electrical
engineering high schools. The decisive factor in this work
was that the scientist developed new methodological
approaches to teaching the material. Without
exaggeration, it should be noted that the work of
P.P. Kopniaiev became the basis for the training of
electrical engineers. The principles of the presentation in
this section differed from other authors. The scientist
considered the properties of various types of electric
motors and made a complete classification of their
common properties.

Next, P.P. Kopniaiev began to systematize his own
teaching aids for the comprehensive training of electrical
engineers. A certain group of scientific works was united
by the author on the theme of the community and was a
cycle of five fundamental volumes: the basis of electrical
engineering, electrical measurements, DC dynamos, AC
machines and transformers and electrical installations.
The last volume covered the materials of disciplines,
which the scientist taught in KhTI - electrical networks
and electric stations. The author presents a classification
and methodology for calculating wires, taking into
account economic factors, their own original method of
calculating illumination. He proposed several formulas
for calculating the force of light (illumination) and the
required component. This method had the advantage over
the works of German scholars who received the result,
based on empirical data or offered rather cumbersome
calculations. Later, the German scientist O. Bloch created
a technique similar to the P.P. Kopniaiev’s one. In the
second section, the author presented a development of the
question of the probable increase in the load of power
plants for the next decade. It was not yet elaborated and a
very important issue of the operation of power plants. As
the further development of power engineering showed,
the scientist advanced his time with his work. In the last
section P.P. Kopniaiev gives the methods of calculations
of complex electric networks. Summarizing the methods
known at that time, he analyzes each of them in detail,
emphasizing the disadvantages and advantages.

Professor P. P. Kopniaiev made a significant
contribution to the development of the direction of
electric traction in Ukraine by his work on tram traction.
In 1911 he, using his own experience, developed a
technical project of the city electric tram in Mariupol.
Based on work on traction mechanics by A.I. Lipets and
D.M. Lebedev, the scientist proposed a graphical method
for determining energy consumption, depending on the
path profile and the tram car movement analytical
equation. Unlike its predecessors, the graphical method of
P.P. Kopniaiev, based on mathematical reasoning,
determined the characteristics of velocity, current, time
and energy consumption (that is, the corresponding
graphs were constructed). Thus, there was a complete set
of characteristics of the car, which determined the
velocity, run time, current and the amount of electric
energy consumed by the car, depending on the profile of
the path. Further work was aimed at improving the
methodology for calculating tram traction without graphic
constructions. The result was the development of an
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analytical method, which did not depend on the graphic.
This technique, proposed by P.P. Kopniaiev, it was
necessary to apply in fact, in aggregate, two methods for
obtaining accurate results of calculations. Technical
advantage of methods of calculating tram traction of
P.P. Kopniaiev was fully confirmed during the tests on
existing trams [13, 14].

The scientific heritage of the scientist is more than
fifty works and covers the main directions of development
of electrical engineering at the beginning of the twentieth
century. Scientific work of a scientist can be classified
into six main groups. The first group consists of works
from general electrical engineering, which for a long time
were the basic material for the training of specialists. The
second group consists of fundamental works on the theory
of electric machines of constant and alternating current.
Studies on metrology and electrical measurements cover
the third group of scientific works. The fourth group
includes the work of the scientist on electric traction
problems. Works on the calculations of electrical
networks should be classified in the fifth group. And the
last group consists of works on electric installations.

Public activities. Together with the teaching and
scientific work P.P. Kopniaiev skillfully combined public
activity. During 1907-1908 he was elected head of the
commission for the organization of the first South-
Russian electrical engineering exhibition in Kharkiv. The
purpose of the exhibition was to popularize the
achievements of electrical engineering and the
introduction of electrical engineering achievements in the
industry, in particular, mining and agriculture. He is a
permanent member of the All-Russian Electrical
Engineering Congresses (Fig. 3), worked for twenty years
in the leadership of the Southern Russian Society of
Technologists and edited the «Proceedings» published by
the society; Acting Chairman of the Electrical
Engineering Section of the All-Ukrainian Association of
Engineers in Kharkiv; he was a member of the
International Electrical Engineering Commission. The
activity of the scientist in this direction was very
important for the formation of the system of training
engineers and scientific workers in Ukraine, the
development of the electric economy in the city of
Kharkiv. In 1916 he was elected Dean of the Faculty of
Mechanics. During 1919-1920, he served as Rector of
KhTI [15, sheets 22; 16, sheets 1-3].

Hrtaumuyn Beevkr. ngeremmeccoro Cesga

Fig. 3. Presidium of the First All-Ukrainian Energy Congress,
Kharkiv, 1929

Conclusions. Certainly, Professor P.P. Kopniaiev
was the founder of higher electrical engineering education
and a scientific school in the field of electrical
engineering in Ukraine. In the person of the scientist, the
talent of the researcher, the professionalism of the
educator and the natural organizational abilities are
organically combined. The decisive feature of his
scientific and pedagogical activity was innovation.
Analysis of scientific heritage and coverage of
achievements of Professor P.P. Kopniaiev suggests that
he has the features of a scientific leader. So, in the 1920's
in the Kharkiv Technological Institute by P.P. Kopniaiev
a foundation was created for the development of the
scientific and technical school of electrical engineering in
the years to come.

The traditions of the founder of electrical
engineering education and science are stored at NTU
«KhPI». From four Departments of the Electrical
Engineering Faculty created by P.P. Kopniaiev in 1921,
they conduct their pedigree scientific and pedagogical
collectives of about 20 Departments of four Faculties of
the NTU «KhPI».

On January 21, 2011, the National Technical
University «Kharkiv Polytechnic Institute» held a solemn
meeting of the Academic Council devoted to the 90th
anniversary of the establishment of the Faculty of
Electrical Engineering and the opening of the monument
to the founder of the Faculty Professor P.P. Kopniaiev.

The meeting was attended by the grandson of P.P.
Kopniaiev - Professor of the M.V. Lomonosov Moscow
State University, Head of the sector of the M. Keldysh
Institute of Applied Mathematics, Doctor of Physical and
Mathematical Sciences, professor O.D. Briuno, as well as
Professor, Doctor of Physical and Mathematical Sciences
G.S. Rofe-Beketov. His grandfather, Academician of
architecture O.M. Beketov, together with P.P. Kopniaiev at
one time headed the commission for the construction of the
Electrical Engineering Building for a new Faculty (Fig. 4).

Fig. 4. O.D. Briuno and G.S. Rofe-Beketov (21.01.2011)
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ANALYSIS OF THE OPERATION PECULIARITIES OF THE SUPERCONDUCTING
INDUCTIVE CURRENT LIMITER WITH ADDITIONAL SUPERCONDUCTING
SCREEN

Purpose. The inductances of magnetic system of a current limiter for the nominal operating mode were determined. The aspects
of functioning and a design of a superconducting short-circuit current limiter of inductive type with a superconductive main and
additional screens, and superconductive winding, which are placed in a general cryostat on a ferromagnetic core, which ensures
an improvement of magnetic field dissipation and in energy efficiency are observed. Methodology. The analysis of distribution of
magnetic field of the short-circuit current limiter of inductive type with superconducting high-temperature coil and
superconducting main and additional screens, using mathematical modeling by the finite element method in math software
package FEMM for different modes of operation is carried out. Results. The calculations of magnetic field dissipation in
operational modes are carried out. Originality. The investigations aimed to analyze the influence of distribution of the magnetic
field in inductive short-circuit current limiter with superconducting additional screen on its operation modes. First calculation of
the distribution of magnetic fields in different modes of operation for the short-circuit current limiter in the area between high-
temperature superconducting screens. Practical value. The advantage of additional screen of superconducting short-circuit
current limiter is to improve screening from dissipation of the magnetic fields of the magnetic system and reducing the power
losses at nominal mode. Using the proposed methodology will identify options acceptable to the current limiter mode of operation.
References 15, tables 3, figures 6.

Key words: current limiter, high-temperature superconductor, superconducting screen, inductance, magnetic field,
ferromagnetic core.

Ilpogeden amnanus pejxcumos padomsl u KOHCHMPYKMUBHOU CXEMbL CEEPXNPOBOOAW,E0 O0ZPAHUYUMENA MOKA KOPOMKO20
3aMbIKAHUA UHOYKMUGHO20 Muna ¢ OONOJHUMENbHbIM CEepXnposooawum Ikpanom. Ilpogedeno mamemamuueckoe
MOOenuposanue MazHUMHON CUCHEMbl 0ZPAHUYUMENA MOKA MeMOOOM KOHEUHbIX ITIeMEHMO08 8 npozpammuoil cpede FEMM.
Ilpogeoden pacuem pacnpedenenus MazHUMHBIX RONEI 8 PAZIUYHBIX PEHCUMAX CPAOAMBIGANUA OZPAHUYUMENA MOKA KOPOMKO20
3AMbBIKAHUA HA YYACMKE Melc0y OCHOBHBIM U OONOTHUMENbHLIM IKPAHAMU, UMO NO0360J1A€m Onpedeiums napamempvl

ozpanuuumensa moka. butsn. 15, ra6n. 3, puc. 6.
Kniouesvle  cnoga: OrpaHMYMTENh  TOKA,
HHIYKTUBHOCTb, MATHUTHOE T10JI€, MATHUTOIIPOBOI.

Introduction. The development of the electric
power industry is characterized by an increase in the
generation of electricity, the development of increased
capacities, the creation of high-power power systems.
Thus, there were prerequisites for the development of
electric power on a new technological basis of high-
temperature superconductivity.

A superconducting high-temperature short-circuit
current limiter is an alternative to the use of conventional
current-limiting reactors. According to the structural
features, two main concepts of the superconducting
current limiter can be distinguished: resistive and
inductive, and other circuitry based on them [1, 2].

The resistive design of the superconducting current
limiter, based on the nonlinearity of the superconductor's
resistance, can use massive elements or coils [3]. In the
case of superconducting coils utilization as
superconducting elements, they are connected so that the
full inductance of the limiter is minimal [4]. The main
disadvantage of a resistive superconducting current
limiter is significant heat dissipation and overheating at
short circuits.

In the inductive construction, which is considered in
the work of Yonsei University, the magnetic coupling
between the superconducting element and the winding is
carried out through the three-rod magnet [5]. Also, for
example, in the work of the ABB Company a three-phase
current limiter (1.2 MVA) with a cylindrical screen of 16
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rings of superconducting ceramics Bi-2212 has been
designed, which was tested and operated during the year
[6]. The operation of an inductive current limiter is due to
the presence of magnetic scattering fields, which can
negatively affect the use of a metal cryostat and increase
power losses.

Reducing the effect of magnetic scattering fields can
be achieved by using an additional superconducting
screen.

But the features of the inductive current limiter,
using an additional superconducting screen, have not been
investigated.

The goal and definition of the research. The goal
of the paper is to investigate the features of the short
circuit current limiter with an additional superconducting
screen. The purpose of the work is to analyze the modes
of operation with the definition of the distribution of
magnetic fields in the current limiter.

The general view of the design scheme of the current
limiter with the additional superconducting screen and the
circuit for switching on the phase of the mains with the
load is given in Fig. 1 [7].

The short-circuit current limiter is located in the
cryostat / with the current conductors 2 on the middle rod
of the ferromagnetic core of the magnetic circuit 3. From
the inner wall of the cryostat to the outer axially the main
superconducting screen 4, the outer superconducting

© V.G. Dan’ko, E.V. Goncharov, 1.V. Poliakov
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screen 5, the superconducting coil 6 between them are
located. The cryostat is filled with liquid nitrogen for
cooling the winding and screens to the superconducting
state (77 K) [8].

Uct
I —i
o—> 3
-2
2 A 5
U 5 j6 I:I Z|Uy
V
[

Fig. 1. Design scheme of the current limiter

The winding 6 is connected in series with the load,
and in the nominal mode through it the load current /7,
flows. The superconducting screen 4 shields the middle
magnet circuit rod from the magnetic field that is created
by the winding 6.

Inductance of the superconducting current limiter
winding at nominal mode [9]:

¥ 27 ¥, iab
Ly, :E:/Ja 2Tmld9
where ¥ is the winding flux linkage; /, is the rated
current; r,;, is the average winding radius; b is the
winding width; A.; is the winding height; w is the
winding number of turns; g, is the absolute magnetic
permeability [10].

Let us consider how the voltage drop Uc, on the
current limiter affects the load voltage decrease U, in
relation to the voltage of the electrical network U. The
use of high-temperature superconductors for the
windings of the current limiter reduces their resistance
to practically purely inductive (R—0). That is, the
voltage on the current limiter U, outstrips the current 7,
by ~ 90° (Fig. 2).

coil

Fig. 2. Vector diagram of the electric
circuit with superconducting current limiter

According to the
U=U,+Uq =U,; +kc U,

correlation coefficient U, with load voltage U;.
From the vector diagram, the load voltage
U

\/(kCL +4/1- cos? or )-i- cos? or

vector diagram
where ko i1s  the

U=

where ¢; is the angle of the phase shift of the nature of
the load.

In industrial regions of Ukraine, cosg is within the
range of 0.9-0.95, therefore the voltage on the current
limiter should be limited to 0.05U;, laying the appropriate
design parameters of the current limiter [11]. With
cosp =~ 0.97, one can accept k¢, = (0.1-0.15). The results
of the calculation of the relationship between the load
voltage U; and the voltage of the electrical network U,
depending on k¢; and cosg; are shown in Table 1.

Table 1
U, asapartof U
ke cosgy,
0.85 0.9 0.95 1.0
0.05 0973 U 0977U 0983 U 0999 U
0.1 0.947U 0954 U 0965 U 0.995 U
0.15 092U 0931 U 0946 U 09U

From Table 1 it is evident that with an active load of
the electric network, the superconducting current limiter,
even with a significant drop in the voltage on it,
practically does not affect the voltage decrease on the
load.

Calculation of the magnetic field distribution. The
calculation of the distribution of the magnetic field in the
nominal mode of the current limiter operation using the
finite element method in the FEMM mathematical
software package [12] was carried out.

To calculate the magnetic field, a calculation
geometric model of the magnetic system of the current
limiter was built with the parameters given in Table 2
[13].

Table 2
Current limiter parameters

Parameter Value
Rated voltage, kV 6
Rated current, A 400
Radius of the core section 7., m 0.105
Magnetic circuit width 4, m 0.471
Height of the magnetic core window /, m 0.84
Superconducting screens height 4., m 0.82
Winding height /., m 0.81
Winding number of turns w 367
Gap between the main screen and winding J.,, mm 1-5

The distribution of the magnetic field in the window
of the magnetic core of the current limiter at the nominal
mode, which is calculated in the FEMM package, is
shown in Fig. 3.

The geometric model of the limiter magnetic circuit
is built in FEMM for inductance calculations with the
assumption that the cross-section of the current limiter is
rectangular and the distribution of the magnetic flux does
not change in radial direction [14].

Calculation of the inductive resistance of the
equivalent model of the current limiter in nominal mode
is performed on the basis of the calculation of the
magnetic field and is shown in Table 3.
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Fig. 3. Magnetic field distribution in the current limiter
core window

Table 3
Inductive resistance X; at g = 1
5s'cr/hcoi17 % XL, Q kCL
0.1 0.0917 6.11-10
0.2 0.129 8.61-10%
0.3 0.165 1.10-10 ™
0.4 0.199 1.32:10™
0.5 0.239 1.59-10

The inductance of the winding due to the magnetic
fluxes of scattering, taking into account shielding, is
negligible. The full resistance of this current limiter at the
rated operating mode of the power supply is small
enough, which does not lead to a significant reduction in
the voltage on the load Ug; < 3 % of U, and the nature of
the voltage drop is inductive.

In the nominal mode of operation, an additional
superconducting screen provides the passage of magnetic
flux outside of the winding. Magnetic scattering fields the
outside of the winding are shielded by an additional
superconducting screen. The magnetic flux does not
penetrate the extreme magnetic circuit bars, therefore, the
losses in the magnetic circuit are not present at the
nominal mode. The transient process at the operation of a
screened superconducting current limiter can take place in
several stages.

There are two options for operating the current
limiter with an additional screen. In the case of loss of
superconductivity by an additional superconducting
screen at the critical magnetic field strength H,,, when the
current in the winding reaches the value 7., = 31I,, the
inductance of the winding is L = 0.3 mH. The magnetic
flux extends from the outside of the surface of the main
superconducting screen and penetrates the extreme bars of
the magnetic circuit. The calculation of the distribution of
the magnetic field of the winding with . = 1 is presented
in Fig. 4.

Fig. 4. Distribution of the magnetic field at the loss
of superconductivity by additional screen

In the case of loss of superconductivity by additional
screen, the magnetic flux extends along the area
belonging to the window of the section of the magnetic
core and forms the flux linkage, but this is not sufficient
to provide a limiting short-circuit current. With the
subsequent loss of the superconductivity of the main
screen after the loss of superconductivity by the additional
one, the inertial component and scattering fields will take
place. The distribution of magnetic flux density B along
the area from the outer wall of the main superconducting
screen to the inner wall of the additional screen, which
has lost the superconducting properties, is given in the
graph in Fig. 5.

B,T
0,71
0.6
0,5
0.4
03
0.2
0.1

0

02 04 06 08 1 12 1.4 1.6 18 Lcm
Fig. 5. Distribution of the magnetic flux density between
the screens

In this case, the magnetic flux density has the
maximal value in the middle section of the
superconducting winding.

For example, in case of loss of superconductivity
by the main screen, provided /., = 3, the critical
parameters of the main screen should be lower than for
the additional screen H..1(l.1) < H.»(I.»). The magnetic
flux of scattering is sprayed in the window of the
magnetic core, but only penetrates the middle bar of the
magnetic circuit core, except the extreme (axial
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symmetry). The calculation of the distribution of the
magnetic field is given in Fig. 6, the inductance of the
winding in this case is L = 0.24 mH.

B=0,68T

Fig. 6. Distribution of the magnetic field at the loss
of superconductivity by main screen

The distribution of magnetic flux density in the area
between the screens will be similar, with the difference
that the magnetic scattering flux goes away the winding
from the outside at the extreme bar.

When the current in the coil reaches the critical
value corresponding to the main and additional screens
l,, = I, = 3I, simultaneous loss of their
superconductivity will occur. The magnetic flux instantly
penetrates the middle bar of the magnetic circuit, the
inductance increases, which provides a current limitation
and increases the time constant of increase of current,
which in general will facilitate the switch operation. The
transient will take place in two stages. In this case, the
mathematical model of the transient is determined by the
equations [15]:

U .
i1 (£)= Z;Z sin(of +y, —@cp) )+

R,
_Hfau,

Sin(‘/’u_WCLl):|e Fan

nm

. U
+ |:Inm Sm(‘l’u —orL )_ ZCL]

U .
icr2 (f) = ﬂsm[w(f +ie )+ Yy —PcL2 ]+

CL2
_Ra,
Unm : L
+{ki11nm - sin(wtg,q +y, —0c2)le 2
Zcro

where Ry =Reps :PO/I,% is the winding resistive

resistance; P, is the winding power losses;
2
2 b wB_.7w,

Legy = pon w—m.,  Lcpo :# are  the
ay i1+ nm

inductances of the current limiter of the first and the
second stages; w is the winding number of turns; a,, is the
film wire width; b,, is the film wire thickness; 7. is the
radius of the magnetic circuit core section; B, is the

magnetic flux density of the core; 7., is the time of the
end of the first stage of the transient;

2 2 2 2
Zep =\R& +@Len ) s Zepa =\/RCL2 +(@Ley)
are the impedances of the current limiter of the first and

ol
the second stage; @cpy = arctg —CEL
CL1
= arctg 2ECL2 are the ph les of th
@cy o = arctg———==are the phase angles ot the current
Repn

limiter of the first and the second stages; k;; = 2.5-3 is the
current excess ratio.

Conclusions. The wuse of an additional
superconducting screen in an inductive current limiter
provides shielding of magnetic scattering fields thereby
the heat flux and power losses in nominal mode reduce,
although the use of an additional superconducting screen
slightly increases the core mass of the magnetic circuit.

Analysis of the distribution of the magnetic field
shows that the variant of operation of the current limiter at
the moment of short circuit is more suitable at the primary
loss of superconductivity of the main screen, which
makes it advisable for it to use material with lower critical
parameters, for example, bismuth ceramics, and for the
additional screen to use yttrium ceramics.
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RESONANT PROCESSES IN STARTING MODES OF SYNCHRONOUS MOTORS
WITH CAPACITORS IN THE EXCITATION WINDINGS CIRCUIT

Purpose. Development of a mathematical model that enables to detect resonance modes during asynchronous startup of salient-
pole synchronous motors, in which capacitors are switched on to increase the electromagnetic moment in the circuit of the
excitation winding. Methodology. The asynchronous mode is described by a system of differential equations of the electric
equilibrium of motor circuits written in orthogonal coordinate axes. The basis of the developed algorithm is the mathematical
model of the high-level adequacy motor and the projection method for solving the boundary value problem for the equations of
the electric equilibrium of the circuits written in orthogonal coordinate axes, taking into account the presence of capacitors in the
excitation winding. The coefficients of differential equations are the differential inductances of the motor circuits, which are
determined on the basis of the calculation of its magnetic circuit. As a result of the asymmetry of the rotor windings in the
asynchronous mode, the current coupling and currents change according to the periodic law. The problem of its definition is
solved as a boundary one. Results. A mathematical model for studying the asynchronous characteristics of synchronous motors
with capacitors in an excitation winding is developed, by means of which it is possible to investigate the influence of the size of the
capacity on the motor's starting properties and the resonance processes which may arise in this case. Scientific novelty. The
developed method of mathematical modeling is based on a fundamentally new mathematical basis for the calculation of
stationary dynamic modes of nonlinear electromagnetic circuits, which enables to obtain periodic coordinate dependencies,
without resorting to the calculation of the transients. The basis of the developed algorithm is based on the approximation of state
variables by cubic splines, the projection method of decomposition for the boundary value problems of the calculation of the
established periodic modes and the differential method of calculating static characteristics. Practical value. Using the developed
algorithm of calculation it is possible to determine the required capacitances of the capacitors in the excitation winding to start
the synchronous motor and to investigate the possibility of occurrence of the resonance at startup with the selected capacitance
value of the capacitors by calculating the static characteristics as a sequence of asynchronous modes. References 8, figures 2.

Key words: salient-pole synchronous motor, capacitors, excitation winding, resonance, static characteristics.

Paccmampueaemcs npoénema 803HUKHOBEHUS PE30OHAHCA 80 6PeMs ACUHXPOHHOZ0 NYCKA SAGHONOJIIOCHBIX CUHXPOHHBIX
oguzameneii, 6 KOMOPbLIX 07 NOGLIWEHUS INEKMPOMACHUMHO20 MOMEHMA 6 Uenb O0OMOMKU 8030YHCOeHUs 6KAIOUEHbL
Kondencamopol. /[ pacuema RYCKOGbIX CHIAMUYECKUX XAPAKMEPUCHUK U UCCIE006aHUs GIUSHUS GEAUYUHbI EMKOCHIU
KOHOeHCcamopoe Ha npomeKanue NycKa 0euzamess, 6 YACMHOCHU NOAGIEHUA PE30OHAHCA, UCRONb3YEMCA MAMEMAMUUECKas
MOOenb CUHXPOHHO20 08U2ameNsi AGHONONIIOCHOU KOHCMPYKUUU 8bICOKO20 YPOBHA A0EKE6AMHOCHU, 6 KOMOPOU yuumsléaemcs
HacvleHue MAazHUMONPo6ooa. ACUHXPOHHGIIL — pe)dcum  ORUCLIBGACMC  CUCHIEMOU  Oughpepenyuanvuvix  ypasHenuil
IEKMPUYECKO20 PAGHOGECUSl, COCIAGICHHOI 8 OPNOZOHATILHBIX KOOPOUHAMHBIX OCAX C YYEMOM HATUYUA KOHOEHCAMOpOs 6
oOmomke 6030yxcoenun. IneKmpomazHumHsle NAPAmMempsl KOHMYPOE ONPeOenAIOMcs Nymem pacuema pa3eemeneHHou cxemol
3ameenus MazHumHoil yenu oguzamens. B ocnogy paspabomannozo anzopumma nonoxicen 0CHOGANHLIIL HA ANRPOKCUMAWUU
KyOuuecKuMu CRaaunamu RPOEKUUOHHbBLIL Memoo pewienus Kpaegvlx 3a0au paciema yCMmaHosUGUIUXCA RePUOOUUECKUX
pexcumos u oughgpepeHyUabHLII Memoo pacuema cmamuieckux xapakmepucmuk. buon. 8, puc. 2.

Kniouesvie cnosa: sBHONOMIOCHWIA CHHXPOHHBII IBUTaTeIb, KOHIEHCATOPHI, 00MOTKA BO30Y:K/I€HHUsI, Pe30HAHC, CTATHYECKHE
XapaKTePUCTHKH.

Introduction. Despite the higher cost and
complexity comparing with induction motors in

nominal voltage. For asynchronous start-up, copper or
brass rods are inserted into each pole of a salient-pole

manufacturing, synchronous motors are used in electric
drives of high power, especially where low rotation
speeds are required. The problem of starting synchronous
motors, which operate in powerful electric drives, is one
of the main. Its essence is to provide the necessary
starting torque, which is conditioned by the operating
conditions of the drive. They are made primarily with
salient poles, which have an excitation winding. To access
the synchronous mode, the rotor of the motor must be
accelerated to close to the synchronous speed of rotation,
after which to apply to the winding excitation DC, the
rotor will become an electromagnet and will enter into
synchronism.

Among the known methods of starting, most often
used asynchronous start, as simple and reliable, which is
carried out through direct switching to a network with a

synchronous motor (SSM), which are connected from the
ends with short-circuiting rings. As a result, we obtain a
starting winding, which is analogous to the short-circuit
winding of the rotor of the induction motor, and allows to
accelerate the motor to a sub-synchronous speed. This
winding simultaneously acts as a damper and eliminates
random oscillations. Since there are no rods in the
interpolar gap, it is asymmetric, as a result of which the
distribution of magnetic flux density in the air gap differs
from the sinusoidal one, and the electromagnetic torque in
the stable asynchronous mode has constant and variable
components. In addition, the saturation of the magnetic
circuit affects the processes in the SSM.

During the induction start the excitation winding is
usually short-circuit on resistive resistance value of
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5-10 Q, and it almost does not participate in the creation
of electromagnetic torque. Nevertheless, in case of
starting of SSM under load the electromagnetic torque
which is created by starting winding of the rotor in
asynchronous mode, is insufficient for the successful
startup, so they use various means to improve it. One of
the ways to solve the problem is to use the excitation
winding. However, it has a large inductance, and
therefore alternating current that takes place in it in the
starting mode is inductive and can not create significant
additional torque. To compensate inductive reactance of
the excitation winding is possible by sequentially
switching capacitors [6, 7], but SSM start with capacitors
in the excitation winding requires thorough research as an
unfortunate choice of their capacitance values can lower
starting electromagnetic torque [2, 5]. Also, having
capacitors in excitation winding can cause effects of
voltages resonance, which is dangerous for winding and
for the motor as a whole due to resonance caused
unacceptably high currents and electromagnetic torque.
So the problem of the study of the processes that arise in
synchronous electric drives in the case of the connection
of capacitors in the winding of excitation is of great
practical importance.

The method of increasing the  starting
electromagnetic torque by means of connection in the
excitation winding of the SSM capacitors known in the
literature for a long time, but the problem of mathematical
modeling of processes, which accompany their
asynchronous start, remains unresolved so far. This is
mainly due to the fact that the study of processes
occurring under such a start-up method was carried out on
simplified mathematical models based on the classical
equivalent circuits of the motor [6, 7], which a priori
requires experimental verification. However, experiments
on high-power SSM are too expensive, and some of them
can not be implemented for technical reasons.
Clarification of the calculations on the basis of the use of
chain multi-circuit equivalent circuits [1] is not universal,
since it is tied to a specific electric drive, and therefore
does not solve the problem of the adequacy of the
calculation results. Therefore, the methods of analysis,
which are based on both the classical and advanced
equivalent circuits of the IM, do not provide the reliability
of the parameters in the dynamic modes, and the errors in
the parameters can lead to incorrect results.

As is known, the condition of resonance is
determined by the parameters of the electric circuit, in
particular, the excitation winding, which does not work
isolated, but in the system of complex electromagnetic
connections with other circuits of the motor, which carry
out reciprocal displacement. Therefore, the problem of
selecting the capacitance of the start capacitors for
connection to the excitation winding requires the
calculation of these parameters with high reliability,
which can be realized only with the use of advanced
mathematical models of the SSM, which ensure the high
reliability of the results of the mathematical experiment,

regardless of the type of motor, its dimensions and
parameters.

The goal of the work is the development of a
mathematical model that makes it possible to detect and
investigate resonance modes during the start-up of SSM
with capacitors in the excitation winding circuit.

Algorithm of the problem solution. Let us consider
the SSM which stator winding is powered by a three-
phase network, a starting winding and an excitation
winding are placed on the rotor, which at the time of an
asynchronous start is shortened to capacitors. The
processes are considered in the coordinate axes d, ¢, and
the actual winding of the rotor is equivalented by two
circuits according using the generally accepted technique.
As a result, the electric circuit of the SSM has three
contours (d, f, D) along the longitudinal axis and two (g,
Q) along the transverse one, between which there are
interinductive connections due to the saturation of the
magnetic core.

The electromagnetic processes in the SSM in the
case of shortening of the single-phase excitation winding
on capacitors of capacitance C are described by a
nonlinear system of differential equations (DE) of the

electromagnetic equilibrium of the circuits, which
describes the asynchronous mode in the axes d, ¢
dy .
qu = —a)o(l—s)l//d —rig+ug;
dyp .
=—rpip;
dt D'D
—= =—1pip; 1
” olo (1)
L =iy
dt STk
duk _ i
a C’

there by the indexes D and Q values concerning
equivalent circuits of the starting winding are indicated;
Wa, We VD> Vo, Wp 1as 1q ip, I, iy are the flux linkages and
currents of the equivalent circuits; s = (wg — ) / wy;
w,, @ are the voltage of the feeding voltage of the stator
winding and the angular frequency (s) of the rotor
rotation; u~U,,sin8, u,~U,cos0, 0 is the angle of rotor
runoff, U, is the amplitude value of the stator phase
voltage, u; is the voltage on the capacitor in the excitation
winding circuit.

As a result of the periodic change of the angle 6 in
the asynchronous mode of the SSM with the sliding of the
rotor s = 59 flux linkages, currents, voltage on the
capacitors of the excitation winding vary according to the
periodic law with the period

T, =2x/(swy).

Thus, the problem of calculating the stationary mode
with constant sliding is to determine these periodic
dependencies. As is well known [3, 8], it can be solved
with a minimum computational volume by solving a
boundary value problem with periodic boundary
conditions.
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In order to reduce the description of the calculation
algorithm for the periodic dependencies of the coordinates
of the regime on the period T, we write the system of DE
(1) by one vector equation

55
——=z\x, y,u), 2
ok U (2)

where the corresponding vectors have the following
content:

Va ig ugq
Yq Iq Ug
> _Wbp|. = _[ip|. > _|0].
y_ E) X = . s u= s
l//Q lQ 0
uk uk 0
Ug +6()0(1—S)(//q —Vid
Uy —a)O(l—s)y/d —ri,
. —7pip
o ~Tolg
ug ~ryiy
i&/
C

Having made the approximation of the coordinates
of equation (2), which describes the stable asynchronous
mode of SSM, on the mesh of n+1 nodes of the period 7,
by the splines of the third order in accordance with [3]
with the step & = T, /n = 2w(swon), we obtain an
algebraic analogue of DE (2) of the m=6th order in the
form of a nonlinear algebraic equation of the nm-th order

HY-DZ =0, 3)
2 = (zl,...,zn )*; H, D are the
transition matrices from continuous change of coordinates
to their discrete (nodal) values whose elements are
determined by the approximation of periodic coordinates
of the coordinates by cubic splines [3].

The algebraic equation (3) is a discrete analogue of

the nonlinear system of DE (2). Its solution is the value of
the vector

* .

where ; = (J/1s-~->yn) >

—

X = (xl,...,xn )* R

~ ( Co yl .
x =\igi,igj»ipjsigj>1fs U j=L.,n.

The system (3) includes coordinate values that
correspond to fixed values of the time coordinate ¢ in the
nodes of the period, the relationships between which at
each time point are nonlinear. To solve a nonlinear
algebraic system (3), the method of extension by
parameter in conjunction with the iterative Newton
method is applied. The driving force (perturbation) in
equation (3) is the vector E:(ul,...,un)*of discrete
values of the applied voltages, where

u; =(V2Using;,\2U cosd;,0,0,0,0)

increasing which from zero to a given value, we obtain

the values of vectors ¥ and X which correspond to the
specified value of sliding s = s,

Investigation of the effect of the value of capacitors’
capacitance C on the asynchronous mode is carried out by
the differential method. For this, system (3) is
differentiated by C. As a result, we obtain the DE of the
argument C of the form

wlX _py o
oC
where W is the Jacobi matrix of the system (3).

To obtain the multidimensional static characteristic
as the dependence of the nodal values of the coordinates
of the mode of operation of the SSM on C, the system of
DE (4) must be integrated by the numerical method [3, 8].
At each step of the integration the derivative vector

6}/ 0C is determined by solving the equation (4), which

makes it possible to reduce it by the numerical method to
the Cauchy form. Elements of the blocks of the Jacobi
matrix are the differential inductive resistances of the
motor's circuits, which are determined by calculating the
magnetic circuit of the SSM in accordance with the
accepted model [8]. The basis of their calculation is the
determination of the magnetic field curve in the air gap of
the motor by the methods of the theory of circuits, which
enables to determine the flux linkages of the circuits that
enter to the vector of discrepancies and depend on the set
of currents of all motor’s circuits.

Examples of the results obtained by calculations based
on the above-described algorithm of periodic processes in
the stable asynchronous mode and static characteristics
provided that the excitation winding is shortened on the
capacitors for the motor CIIH3-2-19-49-24 (P = 1600 kW,
U =600V, =180 A; I, =230 A; 2p=24) are presented
in Fig 1,a,b and Fig. 2,a-f.

From presented in Fig. 1 dependencies of
electromagnetic torque and effective stator current value
on the capacitor’s capacitance in the excitation winding of
the SSM at sliding s = 1 it can be seen that when C =
= 50 pF the resonant mode occurs, resulting in the torque
becomes negative, the current value becomes
unacceptably large and the motor start becomes
impossible. However, the SSM has satisfactory starting
properties at capacitance values of capacitors C = 45 uF.
The multiplicity of the driving electromagnetic torque in
relation to the nominal value for such a capacity is
M’ = 3.48. Fig. 2 shows the periodic dependences of
electromagnetic torque, the voltage on the capacitor and
the excitation current at two values of capacitors’
capacitance: C =45 pF and C = 50 pF, which show that in
the case of resonance (C = 50 uF) capacitor voltage and
current excitation repeatedly exceed nominal values. In
addition, the excitation winding current in the absence of
resonance has a sharp third harmonic, which is absent in
the resonance mode.
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Fig. 1. Dependencies of the driving (s =1) electromagnetic torque (@) Tand effective stator current value (b)
on the capacitor’s capacitance value in the motor’s excitation winding: a) C = 50 pF, b) C =45 pF
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Fig. 2. Periodic dependencies of electromagnetic torque, voltage on the capacitor and excitation current at sliding
s =1 and two values of the capacitor’s capacitance in the excitation winding: C = 50 uF (a-c) and C = 45 uF (d-f)
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Conclusions.

1. By connecting capacitors in the excitation winding it
is possible to significantly increase the driving
electromagnetic torque of the SSM. However, the choice
of needed to improve the starting properties of the SSM
value of capacitors’ capacitances the behavior of the
motor in starting modes should be verified, because here
may be a resonance in the excitation winding which leads
to excessive growth of all circuits currents and the
negative value of starting torque, which by the absolute
value much exceeds the nominal value and the motor start
is impossible.

2. Investigations of the operation of the SSM with
capacitors in the excitation winding in asynchronous
mode with high adequacy are possible only based on a
complete DE system that describes the dynamic mode of
operation. This makes it possible to carry out a
multivariate analysis of the operation of the electric drive
in the starting modes by methods of mathematical
modeling.

3. The proposed algorithm and developed on its basis
computer code for calculation of steady modes and static
asynchronous characteristics of the SSM in the starting
mode, allowing you to investigate dynamic processes of
the motor start with different capacitors’ capacitance
values and identify a possibility of resonance phenomena
with the aim of preventing them. On the basis of the
calculation algorithm a mathematical model of the motor
of a high level of adequacy, which considers nonlinearity
of electromagnetic connections between circuits of the
SSM, distributed along the stator bore the character of
magnetic flux in the air gap, is assigned.
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BRUSHLESS VALVE ELECTRIC DRIVE WITH MINIMUM EQUIPMENT EXCESS
FOR AUTONOMOUS FLOATING VEHICLE

Purpose. Development of a brushless valve electric drive with a minimum apparatus excess for an autonomous floating vehicle.
Methodology. The construction of models of an automated electric drive with a contactless DC motor and the subsequent
technical implementation of such automated electric drive under various control methods are possible using coordinate
transformations of differential equations describing the electric motor under the assumed assumptions. Results. The analysis of
the current state of an automated electric drive with a brushless DC motor in a special technique is carried out, possible directions
for the improvement of automated electric drives are determined. A simple technical solution of an automated electric drive with a
brushless DC motor was proposed and its mathematical model for an electric drive of an automatic floating vehicle with improved
technical and economic parameters was developed. Model of an automated electric drive with a brushless DC motor are carried
out. Originality. A simple technical solution for the construction of an automated electric drive with a brushless DC motor is
proposed, which excludes the use of intermediate computation of coordinates and an expensive encoder. Practical value. Model of
the proposed scheme of an automated electric drive with a minimum hardware redundancy, which confirmed the operability of
the proposed solution, were carried out. Analysis of the dynamic and static characteristics of the proposed scheme of an
automated asynchronous electric drive with a brushless DC motor with a simplified rotor position sensor has made it possible to
determine the maximum speed control range with an allowable level of its pulsations. References 20, tables 2, figures 7.

Key words: automated electric drive, autonomous floating vehicle, DC brushless motor, Hall sensor, coordinate
transformations, encoder.

Ilpeonosceno npocmoe cxemomexHuuweckoe peuieHue NOCHMPOECHUA AGMOMAMUSUPOCAHHO20 Inekmponpusodoa (AIII) c¢
bOeckonmakmuvim 0guzamenem nocmoannozo moxa (BJAIT), omnuuaoweeca ucknoyenuem npomMedHcymoyHvixX npozpammHo-
AnnAapamublX  NPeodpazoeanuli  KOOPOUHAM, WUPOMHO-UMAYIALCHOZ0 MOOYIAMOPA, O06YX  PeYIaAmopos MmoKad U
8bIcOKOpa3pAdHozo InKkooepa. Ilposedeno komnviomepnoe moodenuposanue npednodxcennoi moouguxayuu A3 ¢ BJIT u
noKazama ezo papomocnocodOHocmsv 6 3A0aAHHLIX Ouanazonax peynuposanus ckopocmu. Ha ocnosanuu pesynomamos
mooenuposanua AJIl ¢ BJIIT obocnosana 603MOXMCHOCHIL €20 NPUMEHEHUA 6 AGMOHOMHBIX NIAGAMENbHLIX ANNAPAMAX.

Bu6m. 20, Tabn. 2, puc. 7.
Kniouesvle cnosa:

aBTOMaTI/I3ﬂp0BaHHLIﬁ IJIEKTPOIIPUBO/,

aBTOHOMHBII NJIABATEJLHBINH anmapar, 0eCKOHTAKTHBII

JIBUTaTeJb MOCTOSIHHOT0 TOKA, AaTYNK X 01713, KOOPAMHATHBIE IPe00pa3oBaHus, IHKOIEP.

Introduction. Currently, in most electromechanical
systems of small-sized autonomous floating vehicle
(AFV) for various purposes, brush DC electric motors
(DCM) are used. Such motors have a significant starting
torque, excellent adjusting and dynamic characteristics
[1-3], as well as well-developed control systems. Because
brush DCM have irreparable defects (frequent
maintenance, high mechanical wear, acoustic noise,
sparking), more and more utilization in foreign samples of
the AFV have contactless DC motors (BLDCM), in other
words — Brushless DC (BLDC) motors [4-6]. Such
electric motors, due to the use of high-coercivity magnets
in the excitation system, have the best energy
characteristics in comparison with classical DC electric
motors and induction electric motors [9, 10]. The
adjusting, dynamic and static characteristics of modern
automated electric drives (AED) with vector control
methods of BLDCM are close to properties of AED based
on high-frequency pulse-width modulation (PWM) with a
brush DCM of independent excitation.

AED with BLDCM foreign production (Japan, USA,
Western Europe) are widely used in domestic aviation,
medicine, various industries. It should be noted that the
majority of mass-produced foreign AED based on
BLDCM are oriented to complex applications. These are,
for example, high-precision tracking devices, numerical
control machines, electromechanical systems where a
very high speed control range, precise positioning or

tracking modes are required. That is why such AEDs have
very high selling prices. Thus, the AED of the Mitsubishi
Electric Company MR-C10A-UE, 100W, 3000 rpm with
the speed control range D = 1000 in the middle of 2016
was released in Ukraine at a price of almost USD 600
(approximately USD 400 — a system unit, USD 200 —
BLDCM with a built-in high-speed encoder). Such
solutions of the leading manufacturers of electrical
equipment (Mitsubishi, Danfoss, ABB and others) have
very high functional and technological properties,
developed self-diagnostics and protection systems,
management capabilities over the local network and have
many other additional service functions. Despite the
relatively high cost of the BLDCM, such parameters as
reliability, a high value of the design coefficient C,,, speed
and low-speed reception allow us to consider very
promising application of AED with BLDCM in special
marine technology [7, 8] of domestic production, for
example, in experimental samples of the AFV type
«Hydrograph», Nikolaev (Table 1). If you analyze the
basic requirements for AED for devices of a similar type,
you can see that to provide the basic functions of the
AFV, it is enough to have a range of speed control
D =3 .. 15 with the accuracy of maintaining it at the
lower control ranges of up to 10 %. At the same time,
there is no need for most internal protections, interfaces, a
high-resolution encoder is not needed.
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In Ukraine, automated electric drives with BLDCM
are only beginning to be manufactured (LLC «Electrical
Engineering — New Technologies», Odessa), and their
circuitry base has not been fully worked out yet. Since
specialized AFVs, as dual-purpose devices, are in high
demand, and since there are no mass production of such
devices in Ukraine, the creation of an AFV with simple
and functional electromechanical systems based on the
BLDCM based on the domestic industrial base is an
important and urgent scientific and technical task.

Table 1
Some characteristics
of the experimental AFV «Hydrograph» (Nikolaev)

No. Indicator Value
1 | Mass of the device 65 kg
2x250 W,
2 | Propulsion motors power, design baro-
unloaded
3 | Working speed range of the device 0.25...2 m/s
4 | Hydropropulsion complex Dlr?Ct.
transmission
5 | Diameter of screws in the nozzle 250 mm
Performance with a step change in
6 3s
the set speed
The accuracy of maintaining the
speed of horizontal rectilinear
7 ; 0.05 m/s
displacement on the lower
characteristic of the range
8 | Maximum speed overshoot 20 %

The goal of the paper is development of a
contactless valve electric drive with a minimum hardware
excess for an autonomous floating device.

Main material. It is generally known that the
BLDCM is a synchronous AC motor whose stator
windings are powered by a frequency converter that
switches the phase currents as a function of the angular
position of the rotor with an envelope frequency equal to
the number of poles of the rotor multiplied by the angular
rotational speed of the rotor. For operation of the AED
based on the BLDCM in a wide range of speed control a
high-quality (1000 or more pulses per revolution) rotor
position sensors (RPS, encoders) are needed and therefore
expensive ones are used [11, 12].

Simpler AED with BLDCM use scalar control
methods and, often, experimental BLDCM samples are
produced on the basis of serial induction motors,
replacing the short-circuited rotor with a rotor with
permanent high-coercivity magnets, using the simplest
rotor position sensors — based on Hall effects,
photoelectric or induction effects [13].

Traditionally, the development and research of the
majority of modern AED are carried out with the help of
coordinate transformations (KT). It is known that KT of
variables are wvalid if the basic assumptions for the
generalized electric machine are fulfilled: the sinusoidal
distribution of the MMF of the stator winding with
sinusoidal feeding of the symmetrically distributed stator
and rotor windings. Therefore, to apply KT for
investigations of AED with BLDCM and scalar control,

there are no formal conditions: relatively simple BLDCMs
are created with lumped windings and, since the stator
windings are powered from a rectangular-shaped voltage
source, their MMF is close to rectangular.

In order to increase the competitiveness of the built-
in electromechanical control systems of the AFV created
on the domestic element base, the authors carried out
investigations [14-16], which, as a result, allowed to
abandon the vector control method of the BLDCM
[17, 18]. Naturally, the use of RPS with a low number of
pulses per revolution [13] leads to a significant reduction
in the range of speed control and an increase in the
pulsations of the electromagnetic torque. Taking into
account the inertial nature of the load of the propulsion
complex [19, 20] of the AFV and its «fan» nature, and
also the not very high requirements for the range and
accuracy of maintaining the speed, according to modern
hardware capabilities, it can be assumed that there are
reserves for simplifying the circuit design basis for
constructing the AED with BLDCM for AFV.

Since in BLDCM, applied in experimental AFV
samples, the windings are symmetrically located on the
stator, then under the rectangular form of the supply
voltage, it is possible to determine the main voltage
harmonics and MMF. Since the assumptions adopted in
the model of a generalized electric machine are satisfied
for the first harmonics, then subsequently further
coordinate transformations are also valid, and the main
properties and characteristics of the BLDCM with scalar
control can be identified on the basis of two-phase
models.

The indicated approach is often used, for example,
in the analysis of the operation of induction electric
motors (IM) powered by frequency converters (FC). Note
that if the symmetry conditions for an electrical machine
are made constructively and its power is supplied from a
non-sinusoidal source, then the application of coordinate
transformations of variables will be adequate to real
physical processes only for quasi-steady dynamic modes.
In such modes, the speed and the electromagnetic torque
oscillate about the mean values, while the amplitude,
frequency, and shape of the oscillations of the variables
will be different for the two- and three-phase descriptions
of the AED.

Thus, the construction of models of AED with
BLDCM and the subsequent technical realization of such
AED under different control methods are possible using
coordinate transformations of differential equations
describing the electric motor under the assumed
assumptions. It is clear that the technical implementation
of the AED should be justified by comparing the
operation modes of the BLDCM with various control
methods to the characteristic reactive static load, which
for the AFVPA is a fan type.

In the rotating coordinate system d-q, the coordinate
transformations for the equivalent voltages of the
symmetrical winding of the BLDCM stator are related to
the phase voltages by the two systems of equations — (1)
and (2). When changing from a three-phase to a two-
phase coordinate system {3/2}, the following is valid:
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uy(t) = %[Ua (7)- sin(a)c ~r)+ Up(t)x

X sin(a)c -T —27”} +U.(1) sin(a)c -T +27ﬂj];
2

1y (1) ZE[Ua(r)-cos(a)c 1)+ Up (1) x (1)

X cos(a)c -1—2%)+Uc(t)~cos(a)c -r+277rj];

(%) = %[Ua (D) +Us (04U, (1)}

and when changing from a two-phase to a three-phase
coordinate system {2/3}:
U, (1) = ug(v)-sin(e, 1)+ u, (1)

x cos(, - 1)+ ug(7);

Up(t)=uy(7)- sin(wc T _ZTHJ +
(2)

+uy (1) cos[a)c T —%Zj +uy(7);

UC(T) =Ug (T)~sin(a)c T +2Tﬂ.j+

+uy (1) cos[a)c T +2Tﬂj +u(7),

where U,(7), Uy(7) and U.(7) are the phase voltages of the
three-phase system; u,(7) and u,(7) are the projections of
the phase voltages on the axes of the rotating with
frequency @, coordinate system d-g; uo(7) is the vector of
the zero sequence equal to zero at zero initial conditions
and the stator winding symmetry; &= @, 7 is the angular
position of the vector in the coordinate system d-g. We
emphasize that for other variables of the BLDCM
(currents, MMF), the coordinate transformations {3/2}
and {2/3} are valid.

In the case of vector single-zone control of the
BLDCM, in the most general case, the projections of the
phase voltages u,(7) and u,(7) are formed by the signals of
the high-order RPS in the function of given from the
external source along the corresponding coordinate axes
voltages. This formation is carried out, for example, by
means of a sinusoidal-cosine rotating transformer (SCRT)

having a small proper delay time z,, with the geometric
angle of the RPS setting is oriented along the d axis.
Then:

uy(7) = uy (t)-cos(e, -rn)—uq (2)-sin(w, -7, ) 3
ug(7) =uy () cos(a)c ‘T, )+ uy(7)- sin(a)c Ty )
We write the equations of the BLDCM in the
coordinate system d-g, tied to the rotational angular
frequency of the rotor.

Equations of electrical equilibrium in the operator
form:

ug(s) = R ig(s)+ Ly -5-i4(s) = @ (s)%
XLy iy (s);
ug () =Ry iy (s)+Ly-s-iy(s)+ 0. (s)%

XLy -1 (8)+ @ (5) -y, (s),
where R, is the stator phase resistance; i (s), iy,(s) 1 Lg, L,
are the currents and inductances by coordinate axes d-g,
respectively; w.(s) = w, = const is the flux linkage
determined by the coercive force of the rotor magnets.

We preliminary analyze the properties of a vector
single-band AED with a BLDCM for a single-mass
constant reactive load and a RPS functioning on the basis
of a sinusoidal-cosine rotating transformer (SCRT), i.e.
«ideal» position sensor. In this case, L, = L,, the equations
of motion of the AED and the electromagnetic torque will
be as follows:

M(@$)-M (s)=J-s-ao(s);

“)

®)
(6)

where p, and m are the number of pole pairs and number
of phases of BLDCM; a(s) = @.(s)-p, is the angular
frequency of the rotation of the BLDCM rotor; J is the
moment of inertia of the BLDCM rotor.

A simplified functional scheme of AED with
BLDCM functioning on the basis of PWM and using
high-rate RPS when powered from an industrial network
is shown in Fig. 1. Note that it is on the basis of such a
scheme that most foreign-made AEDs are created.

In Fig. 1 setting signals are indicated by «*», the
current stabilization circuit in coordinate d and the control
circuit for the clamp circuit (V'7, Rr) are not shown, the
angular position of the rotor is defined as EXs)=s-aXs).

m- .
M(s)=%-zd<s>-we,

VD L VL. VT6
LYYy
N R
E_ A T
(A IJ
KT
iT=0 i u®
o I e e L%
* I} I u
02O~ SC ; £ o—PT5 -2+ PWM
® 3 [ic -[PTc uc
iy
i ; 0]
B 1—0
c

Fig. 1. Simplified functional scheme of a single-zone vector AED for AFV based on BLDCM and high-rate RPS
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The authors offer a simpler technical solution,
which, although it limits the functional and technological
capabilities of the electric drive, but allows the
implementation of its technical characteristics in
accordance with Table 1. Simplification is associated with
the exclusion of high-rate RPS and the installation of a
simpler RPS [13], as well as the exclusion of PWM and
the KT unit from the control system.

Let's consider an example of construction of a
contactless valve electric drive with a minimum hardware

and microprocessor with programmable PWM, two
galvanically separated current sensors, three current
controllers) dramatically increases the cost of such AED
with excess for AFV range of speed regulation of the motor
shaft of the propulsion complex [19, 20] of AFV.

P o

CVTIJFT N mjlﬂ 7 VTSJE N

Excess for an autonomous floating device with total t+—o8B t——o¢C
weight of 20 kg. For further analysis, let us consider the
operation of the system constructed on the basis of the = —S - —S H _S
scheme shown in Fig. 1 using the experimental sample of VT2 :‘1 IN vT4 :4'| Z VT6 :4| /
BLDCM with high-coercivity samarium-cobalt magnets .o : ° o
produced by LLC «Electrical Engineering — New a
Technologies» (Odessa). The main technical parameters
of the BLDCM are given in Table 2. u* DAl V71
Table 2 A_>
Main parameters of the BLDCM & VT2
Number of poles 8 — >
Number of phases 3
Rated feed voltage, V 24 DA2
Rated rotated speed, rad/s 418.9 u; VT3
Rated torque, N-m 0.041 G —T1
Maximal torque, N-m 0.17 & VT4
Rated power, W 17 _|_._> C
Phase resistance at 60 °C, Q 1.2
i/}[laxm.lal permitted current, A 6.4 . DA3 VT5
ase inductance, mH 1.0 u-
Rotor moment of inertia, kg-m” 1-10™ .
Q2
In Fig. 2,a a diagram of the power part of the —> —
inverter is presented, and in Fig. 2,b — a functional PWM
circuit with distributor of control pulses of inverter keys is b

shown. The operation of the speed controller SC and
current controllers CC corresponds to known schemes.
The coordinate converter KC is described by system (1),
BLDCM and RPS — by equations (2)-(6).

The results of simulation of the starting process with
M,=0.04 N-m and the subsequent load shedding at time
r = 0.35 s to the value M,=0.015 N-n for the AED
corresponding to the scheme shown in Fig. 1 at generator
frequency G of PWM 8 kHz and 7,=0.25-10” s are shown
in Fig. 3. The system was simulated in the
Matlab / Simulink environment.

With the help of coordinate transformations, it is
possible to simulate AED with BLDCM in natural axes
(for a three-phase model) and, if necessary, take into
account the features introduced by higher harmonics of
MMF and voltages. In the course of the investigations, it
was found that when the PWM frequency is increased by
more than 20 kHz, the time 7, reduced by an order of
magnitude and reducing the hysteresis loop of the
DA1-DA3  elements, a high speed control range (if
necessary, 500 and more) can be obtained with practically
zero torque pulsations. The application of a rather complex
software and hardware base of AED with BLDCM
according to the scheme shown in Fig. 1 (high-rate RPS

Fig. 2. The circuit of the transistor inverter (a) and PWM
(generator G, comparators DA) with a distributor
of pulses on the elements «2AND-NO» (b)

A simpler technical solution of AED with a BLDCM
is proposed, which excludes the use of intermediate
computation of coordinates and an expensive encoder
(Fig. 4).

This AED uses as RPS three geometrically offset
Hall sensors [13] and a specialized inexpensive control
microcontroller MC33035. The main function of the
microcontroller is to generate the pulse distribution (PD)
signals to the V'T1, ... , V76 keys of the inverter by the
RPS commands. Another feature of the proposed solution
is the feature of realizing negative current feedback. This
feedback is realized with the help of only one current
sensor installed in the power supply circuit, which made it
possible to apply the current controller common for the
three phases, although slightly reducing the accuracy of
its stabilization. The speed feedback signal is formed
from the impulse signals of an extremely simple RPS (6
pulses per revolution of the shaft, [13]) using an active
analog filter AF with dominant time constant of 0.015 s,
which significantly affects the dynamics of the AED.
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0, degrees

Fig. 3. Start of AED with BLDCM (according the scheme presented in Fig. 1) at rated M, with a subsequent
load shedding to 0.015 N-m

VDL ___VIL.VTG
o —
=)
-
0 + SC
© 3 L 1=

Fig. 4. Simplified functional diagram of single-zone AED for
AFV based on BLDCM with Hall RPS

Let us compare the solutions represented by the
schemes in Fig. 1 and Fig. 4.

1. Preliminary analysis of design solutions, based on
a comparison of the hardware of the AED, constructed
according to the schemes depicted in Fig. 1 and Fig. 4,
points to certain advantages of AED with BLDCM,
constructed according to the scheme shown in Fig. 4:

a) the expected reduction in the cost of the structure
in small-scale production by 18 ... 25 %;

b) decrease in the weight and dimensions of the
control board by 5 ... 7 %;

¢) improving the reliability of the structure by using
a smaller number of components, by 7 ... 14 %.

It is obvious that with such a technical solution, the
torque pulsations on the motor shaft will increase, but the
cost of the technical realization of the electric drive will
be significantly less.

2. Graphs of the formation at the output of the PD of
logical signals for controlling the keys of the inverter
VT1, ..., VT6 (according to Fig. 2,a) in the function of the
RPS signals Vi, Vi and Vi in the mode of 50 % duty
cycle at the steady rotor speed are shown in Fig. 5. The
graphs of the change in the electric and mechanical
angular position of the BLDCM eight-pole rotor are also
shown here.

Fig. 6 presents the results of simulating the start-up
processes of AED with BLDCM, according to the scheme
shown in Fig. 4: start in the «linear» mode at speed of
20 rad/s (graphs 1) and start in the current limiting mode
(graphs 2). It is determined that the maximum value of the
speed control range in this case can reach D = 30, which
is quite enough for performing any technological tasks of
the AFV. In Fig. 7 the graphs of the currents change in the
phases of the BLDCM at start-up for speed of 100 rad/s
are additionally presented confirming the efficiency of the
current control circuit with one common current sensor.
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Fig. 5. Formation of key control pulses of the inverter V'T1, ..., V'T6 at the output of the PD as a function of the RPS signals
(V1> Vi, Vi) and change in the angular position @ of the BLDCM eight-pole rotor

, rad/s

100

40 |
20 =
0 I _

1
0 005 0.1 015 0.2

T, 8
Fig. 6. Start of AED with BLDCM at M,=0.04 N-m (according the circuit presented in Fig. 5): 1 — for small rotation speed
(till current limiting); 2 — for high rotation speed (at current limiting)
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Fig. 7. BLDCM phase currents at start in the current limiting mode

The graphs shown in Fig. 6 and Fig. 7 were obtained
by installing the RPS with an «advance» angle ©,, of
45 electrical degrees, which was determined after a
number of model investigations of the proposed AED
with minimal hardware excess. The rate of increase in
speed was limited by the active filter (AF) of the second
order and the torque pulsations allowed for the BDPT.

Thus, if we compare the start-up graphs (Fig. 3 and
Fig. 7) to the frequency of 100 rad/s of two AEDs
functioning on the basis of the solutions shown in Fig. 1
and Fig. 4, then one can be convinced only of the
insignificant differences in the processes of speed
variation.

Conclusions.

1.Based on the analysis of the specified technical
characteristics of the electric drive of an autonomous
floating vehicle with a brushless DC motor («fan» load
character, speed control range 1-10 with allowable
overshoot of 20 %), the possibility of implementing an
electric drive with minimum hardware excess due to
justified rejection of PWM modulation and vector control
with a high-resolution encoder is shown.

2. Model investigations of the proposed circuit of the
electric drive in the Matlab / Simulink software
environment have been carried out, which confirmed the
operability of the proposed technical solutions and the
possibility of realizing the required static and dynamic
characteristics of the electric drive with maximum speed
control range of 1-30 at acceptable level of its pulsations
up to 10 % under inertia conditions of the load
comparable with the moment of inertia of the applied
motor.

3. The expected reduction in the cost of the structure of
the electric drive with BLDCM performed according to

the proposed circuit with minimal hardware excess, in the
small-scale production will be 18 ... 25 %, while reducing
the weight and size of the control card will be 5 ... 7 %.
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V.I. Lobov, K.V. Lobova

THE THYRISTOR CONVERTER INFLUENCE ON THE PULSATIONS OF THE
ELECTROMAGNETIC TORQUE OF THE INDUCTION MOTOR AT PARAMETRICAL
CONTROL

Purpose. The purpose of the work is to identify the parameters influence of the electric motor, the power circuits elements of the
converters, built on resistor-thyristor modules, the static torque and the moment of inertia of the mechanism on the vibrational
components of the induction motor’s electromagnetic moment. Methodology. The methodological basis for the solution of the
task is an integrated approach. The application of the generalized control circuit for an induction electric motor and its
mathematical description made it possible to analyze various power circuits of parametric control of an induction electric motor.
To create a common control algorithm, effectively use the computer for calculations. To perform qualitative and quantitative
analysis of the amplitudes and frequencies of the vibrational components of the electromagnetic torque of the electric motor.
Results. The conducted researches allowed to reveal the peculiarities of the effect of the parameters of the elements of various
types of power circuits of the parametric control converters on the vibrational components of the electromagnetic torque of an
induction electric motor. Calculations and physical modeling have been performed, it has been possible to establish the conditions
for the occurrence of electromagnetic pulsations and to determine the ways of their elimination. It was found that the magnitude
of pulsations of the electromagnetic moment of an induction electric motor in quasi-permanent modes depends on the selected
power circuit of the converter's stator and rotor commutators, the composition of the elements included in them, and the
connection circuits. Comparison of calculated and experimental waveform when starting induction electric motors indicates that
the pulsation of the electromagnetic torque is affected by: the size of the opening angle of the valves, their control methods, the
rotor speed, the parameters of the electric motor and the mechanism are static and inertial moments. At the same time, it was
revealed that the use of resistor-thyristor modules in the power circuits of the stator and rotary commutators reduces the
magnitude of the pulsation of the electromagnetic torque of the induction electric motor. Increase the value of its maximum and
average torques. Limit the magnitude of the shock and alternating torques when it starts and the transition from one speed to
another. Scientific novelty. It is proposed to use a generalized circuit of parametric control of an induction electric motor for
studying the change in the electromagnetic torque. The circuit consists of resistor — thyristor modules in stator and rotary
commutators. The presented technique allowed simultaneously to investigate transients during the control of an induction electric
motor by various power circuits of converters. The results of calculations allow choosing the necessary power circuit, taking into
account the vibrational components of the electromagnetic torque of the induction motor. References 11, tables 1, figures 4.

Key words: induction electric motor, generalized circuit, thyristor converter, pulsations.

IIpeocmasnenvt pacuemst u uzuieckoe mooenupoganue KoneGamenbHyIxX COCMAGIAIOUUX INEKMPOMACHUMHO20 MOMEHMA NPU
U3MEeHEeHUU NApamempos ACUHXPOHHO20 IIEKMPOOSULaAMeIiA, ITEMEHMOE CUTIOBbIX CXeM npeodpazosamereil, ROCMPOEHHLIX HA
PE3UCMOPHO-MUPUCIOPHBIX  MOOYAAX. YCIMAHOGNEHO, YMO GeNUYUHA NYALCAUUI INEKMPOMAZHUMHO20 MOMEHmMA 6
K6A3UNOCMOAHHBIX PENCUMAX 3ABUCUM OM  GbIOPAHHOU CUNOG0I CXeMbl CHAMOPHON U POMOPHON KOMMYMAmopos
npeobpazosamens, cocmasa INEMeHmMO8, 6X00AWUX 8 HUX, U CXeMbl UX COCOUHEHUS, USMEHEHUA 6eIUUUNBL Y2108 OMKPLIIMUA
6EHMUNIAMU, CROCOOBL UX YNPAGIEHUA, YACMOMA 6PAWEHUA POMOPA, NAPAMEMPbl MEXAHUSMA — MOMEHMbL CMAMUYECKUI U
unepyuu. Ilpeonosiceno ucnonv3oeams 0na UCc1e006aHUA 0OOOWEHHYIO CXeMY NAPAMEMPUYECKO20 YRPAGNEHUA ACUHXPOHHOZ0
anexkmpoosuzamens. buodin. 11, rabn. 1, puc. 4.

Kniouesvie cnosa: aCHHXpPOHHBIH 3JIeKTPOABHUIaTe/Ib, 0000ILEHHASI cXeMAa, THPUCTOPHBII Ipeodpa3oBarelib, My/IbCALHH.

Problem definition. Power circuits for converters for
controlling induction motors (IMs) are constructed using

with what frequency, depending on the chosen power
circuit of the converter and the location of the connection

various elements - resistors, inductors, diodes, thyristors,
etc. Converters using these elements are included in the
stator, rotary or simultaneously in the stator and rotor
circuits of the IM and are referenced to parametric control
converters [1, 2]. Depending on the power circuit of the
converter, respectively, the static and dynamic
characteristics of the IM are changed. Circuits of converters
in different ways determine the starting, brake, reversing,
power characteristics of IM. When loading the IM
controlled by such converters, there are dynamic forces in
the elements of the kinematic chain, which can be detected
in transient and steady modes of operation due to
fluctuations of the electromagnetic torque (ET) of the IM.

It is known that the ET contains the mean and
oscillatory components, but how the latter one varies,

of its elements in the circuit, has not been investigated.
The ET pulsations caused by the influence of higher
harmonics of voltage on the IM lead to deterioration of
the vibration and acoustic characteristics of the IM and
mechanism, that is, the noise and vibration are increased.
This phenomenon is accompanied by resonance
phenomena and the deterioration of the strength of
mechanical equipment of the electric drive and the
mechanism. With an increase in the moment of inertia,
the number of pulsations of IM increases. Particularly
large values of maximum throwing torques are achieved
with reverse of IM. However, to date, for some types of
converters there are no investigations and is not defined
as the value of electromagnetic oscillations of the ET
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depending on the IM and electric circuit parameters,
chosen converter circuits, the value of opening angles of
thyristors, a way to control the valves, rotor speed, and
more. Therefore, these phenomena require a thorough
investigation.

For an integrated approach and systematic analysis,
finding or obtaining rational variants of power circuits of
converters with parametric control of IM, it is most
convenient to use a generalized (common) power circuit
and its mathematical description, which allows to create a
general control algorithm and to wuse effectively
computers conducting investigations (Fig. 1,a).

The sequential connection of a power thyristor with
an active resistor, parallel to which the second additional
resistor is connected, forms a module that is not only a
separate functional module but can also be a constructively
manufactured block called a resistor-thyristor module
(RTM). As can be seen from Fig. 1,a, a generalized power
circuit of the converter of the IM control consists of stator
(SC) and rotor (RC) commutators.

Let us consider possibilities of the proposed
generalized converter circuit with RTM in stator circuits
indicated for RTM1 — RTMS6 as: R,; and r,; and for rotor
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circuits RTM7 — RTM12 as: R,;1 r,;, at the condition that:
Rsi = Rw Rri = Rr; Vsi = Vs Vi = Ty

where i = 1, 2, ... for boundary (0, ) and intermediate

values of Ry, r,, R, and 7, and three devices Z,, Z, Z,, of

the communication module kind of Z.

In accordance with the accepted constraints in the
tables (Fig. 1,b,c), the possible variants of the power
circuits for the SC and the RC are respectively indicated,
which are indicated by: S;; and Z;. The ij indexes in the
tables indicate the serial number of the corresponding row
and column, and the index k takes values 0, s, i, that is,
indicates the type of communication module Z and forms
a DC link. In module Z separately three different devices
are used: Zy, Z,, Z; forming corresponding groups of RC.

In the first group Z, devices are included that shorten
a DC circuit, in the second group Z; - allow you to
discretely change the value of the parameters of elements
Z, and the third group Z; - carry out impulse control of
these parameters. However, in the communication module
of the Z-type the value of the resistance of the active
resistor included between the points P and N is changed
according to a certain law.

Rsi
Vi
0 |const| oo
5C | 0 [ Si| Siz | Sis
M
rﬁ: const Sg] Sgg S23
o
bl
Iy 00 |83 | Sz | Ss
I
| b
l
Rri
Zy
0 const 00
const ZoR; ZoRy | ZoRy3
Zy 00 ZoRy | ZoRzs | ZpRs
0 ZoRs3; ZoR3y | ZoR33
const ZSRH ZSRIZ ZsR13
Zs 0 ZR>; ZRy; | ZRy3
0 ZR3; | ZRs, | ZRss
const ZR; ZiR;, | ZRs
Z 08 ZiRs; ZiR5; ZiR>3
0 ZiR3; ZiRs; | ZiRs3
c

Fig. 1. Generalized power circuit of parametric control of IM with SC and RC as a part of the converter (a)
and variants of power circuits: SC (b) and RC (c)
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Despite the introduction of constraints, the variant of
the proposed generalized circuit of the converter
encompasses many known circuits of parametric control
of IM, as illustrated by the following examples. A
separate parametric control circuit using thyristors in the
stator of type S;; is known as a nonreversible thyristor
voltage regulator (TVR). In circuit S;; R;=c and »,=0 are
adopted, that is, in each phase of the IM stator two
thyristors are connected, which are connected to each
other in a counter-parallel circuit. If in SC Ry =const and
r,=0 are taken, then in each phase of the IM only R
resistor will remain. Another circuit of S;, type is
provided for the case where R,=const and r,=0. Stator
windings of the IM in the S}, type circuit are connected to
the supply network via RTM. In the circuit of type S;,,
RTM contains one resistor Ry, in parallel with which the
thyristor V'7; is connected. Moreover, in each phase of the
stator of the IM two RTM are connected, interconnected
counter-parallel.

We pay attention to the fact that the converters,
which have in their composition valve elements with
incomplete control (thyristors or simistors), included in
the circuit of alternating current, operate in the mode of
natural switching. This type of converters implements the
phase control in the stator or rotor circuits of the IM.

Fig. 1,c presents twenty-seven different options for
power control circuits for IM rotor circuits. Options for
power control circuits for IM rotor ZyR;;, ZyR>;, ZoR;,
ZoR31, ZoRs31, ZR11, ZiRoi, ZR31, ZiRy1, ZiRyi, ZiRs at
R,; = 0 provide only closing rotor windings to the overall
connection point, making thus normal rotor as short-
circuited. According to the circuit of generalized
parametric control of IM at R,; = const and 7,; = const in
each phase of the rotor of the IM parallel to resistance R,;
a circuit of serial interconnected resistors r,; and thyristors
VT;is connected, and at R,; = « and r,; = const - only a
serial connected circuit of these elements remains. All this
leads to different power circuits. Thus, at R,; = const
varieties types of schemes are produced: Z,R;,, Z\R,, and
ZiR3,, and at R, = ZiR3, Z;R»3, Z;R33, and also a number
of other circuits presented in Fig. l,c. Circuit of type
ZiR 3 at r,; = 0 is known as Larionov bridge circuit, in the
DC circuit of which communication module type Z; is
connected. Two other circuits type ZR,, (R, = const and
r,; = const and Z; = w0) and Z;R,; (at R,; = « and r,; = const
and Z; = o) have no open DC circuit, therefore they can
be used independently.

Applying the communication module of Z type, the
corresponding Z, circuit of ZR,, type is converted into
ZoR3; type circuit, and Z;R,; type circuit, respectively, into
ZpR3; type circuit. In addition, from circuit of type ZyR;,
with R,; = o and r,; = const there is already a new circuit
of type Zyr;3, and when R,;=const i r,,=o0, the circuit of
type Zyr»,, containing only additional resistors in the rotor
circuit is quite commonly used in industrial conditions.
When R,;=const i r,;,=0, we get circuit of type ZyR;, and at
R.;=const, r,,=0 - type Zyr;;. Similarly, from circuit ZyR3;
at r,=0, another circuit of Zyr;; type, in which the rotor
windings are connected to the «star» circuit and are
connected sequentially to the thyristors and resistors,
which are closed to each other to a zero point, is formed.
The power structure of the RC will change considerably

for ZyRj;, type circuit if devices of type Z; or Z; are present
in the DC circuit.

From the circuit of type Z,;R;, a rotor commutator
is obtained, in which the thyristors are connected to the
circuit of the triangle. In this case of the arrangement of Z;
or Z; there is only one thyristor, connected in the DC
circuit. If we assume that in the generalized scheme of
type ZyyR;s; resistors: R,y = R,y = R3= Ry = Ris = Rys =
=00, ¥4y = Fy3 = Fys = g = 00 =const, r,; = r,, =0, then it
turns out, that the triangular commutator is connected to
the zero point of the connection of the IM rotor, and
power circuit of type Z;R;; is obtained, in the rotor circuit
there are no resistance resistors. If taken in the circuit of
type ZyR3; that R.;= R., = R,s = R,s = o = const, and
7 =r4=0, 1, = 13 = rs = rs = 0 = const, then the
commutator will be connected by the Z,R;; circuit.

Thus, the use of a generalized converter circuit for
parametric IM control will allow to use for the
investigation of different power circuits of converters,
which are obtained from the generalized one and solve the
actual problem of determining the value of pulsations,
overvoltages, amplitudes and frequencies of oscillating
components of ET by simple engineering methods.

Analysis of previous investigations and
publications. A large number of publications are devoted
to the study of the control of IM in different operation
modes. These questions are one of the key issues that are
discussed today by experts. The authors do not provide
sufficient information for the construction of automated
systems of parametric control of IM, taking into account
the change of electromagnetic torques, which essentially
change on transients during start-ups, braking, reversal
and operation. The main problem of IM, which
researchers solve, is to reconcile the torque with the load
torque, as during start-up, for example, torque for a
fraction of second often reaches 150-200 %, which can
lead to failure of the kinematic chain of the drive [3]. At
the same time, high starting current at start can be 6-8
times more than nominal, causing problems with the
stability of the supply and fluctuations of ET, the values
of which in the presented information are not defined and
are not presented. To eliminate some of these
disadvantages, the industry manufactures controllers
EnergySaver (soft starters with power saving function and
power factor correction) which are intermediate between
soft starters and frequency converters. EnergySaver uses
the traditional for soft starters circuit of counter-parallel
connected thyristors [4], that is, TVR, which upon closure
of the start-up process are locked by contactors. The
moment created by the IM, depends on the values of the
applied voltage and sliding. The smaller the moment of
loading is applied to the rotor, the more the rotor «catches
up» with the stator field (sliding decreases), the further
the IM becomes less economical. If appropriately reduce
the supply voltage on the stator windings of IM, the
sliding will return to the nominal value. The mechanical
characteristics of the IM with reduced voltage on the
stator windings have corresponding reduced ET. This will
reduce the current flowing through the windings of the
IM, and the consumed power is proportional to the
product of the voltage and current, the loss decreases, the
efficiency of the electric motor will increase [5].
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However, there is no qualitative and quantitative analysis
of changes in the amplitudes and frequency of oscillatory
ET components in this work.

The analysis of the dynamic processes of energy
transformation in IM is a complex task in connection with
the essential nonlinearity of the equations describing IM,
due to the product of variables. Therefore, the study of
dynamic characteristics of IM should be conducted with
the use of computers [6]. A common solution of the
system of differential equations in the software
environment MathCAD allows you to calculate graphs of
transient processes of speed w and ET M at numerical
values of parameters of the equivalent circuit of the IM.
As the analysis of the dynamic mechanical characteristics
of the IM shown [6], the maximum shock torques at direct
starting exceed the nominal moment M, of static
mechanical characteristic of more than 4.5 times and can
achieve unacceptably high strength values from point of
view of mechanical strength. Shock torques during start-
up, and especially at the reverse of the IM, lead to the
failure of the kinematics of production mechanisms and
the IM itself. At the same time, the oscillations of the
torques of IM at the control of the converters are not
defined.

Among the topical tasks in the field of IM control is
the development of relatively simple and effective
converters to expand the range of regulation of the
rotation speed of the IM down from the nominal value.
The possibility of transferring the electric drive to reduced
rotational speeds allows us to realize the economic modes
of operation when reducing the technological loads and
extends its regulatory properties. The need for such
regulation inevitably appears in the current production.
Traditional systems of regulated IM with short-circuit
motor «thyristor voltage regulator - induction motor»
(TVR-IM) are oriented for soft start-up and for creation of
braking modes [7]. The circuit involves voltage regulation
by forming predetermined angles of thyristor control. The
basis of such a converter is phase or pulsed control. This
allows the use of relatively inexpensive single-acting
thyristors, which have rather high energy performance
[8]. When controlling such converters, it is necessary to
increase the rotor rotation evenness by reducing the
amplitude and/or controlling the frequency of the
pulsations of the ET, distorted by the operation of the
power elements of the converter [9].

Investigation of pulsations of ET in frequency
converters with PWM inverter with constant and variable
frequency is considered in work [10]. The results of
research in this paper indicate the existence of this
problem in the control of IM, but the calculation method
can not be transferred to the calculation of torque
oscillations for parametric control converters. The basis of
converters with phase or impulse control is another power
circuit, consisting of RTM [11]. Together with the
obvious advantages of wusing simple converters
constructed on the basis of RTM, as the analysis of
scientific and technical literature shown, the question of
determining the levels of pulsations of ET of IM was not
thoroughly considered by specialists.

Methods of analytical calculations made for
frequency converters, asynchronous-valve cascades or

valve motors can be partially used to calculate ET pulses
when controlling such types of converters. The main
differences here are caused, as by a feature of regulating
the value of current through controlled valves, as well as
by possible circuits of connection of resistors, thyristors,
stator and rotor windings of IM. In addition, it is known
that at the IM in the process of regulation the values such
as the angle of opening thyristors, the stator voltage, the
EMF of the rotor, the stator and rotor currents, ET, its
sliding and others change, and they are interconnected by
the corresponding functional dependences [10]. The
variation of the ET oscillations AM depends on the
selected power circuits connected to the stator and the
rotor, the values of the angles of opening the thyristors,
the method for controlling the valves, the rotor speed,
the parameters of the electric motor and the electric
drive [5, 6, 9].

When designing modern electric drives, it often
becomes necessary to determine the dynamic forces in the
elements of the kinematic chain, which can be detected in
transient and steady modes of operation due to
oscillations of the ET. In transient operating modes of the
electric drive, the deviation of the shape of the voltage
curve on the clamps of the IM from the sinusoidal one
causes high-frequency oscillations of the ET and uneven
rotor rotational frequency.

Determination of oscillating components of ET is of
great practical importance, since they significantly affect
not only the mechanical strength of the electric drive units
and the state of the technological mechanism. If the
frequencies of the natural oscillations of the mechanical
part of the electric drive will be close to the frequencies of
the oscillatory components of the ET, then there may be a
danger of significant overvoltages in the elements of the
electric drive.

The goal of the work is determination of the
influence of the parameters of the electric motor, elements
of power circuits of the converters constructed on the
RTM, the static torque and the moment of inertia of the
mechanism on the oscillatory components of the ET of
the IM.

Investigation techniques. Comprehensive analysis
of the diversity of power circuits for converters and the
study of the main modes of IM is associated with a large
amount of analytical calculations and the need for
experimental research. Therefore, the methodological
basis for solving the tasks is a comprehensive approach
that allows the most convenient use of the generalized
control circuit of the IM [11], its mathematical
description, the general control algorithm and to conduct
the study of the oscillatory components of the ET by
mathematical modeling.

Material presentation and results. To assess the
values of oscillations ET a generalized control circuit of
the IM is used. The circuit has a converter consisting of
stator and rotor commutators. Each commutator is
implemented with RTM (Fig. l,a). Using computers
calculations of different operating modes of the IM are
performed. It has been established that pulsations in some
cases reach significant values. Thus, for the IM of type
MTF 411-8, controlled by the power circuits of types
S13Z0r 11, S1320 22, S13Z07 32, S13Z2R32, S22Z3R32, 1121 R33, the
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maximum My,,, the minimum M,;, and the mean M,
values of the ET are calculated. Using the calculated ET
values, the oscillations AM are determined at different
opening angles ¢, ¢, of the thyristors of the stator and
rotor commutators and rotor rotation speeds w,,
respectively, equal to: minus 600, 400, 200, plus 200, 400
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and 600 rpm. The results of calculations are summarized
by the graphs presented in Fig. 2.

The values of resistors’ resistances of the RTM,
included in the investigated power circuits, adopted in
accordance with Table 1.
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Fig. 2. Oscillations of the electromagnetic torque of the IM at the rotor rotation speeds, opening angles ¢, o,
of thyristors of SC and RC for different power circuits

Table 1
Values of the resistors’ resistances of the RTM or circuits

.. | Value of the resistors’ resistances,
Type of power circuit

Rsi Rri Vsi Vi
S13Z()}”22 - 1.95 - -
S13Z()V32 — 2.8 — —
S13Z5R3, - 2.8 - -
S2,ZxR35 0.32 4.4 0.1 0.48
S11Z1Rs3 - 4.4 — 0.9

In the circuits, the connection of RTM in series with
the windings of IM causes the appearance of additional
oscillations of components of ET, the frequency and
amplitude of which are determined by the specificity of
the operation of thyristors in the converter. When
commutating by the valves resistors in the circuits of IM
there is a quasi-steady mode, which is a sequence of
transients. In this mode the structure of the power circuits
of the IM changes. Intervals of the existence of structures
for stator and rotor circuits are determined by the moment
of supply of control impulses and the conditions of
natural commutation of valves.

As a result of the change in the structure of the
power circuits, the equivalent value of the resistance of

the resistors of the RTM varies, the change of which
leads to oscillations of stator and currents of IM. The
latter, in turn, change the magnetic flux and ET of the
electric motor. As calculations show (Fig. 2), the
smallest fluctuations of the ET of the IM are provided
by power circuits with separate control in the rotor
circuit (type S;;Z.R;;3) and with compatible control in the
stator and rotor circuits (type S»,ZxRj3;). The first circuit
practically eliminates the oscillations of ET. This circuit
increases M, and maintains it approximately at the
nominal level throughout the all range of measurement
of the frequency of rotation of the IM. The reduction of
the pulsation of ET is achieved here due to the increase
of the coefficient of attenuation of the current of the
rotor circuit. It is increased by increasing the equivalent
resistance of the resistors of RTM. The second circuit is
inferior to the first one in the amplitude of the pulsations
AM of the electric motor.

Increasing the opening angle ¢, for the first circuit
leads to increase in the maximum torque in the low
velocity zone and decreases it at high velocity of the IM.
This is due to the changing voltage harmonic composition
of the IM. The connection of RTM in only two phases of
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the rotor (circuit of type S;3Z,R;;) leads to significant
oscillations of the ET of IM. A large value 4M causes
vibration, strong noise and strikes, so their value should
be reduced to a minimum. The value of these oscillations
is higher compared to other power circuits. For example,
for this circuit at speed n, = 600 rpm and at angles
a;, = 75° and a, = 30° AM reaches a value equal to
377 Nm, which is 1.5 times higher than the nominal
torque of the IM. At rotation frequency of the rotor, equal
to 400 rpm and at angles ¢, = 115° and @, = 95° AM
reaches the value equal to its rated torque. In this case, the
oscillation of the torque AM may reach a triple value of
the critical torque of the IM. At the asymmetric
connection of the elements of the converter in the rotor
circuit, the ET of IM as in the case of single-phase
connection, contains the average and vibrational
components.

The amplitude of the oscillating component of the
ET depends on the degree of asymmetry in the circuit of
the rotor, and its frequency is always equal to twice the
sliding frequency. As for the average torques of the IM,
they are at phase control of the valves in the stator circuit
(the circuit of type S;3Zyr;3;) increase with increasing rotor
rotation speed and, conversely, decrease with the presence
of additional resistors in the rotor circuit (circuit type
S13Z()I”22) or RTM (circuits of types S13Z()I"32, S13ZZ}"32’
813232, S13Z17r3;). The average torque of the IM is
changed slightly in the rotor rotational frequency control
in the circuit with separate control in the rotor circuit

Tl =0,15

(S11Z;1733) and in the circuit with joint control in the stator
and rotor circuits (S;Zxr3;). For the first mentioned
circuit, the value of the mean torque is greatest in the
entire range of changes in the velocity of IM.

Thus, the use of RTM in the circuit of IM allows
significantly reduce the value of pulsations of the ET,
increase the value of the maximum and average torques
and limit values of shock and alternating torques at the
start as well as, as investigations have shown that the
transition from one speed to another. The increase of the
equivalent value of resistors’ resistance of the RTM in the
stator circuit slightly improves the power factor of the
circuit, thereby shock alternating torques are reduced not
only by lowering the voltage on the stator, but also by
reducing their values and increase the damping aperiodic
currents.

The moment of inertia of the electric drive has a
significant impact on the duration and nature of the flow
of transients. In Fig. 3 obtained on the computer and
experimental installation oscillograms of the electric drive
start in the presence on the IM shaft of different by their
value additional flyweights. Analyzing these graphs, we
can conclude that with increasing the moment of inertia of
the electric drive the amount of considerable by their
values shots of the transient IM at the beginning of the
start process first increases and oscillations of the rotor
rotation speed and ET near synchronous speed decrease.
This is because some attenuation coefficients of free
components of the ET at low speeds are very small.
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Fig. 3. Oscillograms of the electric drive start at different values of flyweights

If the increase the moment of inertia of the electric
drive, then the IM will operate longer at reduced speeds,
where the coefficients of attenuation of the stator and
rotor circuits are small, which determines slower ET

attenuation with increase in the total moment inertia Jy of
the electric drive and the mechanism. With increasing Jy,
the frequency increases and the peak amplitude of the
transient ET increases. From the beginning of the process
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with decreasing Jy the number of these peaks reduces.
However, in this case, the speed and ET oscillations
increase in the zone of low sliding of the IM.

Comparison of a large number of calculated and
experimental oscillograms for the IM of different power
with normal and elevated sliding indicates that the results
obtained when changing the total moment of inertia are

0 0,02 0,04 0,06 0,08 0,10 0,12

adequate. The effect of the total moment of inertia on the
transient process for other power control circuits of the
IM is almost the same as for the S;3Zyr;3, type circuit.

Increase in the static torque on the shaft of the IM
also results in a more long-term course of the acceleration
process (Fig. 4).
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The frequency of pulsations of the ET at the
beginning of the acceleration process increases. With the
increase in the speed of the rotor, the frequency of
pulsations significantly decreases, and in the region of the
synchronous speed the torque oscillations completely
disappear. The picture of the transient when changing the
static torque looks like the picture of the transient when
changing the moment of inertia. Oscillograms of the start
of the IM with the change of the static torque on the shaft
of the rotor shown in Fig. 4 for the two power circuit
types S;3Zpr;1; and S;3Z,r;3; clearly confirm the above. For
the first circuit, the opening angle as of the thyristors is
assumed to be 90°, and for the second circuit the angles
as and a, respectively were 30° and 60°. The results of
modeling on the computer show that the picture of the
transient for other power circuits when changing the load
on the shaft of IM is similar to the transient created by the
circuits of types S;3Zyr;; and S;3Zr3,. Their difference is
manifested only in different oscillations of ET.

Conclusions and perspectives of further research.
Thus, the conducted investigations allowed to reveal the
peculiarities of the influence of the parameters of
elements of different types of power circuits of converters
constructed on RTM, on the amplitude and frequency of
oscillatory components of the ET of the IM.

The performed mathematical and physical modeling
allowed to establish the conditions for the occurrence of
electromagnetic pulsations, to determine the ways to
eliminate them and to confirm the effectiveness of the
chosen research method. It is established that the value of
the pulsations of the electromagnetic torque of the IM in
the quasi-steady modes depends on the selected power
circuit of the converter, the stator and rotor commutators,

(Calculation) M/M,
Fig. 4. Experimental and calculated oscillograms of the IM start at the change of the static torque

————a)r/wn

= M,,; and for the circuit S;3Zyr3,: ¢ —M; =0,d - M, =M,

the composition of the elements included therein, and the
circuits of their connection in the modules.

Comparison of calculated and experimental
oscillograms of the IM start of different power with
normal and increased sliding indicates that the impact on
the pulsation of the ET is provided by the values of the
angles of opening the valves, their control methods, the
rotational speed of the rotor, the parameters of the electric
motor and the mechanism - the static torque and the
moment of inertia.

At the same time, it was discovered that the use of
RTM in the power circuits of the stator and rotor
commutators of the converter reduce the value of the
pulsation of ET in IM and increase the value of its
maximum and the average torques and limit the value of
shock and alternating torques, both during its start and at
the transition from one speed to another.

In future investigations, it is planned to focus on
testing the developed methodology in industrial
conditions.
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APPROXIMATE CALCULATION OF ACTIVE RESISTANCE AND TEMPERATURE
OF THE PULSE ELECTRIC ARC CHANNEL IN A HIGH-CURRENT DISCHARGE
CIRCUIT OF A POWERFUL HIGH-VOLTAGE CAPACITOR ENERGY STORAGE

Purpose. To obtain calculation correlations for active resistance R ., and maximal temperature T, of plasma channel of pulse
electric arc in the air double-electrode system (DES) with metal (graphite) electrodes, and also practical approbation of the
obtained correlations for R., and T, in the conditions of high-voltage laboratory on the powerful capacity energy storage (CES)
of electric setting, intended for reproducing on the electric loading of protracted C- component of current of artificial lightning
with the USA rationed on normative documents by amplitude-temporal parameters (ATP). Methodology. Electrophysics bases of
high-voltage impulse technique, scientific and technical bases of development and creation of high-voltage high-current impulse
electrical equipment, including powerful CES, and also measuring methods in discharge circuits of powerful high-voltage CES of
pulse currents of millisecond temporal range. Results. On the basis of engineering approach the new results of approximate
calculation of values of R., and T, are resulted in the plasma channel of pulse electric arc discharge in air DES of atmospheric
pressure with metallic (graphite) electrodes. Practical approbation of results of calculation of values of R, and T, is executed as
it applies to air DES, to connected in a discharge circuit of powerful high-voltage CES with protracted C- of component current
of artificial lightning, characterized rationed ATP. It is shown that calculation of numeral value R, approximately in 100 times
exceeds the proper value of active resistance for the plasma channel of impulsive spark of electric discharge in air DES other
things being equal, and a calculation of numeral value T, well corresponds with the known thermodynamics information for
classic electric arc in air DES of atmospheric pressure with graphite electrodes. Originality. New engineering approach is
developed for the approximate calculation of values of R, and T, in electron-ion plasma of channel of pulse electric arc, arising
in air DES of high-current discharge circuit of powerful high-voltage CES of proof-of-concept of electric setting of the
technological setting. A formula is first obtained for the approximate calculation of equivalent active resistance of R, of channel
of pulse electric arc in air DES, remaining unchanging in the process of high-current discharge on RL- load of indicated CES.
Practical value. Drawing on the got calculation results for the values of R., and T,,, in high-voltage impulse technique provides
the rational choice of own electric parameters and construction elements of basic devices of powerful high-voltage CES of
technological of electric setting, and also account of influence of electrical engineering descriptions of air DES on
electromagnetic processes, taking place in the high-current discharge circuit of indicated CES with protracted C- of component
current of artificial lightning. References 16, figures 6.

Key words: powerful high-voltage capacitor energy storage, air double-electrode system, pulse electric arc, active resistance of
pulse electric arc channel, maximal temperature of pulse electric arc channel.

Ilpusedenst pezynsmamol pacuemHoil OyenKu IK6UGAIEHMHO20 AKMUGHO20 conpomuenenus R , kanana umnynscnozo 0y206020
INNEKMPUYECKO20 pa3pAada 6 6030yWiHOUl 08yxInekmpoonoi cucmeme ([IC) cunbhomounoii pazpaonoii yenu MousHOZ0
BbICOKOBOILIMHO20 eMKOCMHO020 Hakonumensn Inepeuu (EHD), ucnonvzyemozo npu moodenuposanuu ¢ 1a60pamopHsIX yciaosunx
onumenvholi C- KOMROHEHMbl MOKA UCKYCCMEeHHOU Monnuu. Pexomenodosano pacuemmoe coomuouienue 011 OUeHKU
MAKCUMAnbHOU I1eKmponnoi memnepamypul T, 6 HUZKOMeMnepamypHoll naazme KAHaaa UMRYIbCHOI INeKMPUecKoil oy2u é
uccnedyemoit 6030ywnoit /I3C. Buinonnena npaxmuueckas anpooayus noayueHHvlx coomuouienuit oaa R, u T,,
npumenumensvno K 6030ywinou [{3C cunpsnHomounou paspaonoul uyenu Oelicmeyloueco MOuiHo20 6bicoK08oabmnozo EHI
2cenepamopa I'HT-C, npednaznauennozo 0ns npoeeo0eHUs UCHLIMAHUI MEXHUYECKUX 00beKmo8 Ha INeKmPOmeEPMUUecKylo
cmoiikocms K e030eiicmeuto onumenvnoii C- KOMROHeHMbl MOKA UCKYCCMEEHHOU MOJHUU C AMRIIUMYOHO-6DEMEHHbIMU
napamempamu, coomeemcmeyroujumu nopmamugnuvim 0okymenmam CIIA SAE ARP 5412: 2013 u SAE ARP 5416: 2013.
Bu6n. 16, puc. 6.

Kniouesvie cro6a: MOIIHBIH BBICOKOBOJIbTHBIHT €MKOCTHBINi HAKOMUTE]b JHEPruH, BO3AYIIHAS ABYXJJEKTPOIHAsI CHCTeMA,
HMITYJIbCHASl JJIeKTPpUYecKasi 1yra, akTUBHOe CONPOTHBJIEHUE KAHAJIA UMNYJbCHOM 3JIEKTPUYECKOH Ayru, MakCUMAJIbHasl
TeMIepaTypa KaHaJla HMILYJIbCHO 2JIeKTPHYECKO Jyru.

Introduction. It is known that in gas-discharge gaps  the characteristic parameters are their duration 7,, <1 ms

(for example, in air gaps of high-voltage air switches and
other electrode systems of electrical loads) circuits of
powerful capacitor energy storage devices (CES)
designed to reproduce in the laboratory conditions of
high-current electrophysical phenomena (for example,
artificial lightning with pulse 4- and long-term C- current
components), both pulsed spark electric discharges and
pulse arc electric charges can occur poisons [1-3]. For
pulse spark electric discharges flowing in the air gaps of
the discharge circuits of high-power high-voltage CES,

and the amplitude of their current 7,,; <1000 kA [1]. With
regard to pulsed arc discharges in the discharge circuits of
high-power high-voltage CES, for them the indicated
electric parameters 7,; and /,, are characterized by the
following numerical values [2, 3]: 1000 ms>7,;>100 ms
and 1000 A>7,,>100 A. In the latter the numerical values
of the parameters t,, and /,,; practically correspond to the
known characteristics of the classical electric arc

© M.I. Baranov, S.V. Rudakov

42 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.4



discharge arising in the air double-electrode system
(DES) between its cathode and anode at a constant or
alternating current in the electric circuit [4]. According to
the data given in [4, 5], the arc electric discharge in the air
DES is maintained by thermionic emission from the
surface of a metallic or graphite cathode electrode. Due to
the acceleration of electrons in the interelectrode gap
and the shock ionization of the air molecules between
the cathode and the anode of the DES, a column
(channel) of a brightly-luminous strongly ionized gas
appears, called electron-ion plasma in electrophysics.
For a classic example of an electric arc discharge in the
open air between graphite (carbon) electrodes of a DES,
the thermodynamic temperature of the arc channel with
radius of up to 4 mm at constant current of 200 A on the
anode surface in its central zone can reach a value of up
to 4200 K, and on the surface of the cathode - up to
3500 K [4, 5].

In [6, 7], the results of an approximate calculation of
the active resistance R. of the channel of pulse spark
electric discharge between the metal electrodes of a high-
voltage high-current air switch at atmospheric pressure
were presented. Simple and convenient formulas for
estimating the maximum temperature 7, of the electron-
ion plasma of pulse electric arc in an air DES are not
currently known to us. Of undoubted scientific and
practical interest are the electrophysical problems
associated with the design determination of the active
resistance R, and the maximum temperature 7,,, of the
pulse arc electric discharge channel between the metallic
(graphite) electrodes of the air DES in the high-current
discharge circuit of the high-power high-voltage power
testing unit of the electrical testing apparatus.

The goal of the paper is approximate calculation of
the active resistance R and the maximum temperature
T, of the plasma channel of the pulsed arc electric
discharge in the air DES that is part of the high-current
discharge circuit of the powerful high-voltage CES, as
well as the practical approbation of the calculation data in
the conditions of the high-voltage laboratory on a real
powerful CES of the electrical installation.

1. Problem definition. Let us consider an air DES
located in a high-current discharge circuit of high-power
high-voltage pulse current generator (PCG), whose CES
is built on a single-module circuit based on parallel-
connected high-voltage pulse capacitors. It is designed to
reproduce in the air gap of length ha of a long-term C-
component of artificial lightning current with normalized
amplitude-time parameters (ATPs) according to the
technical requirements of the current US regulatory
documents SAE ARP 5412: 2013 and SAE ARP 5416:
2013 [8, 9]. Recall that the normalized ATPs for the
aperiodic long-time C- component of the lightning current
have the following numerical values [8, 9]: current
amplitude 1,,=+(200-800) A; the transferred electric
charge ¢,=+(200+40) C; duration of current flow
7,4c=(0,25—1) s. It can be seen that the ATPs of this
component of the artificial lightning current correspond to

the main characteristics of the current of the electric arc
discharge between the cathode and the anode of the air
DES [4, 5]. We assume that the metallic or graphite
electrodes of the DES are considered in atmospheric air
under normal conditions (air pressure is 1.013-10° Pa and
its temperature is 6,=0 °C [4]). Taking into account the
indicated numerical values of 7,,, we use the plasma
isothermicity condition in the channel of the considered
electric arc, according to which its maximum electron
temperature 7,,, will be practically equal to the maximum
temperature 7,,; of the carriers of its ion current (7,,,~T,,)
[4]. We assume that in the DES, the length /. of the
cylindrical channel of the equilibrium plasma of the
pulsed electric arc is in the first approximation equal to
the minimum length of the interelectrode gap in the
investigated DES. We assume that in a high-current
channel of an electric arc discharge in an air DES, the
current density J,., the thermodynamic electron 7,,., and
the ion temperature T, of its equilibrium plasma are, in a
first approximation, characterized by a practically
uniform distribution along its radius. It is required, within
the engineering approach, to obtain a new design ratio for
the active resistance R. and to recommend a simple
formula for the estimated estimation of the maximum
temperature 7, of the plasma of the pulse arc electric
discharge channel in the air DES, and also to carry out
practical approbation of the approximate calculations of
the R, and T, values applied to the real high-current
discharge circuit of an operating powerful PCG (PCG-C)
simulating a long-tem C- component of artificial lightning
current on a low-resistance RL- load.

2. Basic calculation relationships. Using the
plasmodynamic method of calculating the value of R, [6],
for the variable in time ¢ active resistance of the plasma
channel of a pulse arc of electric discharge in the air DES
under study, we write the following expression:

Rce(t):lce[mcze(t)7ce]713 (D

where r.(?) is the changing in time ¢ radius of the plasma
channel of the arc electric discharge between the metal
(graphite) electrodes of the DES; y. is the average
conductivity of low-temperature plasma in a cylindrical
channel of pulse arc between DES electrodes.

It is known that the value r.(¢) during the course of
the pulse discharge current i (7) of the powerful CES of
the PCG-C generator through the DES under investigation
changes on the increasing part of the aperiodic current
pulse from its minimum zero value (time #=0) to its
maximum value ., corresponding to the instant 7,
when the current strength i,.(f) reaches its maximum
value 7,4. On the falling part of the indicated current
pulse, the quantity 7.(¢) varies from the maximum value
Feem (time instant ?,4) to the minimum zero value
corresponding to the moment when the pulse discharge
current iz(f) ceases to flow through the air DES (time
=1,4). Obviously, at the instants of time /=0 and =1,
the active resistance of the plasma channel of the pulsed
arc electric discharge in the air DES takes, according to
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(1), infinitely large numerical values. In this connection, it
is impossible to use directly the relation (1) for practical
calculations of the value r.(f). Therefore, we are faced
with a new electrotechnical problem associated with the
replacement of the variable in time ¢ with the value of the
active resistance r.(f) of the pulse electric arc by some
equivalent value of its active resistance R, which
remains constant throughout the process of the impulse
discharge current #,.(¢) form through the considered DES.
One of the possible ways of approximate solution of such
a problem can be the averaging in (1) in time ¢ of the
quantity r.(f). Moreover, this is an unconventional
averaging, when a time function of the form f{r..)=r..2(¢)
is averaged on the right-hand side of expression (1). We
have said about the limits of the change of this function
above. Then, for the equivalent active resistance R, of the
pulsed arc electric discharge channel in the air DES, we
obtain the relation:

Teem

Ree =lce /(ﬂycerc_elm Irczedrce) =3lce (Wczemyce)il -2
0

It follows from (2) that in order to find the numerical
value of the equivalent active resistance R, of the arc
discharge channel of length /., it is necessary to know its
two parameters such as the maximum radius r, and the
average conductivity j. of the electron-ion plasma
forming the column of the considered electric arc. The
radius 7., (m) of the channel of pulse arc discharge in air
DES depends on the strength of the discharge current
is(f) of the high-power high-voltage generator PCG-C,
flowing in it and for normal atmospheric conditions in the

SI system is given in the form [3, 10]:

Foem =1.1:107 (1yq0) 2. 3)

where 7,4 is the amplitude (A) of the aperiodic long-term
C- current components of artificial lightning in the plasma
channel of the pulse electric arc of DES.

Substituting (3) into (2), for the equivalent active
resistance R, (€2) of the plasma channel of the pulse
electric arc in the DES of the high-current discharge
circuit of the powerful high-voltage CES of the generator
PCG-C, we obtain the following relation:

R, =78.92- 10° lce(lmdc7ce)_1 . “4)

It follows from (4) that as the current 7,4 increases
in the discharge circuit of the powerful CES, the
maximum voltage drop U,.4=R .l ... on the pulse electric
arc in the air DES will decrease. This is due to the fact
that the degree of ionization of the gas in its discharge gap
will also increase with the increase of the current /,,,. due
to an increase in the thermionic emission from the
cathode of the DES. The increase in the ionization of gas
in the air discharge gap of the DES will result in increase
in the average specific electric conductivity y. of the
electron-ion plasma of the channel of the arc under
investigation. As a result of these -electrophysical
processes in the gas-discharge gap of the air DES,

according to (1), the equivalent active resistance R, of its
pulsed electric arc will be greatly reduced. As a result,
this will lead to a decrease in the voltage U,, on the
pulsed electric arc in the air DES with an increase in the
current amplitude [,,. The established feature
corresponds to the character of the behavior of the arc
discharge in the DES described in [4]. This circumstance
indirectly indicates the reliability of the obtained
calculated relation (4) for the equivalent active resistance
of the plasma channel of a pulsed arc electric discharge in
an air DES.

As for the quantitative values for the quantity y..
entering into (4), according to the calculated experimental
data, they are numerically approximately 5000 (Q'm)" in
the first approximation, taking into account (2). We will
point out that for the highly ionized electron-ion plasma
of the channel of pulse arc electric discharge in the air
DES, the upper limit of the numerical values of y. can
reach a level of the order of 20-10° (Q'm)™ [1, 6].

In the calculated estimate of the largest electron
temperature 7,,, in the electron-ion equilibrium plasma of
a pulse arc discharge for an air DES, taking into account
the assumptions made (3) and the thermophysical
approach given in [12], the following approximate
expression can be recommended:

T, ~95.35-4U,. /0. (5)

where 0.=5.67-10° W-(m*K*)" is the Stefan-Boltzmann
constant [4]; U,<11 V is the near-electrode voltage drop
in the air DES with metal (graphite) electrodes (for the
graphite anode U,~U,~11 V, and for the graphite cathode
U=10V [5]).

3. Powerful high-voltage CES of the generator
PCG-C and its application for testing technical objects
for lightning resistance. Fig. 1, 2 show the principal
circuit diagram and the general view of the powerful CES
of the generator PCG-C used in experimental studies of
electrothermal lightning strength of test objects (TO) of
various elements (for example, metal or composite
plating) of wvarious technical objects (for example,
aircraft). The own electrical parameters of the discharge
circuit of the generator PCG-C were equal [2]: the
resistance is R~4.74 Q; inductance L~~11.43 mH;
capacitance is Cc~45.36 mF.

A powerful single-module CES of the PCG-C
generator was assembled on the basis of 324 parallel-
connected high-voltage pulse capacitors of the UM -5-140
type (rated voltage +5 kV, nominal capacity 140 puF)
[2, 13]. The nominal value of the stored electrical energy
in the CES of the PCG-C generator was Wy=567 kJ [2].
In accordance with Fig. 1 in the circuit of the generator of
high-voltage ignition pulses (GHIP), a two-electrode air
switch F'; with massive basic steel electrodes for voltage
up to +50 kV was installed and in the discharge circuit of
the generator PCG-C a high-voltage two-electrode air
switch F, of the BJIBK-10 type with rectangular graphite
electrodes for voltage of up to £10 kV [14] (Fig. 3).

44 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.4



1—‘"—) « + »

F, | F, +Ucc :

Cy | L
GHIP Y DES | |
TO | Re |

sc | | Ce |

= l PCG-C |

Fig. 1. The principal electrical circuit diagram of the high-
current discharge circuit of the powerful high-voltage CES of
the generator PCG-C, used to study the effect of the arc channel
on the TO of the metal cladding of a technical object (GHIP -
generator of high voltage ignition pulses of voltage amplitude up
to £100 kV; F, F, - two-electrode high-voltage air spark
switches; Cy - separation capacitance of 180 pF and for impulse
voltage of up to £120 kV in the GHIP circuit, which controls the
operation of the switches F'; and F,; DES - double-electrode
system with air gap; TO - a test specimen of the metal skin of
the object; SC - shunt of coaxial type IIIK-300 for measuring the
current of pulse electric arc in the air gap of DES and TO;
+Ucc - charging voltage of high-voltage capacitors of the
generator PCG-C; L =11.43 mH, R-~4.74 Q, Cc =45.36 mF -
own electrical parameters of the generator, including inductance,
active resistance and capacitance of its high-current discharge
circuit)

Fig. 2. General view of the powerful CES of the high-voltage
generator PCG-C (in the foreground are the forming active-
inductive elements of its high-current discharge circuit, and in
the background - the parallel-connected high-voltage pulse
capacitors IM-5-140) [2, 3]

In practical approbation of the calculated ratios (4)
and (5) with reference to the high-current discharge
circuit of the PCG-C generator, an air DES was used,
schematically shown in Fig. 4. To initiate an electrical
breakdown of the air gap %, in this DES and in

accordance with the requirements of [8, 9], a thin copper
electrically exploding wire (EEW) was used, having
radius of r, =0.1 mm and length /, =37 mm. The air
working gaps %, and 4, in this DES were 14 and 1 mm,
respectively. In Fig. 5, in enlarged form, the external view
of the air DES used in the high-voltage discharge circuit
of the powerful CES of the high-voltage generator PCG-C
is shown.

Fig. 3. External view of high-voltage two-electrode air switch
type BJABK-10 with graphite electrodes of rectangular shape for
voltage up to =10 kV used in the discharge circuit
of the generator PCG-C [2]

Fig. 4. General view of the air DES in the high-current discharge
circuit of the generator PCG-C (1 - the upper massive
cylindrical steel electrode; 2 - the round thin copper EEW;

3 - the lower massive flat electrode which is the metal shell of
the technical object; 4 - the massive rectangular aluminum
electrodes intended for rigid double-sided fastening in their
grooves of a flat TO; 4, - the length of the air gap in the DES;
h, - the length of the air gap between the lower edge of the
copper EEW and the outer flat surface of the TO)

The charging voltage of the high-voltage capacitors
of the high-power CES of the generator PCG-C for
choosing the appropriate experiments was chosen with
negative polarity equal to Ucc < 4.2 kV. The choice of the
polarity of the charging voltage Ucc was determined by
the necessity to simulate the most severe conditions in the
electrothermic sense in the investigated DES and,
accordingly, in the circular zone of the fastening of a
high-current cylindrical plasma channel of a pulsed
electric arc with a long-term C- component of the
artificial lightning current on the outer flat surface of the
metal structure of the technical object. To prevent
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Fig. 5. Enlarged appearance of the air DES
with a thin copper EEW on the desktop of the high-voltage
generator PCG-C with powerful CES when tested in its high-
current discharge circuit of the TO sheet metal plating of the
technical object for electrothermal resistance to direct action on
it for a long-term C- components of artificial lightning current
with normalized ATPs (4,~14 mm; A,~1 mm; ,~0.1 mm;
1,~37 mm) [10]

mechanical damage in a high-power capacitor bank of the
PCG-C generator and to provide the required safety
precautions for the high-voltage CES personnel
undergoing maintenance by it during emergency
operation (for example, with an electrical breakdown of
the insulation of at least one of the 324 mentioned
capacitors when they are charged or discharged) on all
high-voltage terminals of the used capacitors of the CES
of the generator PCG-C, protective resistances were
constructed, made of high-voltage permanent graphite-
ceramic resistors type TBO-60 at constant voltage up to
+25kV [2, 15].

In the high-voltage CES of the generator PCG-C on
the high-voltage terminals of each of 324 pcs of its
capacitors type MM-5-140 to one protective resistor
TBO-60-100 Q [2, 15] were fixed.

Synchronous operation of the spark switches F; and
F, in the circuit in Fig. 1 was carried out by feeding a
microsecond voltage pulse with amplitude up to £100 kV
[2, 14] through a high-voltage separation capacitor C, to a
spherical steel electrode 30 mm in diameter of the switch
F; from the GHIP.

In the case of an electric breakdown from the GHIP
of the air working gap of the spark switch F| and its
subsequent operation, the resulting pulse overvoltage on
the DES with the TO leads to an almost simultaneous
operation with it and a spark switch F,. After the spark
switches F'|, F,, the electric breakdown of the air gap of
length 2,~1 mm and the electrical explosion of a thin
copper wire in the zone of the DES are triggered by the
discharge of the pre-charged high-voltage capacitors of
the CES generator PCG-C through the air DES and the
metal shell of the technical object, long-term C- current
components of artificial lightning with the required [8, 9]
ATPs. Measurement of ATP for the long-term C-

components of the current of artificial lightning in the
channel of the electric arc in the aerial DES and the metal
shell of the object were carried out using a measuring
coaxial shunt of the ITIK-300 type [2, 14] certified by the
state metrological service, having a conversion factor of

K~=5642 A/V, and a digital storage oscilloscope
Tektronix TDS 1012.
4. Results of experimental approbation of

calculations of active resistance and temperature of
the channel of pulse electric arc in the air DES.
According to Fig. 1 and the above scientific and technical
materials in the considered high-current discharge circuit
of the powerful high-voltage generator of the PCG-C
generator there are two air power plants connected in a
common electrical circuit: the first one is directly in the
zone of the TO placement of the sheet metal covering of
the technical object with the air gap h,~14 mm; the
second one - in the zone of the spark switch F, with an
interelectrode gap of air of length /,~4 mm. It is the total
air gap of these two DES with length /..=(h, + h,) and
will determine the minimum total length of the pulsed
electric arc channel in the high-current circuit of the
powerful high-voltage CES of the generator PCG-C and,
accordingly, its minimum total active resistance R.. In
Fig. 6 shows the oscillogram of a long-term
C- component of the current of artificial lightning flowing
through the above air DES and the metal shell of the
object.

y

Fig. 6. The oscillogram of the long-term C- component of the
current of artificial lightning with normalized ATPs in the high-
current circuit of the PCG-C generator at the discharge of its
powerful CES on the air DES with an electrically exploding thin
copper wire (7,=0.1 mm; /,=37 mm) and sheet TO from
aluminum AMr2M alloy of 2 mm thickness (U.~—4.2 kV;
We=400 KJ; 1,,4~=0.869 kA; 1,,4~9 ms; 7,,~1000 mc; ¢,~192 C;
vertical scale: 282 A/cell; horizontal scale - 100 ms/cell)

From the data in Fig. 6 that the ATP used in the
experiments of the long-term C- current component of the
artificial lightning correspond to the requirements [8, 9]
and to the characteristics of the pulse arc electric
discharge in this air DES. Assuming that y,,~5-10° (Qm) '
[11], 1.~1810" m and I,,;,~869 A, from (4) we find that
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in the considered experimental case the total equivalent
active resistance of the plasma channel of pulse electric
arc in the investigated air DES will be not less than
R, =0.327 Q. The resulting calculated value of R., will be
up to 7% of the intrinsic active resistance of the R of the
discharge circuit of the powerful high-voltage generator
of the PCG-C generator. Taking into account the data
obtained in [6], it can be concluded that for identical
values of /., and average plasma specific conductivity,
equal to y,~5-10°(Q-m)", in atmospheric air pressure of
the high-current circuit of the powerful high-voltage CES,
the equivalent active resistance of the pulse arc electric
discharge channel at /,,,~0.869 kA (#,.~9 ms; 7,4~1 s)
will be approximately 100 times greater than the
equivalent active resistance of the channel of pulse spark
electric discharge at 7,,;~202 kA (¢,,/~36 ps; 7,4/~0.5 ms).
This result is explained for R, in that for the specified
ATPs the millisecond (with the amplitude 7,,) and the
microsecond (with amplitude 7,,4) currents in the air DES,
the maximum radius in (3) 7.,~3.24 mm of the pulsed arc
electric discharge channel turns out to be other things
equal Conditions is practically an order of magnitude
smaller than the maximum radius r.,~32.7 mm of the
pulsed spark electric discharge channel, which satisfies
the Braginsky formula for high currents of microsecond
duration [1, 7, 16].

At U,~Ux~11 V from the formula (5), we obtain
that in the high-current experiment under consideration
with the use of a powerful high-voltage CES of the
PCG-C generator, the maximum electron temperature 7,,,
of an equilibrium electron-ion plasma in a cylindrical
channel of pulse arc discharge in an air DES for the
switch type BJIBK-10 (/.,~4 mm) is approximately
11250 K. It can be seen that the calculated numerical
value of the electron temperature T, of the plasma in the
brightly shining column (channel) of the pulsed electric
arc near the graphite anode of the above air DES is in
good agreement with the known thermodynamic data
typical for the near-axis region of the classical arc
discharge flowing in an air DES with graphite electrodes
at atmospheric pressure and 200 A current [4, 5]. In this
case, according to [5], in the near-axis zone of the «coal»
(«graphite») arc (/.,/~46 mm), which freely «burns» in the
air DES, the temperature of its equilibrium plasma is
about 10* K, and near the cathode — 1.2:10* K.

Conclusions.

1. A new relation (4) is obtained for approximate
calculation of the equivalent active resistance R of the
plasma channel of pulse electric arc in air DES of the
high-current discharge circuit of a powerful high-voltage
CES of a test electrophysical installation generating the
long-term C- component of artificial lightning current.

2. For the calculated estimate of the maximum electron
temperature 7, in equilibrium electron-ion low-
temperature plasma of pulse arc electric discharge in the
air DES with metallic (graphite) electrodes used in the
described experiments of the powerful high-voltage CES

of the generator PCG-C, it is recommended that electrical
engineers use the approximate formula (5).

3. High-voltage experiments carried out at the
Scientific-&-Research ~ Planning-&-Design  Institute
«Molniya» of the NTU «KhPI» on a powerful high-
voltage CES of the PCG-C generator, which reproduces
on the low-resistance load the long-term C-component of
the current of artificial lightning with normalized ATPs in
accordance with the current requirements of the US
regulatory documents SAE ARP 5412: 2013 and SAE
ARP 5416: 2013, confirmed the validity of the proposed
calculation relationships (4) and (5) for determining the
electrical and thermal physical values of R, and T, in the
plasma channel of the pulsed arc discharge in air DES.
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M.I. Boyko, A.V. Makogon

GENERATOR ON ARCADYEV-MARX SCHEME WITH PEAKING OF THE PULSE
FRONT IN ITS CASCADES FOR FOOD DISINFECTING

Purpose. To obtain experimentally that the duration of the high-voltage pulse front is less than 1.5 nanoseconds on the load of a
pulse voltage generator of less than 50 ohms in the form of more than two working chambers with a water-containing product.
That increases the efficiency of disinfection of treated products. Methodology. To obtain high-voltage pulses in working chambers
- the generator load - the pulse generation method was used according to the Arkadyev-Marx scheme. The pulses on the load
were measured with a low-ohm resistive voltage divider, transmitted over a broadband coaxial cable, and recorded using a C7-19
oscilloscope with a 5 GHz bandwidth. The working chambers were filled with water and consisted of an annular body made of
PTFE 4 and metal electrodes forming the bottom and the chamber cover having flat linings of food stainless steel for contact with
the food product inside the chamber. Results. The high-voltage pulses on the generator load of about 50 Ohm or less have a
trapezoidal shape with a rounded apex and a base duration of no more than 80 ns. The experimentally obtained pulse amplitudes
on the generator load are up to 18 kV. As the load resistance decreases, the amplitude of the pulses decreases, and the duration of
the front and pulse duration in general are shortened because of the accelerated discharge of cascade capacitive storages.
Originality. For the first time we have obtained experimentally on the load of the generator in the form of three parallel working
chambers with water, the active resistance of each of which is less than 50 Ohm, the pulse front duration t=I ns. In addition, we
have obtained experimentally a stable 9-10 channel triggering mode of the trigatron type spark gap in a five-cascade pulse voltage
generator with a step-by-step peaking (exacerbation) of the pulse front in its cascades (GPVCP). Practical value. We have
obtained experimentally the nanosecond pulse front duration on the GPVCP load and that opens the prospect of industrial
application of such generators for microbiologically disinfecting treatment (inactivation of microorganisms in food) water-
containing food products. References 6, figures 8.

Key words: generator of pulsed voltages, peaking of the pulse front in cascades of generator, working chamber, spark gap or
switch, inactivation of microorganisms in food products.

Iens. Ixcnepumenmanvho noayuums Ha HaAzpy3Ke 2eHepamopd UMRYAbCHLIX Hanpsadxcenui genuuunoi menee 50 Om 6 suoe
bonee 08yx padouux Kamep ¢ 6000CO0ePHCAUIUM RPOOYKHIOM ONUMENbHOCMb (PPOHMA UMRYILCO8 BbICOKO20 HANPANCEHUS
menee 1,5 nanocekyno, umo nogviuiaem rhpekmusnocmey obe3zaparxcusanusn oopadamoieaemvix npooykmos. Memoouxa. /[na
nOJIyueHUs 6bICOKOGOTILMHBIX UMNYIbCO8 HA PAOOYUX KAMEPAX - HAZPY3Ke 2eHepamopa npUMeHena MemoouKa 2eHepupo8anus
umMnynbcog no cxeme Apkaovesa — Mapkca. Umnynpcol Ha Hazpyske usmepAnucs npu NOMOuwju HU3KOOMHOZ20 PE3UCHUGCHO2O0
denumens HANPANCEHUA, NEPeOAGANUCh NO WIUPOKONOIOCHOMY KOAKCUANbHOMY KAOenlo u pezucmpuposanucs npu nomouju
ocuyunnozpagpa C7-19 ¢ nonocoii nponyckanus 5 I'l'y. Padouue xamepvl 3anoaHARUCE 80001 U COCHOANU U3 KOJIbUEOOPAZHO20
Kopnyca, 6blROIHEHH020 U3 pmoponnacma, U MeMANIUeCKUX IAEKMPoO08, 00pazylouux OHO U KPbLUKY KaMepbl, UMEIOujUx
nA0CKUe HAKNAOKU U3 NUWeGOli Hepicageloueli cmanu 0 KOHMAaKma ¢ RUesblm npooyKmom enympu kamepul. Pesynemamot.
Buicokosonvmusie umnynvcel Ha nazpyske zenepamopa npumepro 50 Om u menee umerom mpaneyuesuonyro gopmy co
CKPY2/1eHHOU 6EPUWIUHON U OIUMENbHOCMb NO OCHO8aHUI0 He Oonee 80 Hc. DKcnepumeHmanvHo NOAyuUeHHblEe AMRIUNLYObL
UMRYnbCo8 Ha Hazpy3ke zenepamopa — 0o 18 kB. Ilpu ymenvuwienuu conpomusneHus HAzpy3Ku aMRIUMYOd UMRYIbCOE
YMenvuiaemes, a ONUMENbHOCMY (PPOHMA U UMNYILCOG 6 UENOM YKOPAUUBAENCA U3-30 YCKOPEHHO20 Pazpada eMKOCHIHbIX
Haxonumeneii kackaooe. Hayunan noseusna. Bnepevie na nazpysxe zemepamopa é 6ude mpex napannieivHo GKIIOUEHHBIX
pabouux Kamep c 6000il, aKmMusHoe cOnNpomusneHue Kaxcooi u3 komopvix memnee 50 Om, rKcnepumenmanvho noayyena
onumensrocms gponma umnynvcos =1 nc. Kpome mozo, omnascen cmadunovnoiii 9-10 kananbhvlit pexcum cpadamoléanus
6HIXOOH020 PA3PAOHUKA MPUCAMPOHHO20 MUNA 6 NAMUKACKAOHOM 2eHepamope UMRYIAbCHBIX HARPANCEHUI ¢ NOKACKAOHHIM
obocmpenuem pponma umnynvcos (F'HHIIO). IIpakmuueckan 3nauumocmeo. Ilonyuennas IkcnepumeHmaibHo HAHOCEKYHOHAA
onumensvnocme pponma umnynvcoeé na nazpysxe I'HMHIIO omkpvieaem nepcnekmugy npOMbIUIIEHHO20 NPUMEHEHUA MAKUX
2eHepamopos 011 MUKpooduoaozuuecku obe3zapaxcusaiouieii 00padomKu (WUHAKMUSAUUU MUKPOOPZAHUIMOB) 6000CO0EPHCAUUX
nuwesvix npodykmos. bu6n. 6, puc. 8.

Kniouesvie crnosa: reHepaTOp MMIIYJIbCHBIX HANpsZKeHHil, MoOKacKajgHoe o0ocTpeHue (GpoHTa MMIYJIbCOB, padouasi Kamepa,
Pa3psiIHUK, THAKTUBALUS MUKPOOPTaHU3MOB B MHIIEBBIX MPOAYKTAaX.

Introduction. Generators on Arcadyev-Marx are
widely used in high-voltage pulse technology [1]. Due to
the ability to obtain nanosecond fronts at a voltage of 100
kV and more on the load of such generators [2], repetition
rates of 200 pulses per second or more, they are
promising for decontaminating treatment of liquid water-
containing products.

The processing of products by pulsed electric fields
(PEF) with nanosecond fronts makes it possible to
conserve the initial quality of food products with the use
of traditional thermal methods while reducing the specific
energy consumption for inactivating microorganisms in
them [3, 4]. In the PEF method, or a complex of high-

voltage impulse actions (CHIA), short electric pulses are
used, which can be obtained with the help of Arcadyev-
Marx generators. Decontamination treatment is carried
out in working chambers with a processed product, which
is a load for generators of high-voltage pulses. The typical
duration of pulses of strong pulsed electric field strength
in working chambers can vary from 50 ns to 1 ps, the
amplitude ranges from 5 kV/cm to 200 kV/cm without
breakdowns. Several working chambers with a water-
containing product connected to the generator output are a
low-impedance load for the generator, which can not
exceed 50 Q and can lead to undesired elongation of the
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voltage pulse front. In [5], a method for treating liquids
and flowing products in several working chambers is
proposed, which makes it possible to avoid undesirable
extension of the front due to the use of impulse frontizers.
The Arcadyev-Marx pulse voltage generators in the
regime of the step-by-step aggravation of the pulse front
(GPVCP) make it possible in practice to solve the
problem of undesirable elongation of the front. In this
paper, an experimental check of the operation of the
GPVCP on a load of not more than 50 Q in the form of
three working chambers with water, connected in parallel,

without extension of the front of the pulses on the load,
was carried out.

The goal of the work is to experimentally obtain on
a generator load of less than 50 Q in the form of more
than two working chambers with a water-containing
product, the duration of the high-voltage pulse front less
than 1.5 nanoseconds, which increases the efficiency of
disinfection of the processed products.

Experimental installation. The installation circuit
is shown in Fig. 1.
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Fig. 1. Circuit of installation with generator of pulse voltages with a step-like peaking of the pulse front

In Fig. 1 pre-charged to voltage U, sections of the
power line and capacitive storages are shaded; N is the
number of cascades; 1 — capacitive storage of a cascade
with capacitance C;, which can be a long line with
distributed parameters; 2 — power line — broadband
homogeneous long line with distributed parameters with
distance he between direct and reverse current conductors
with wave impedance z,; 3 — cascade discharger; 4 —
capacitance (Cg,,) between the discharge gap electrodes 3;
5 — starting discharger of the GPVCP; 6 — capacitance
(Cgupo) between the discharge gap electrodes 5; 7 —
starting system (device); 8 — long transmission line with
wave impedance Z,=Z, between the device 7 and the
starting discharger 5; 9 — load with impedance Z,.;
t,, and t,, are the times of the electromagnetic wave
traveling along the line 8 and between two adjacent
cascade dischargers, respectively; & is the number of the
cascade (k = 1, 2,..., N); h. is the length of the
discontinuity in the live current conductor, into which
(discontinuity) the capacitive storage of the k-th cascade
is connected. R,=1 MQ, R,=3.2 kQ, R~1440 Q,
L~0.5 pH.

Both CH1 and CH2 chargers are assembled
according to the Cockcroft multiplication scheme [6] and
are powered by step-up transformers fed with an
adjustable AC voltage from the CS control system.
Starting device 7 contains a ceramic capacitor K15-10
with of 10 nF (Cy) and a two-electrode spark gap S,
triggered by overvoltage (for self-breakdown).

In GPVCP, on which experiments were conducted,
there are 5 cascades. Capacitive storage of cascades
C,,=3x10” F are made in the form of low-resistance strip
lines (which can be considered as flat capacitors when

charged) from foil-coated glass-fiber laminate, 0.45 m
in height and width of coatings, and with dielectric
thickness 4, = 5 mm.

The power line of this GPVCP is made in the form
of a real strip line with a distance between the forward
and reverse current conductor 2,=50 mm [2]. The return
current line is a brass sheet 1 m long, 0.4 m wide, 1 mm
thick. It has a sheet of plexiglass 8 mm thick. The
remaining space between the forward and reverse
conductor is filled with air at atmospheric pressure.

The general view of a five-cascade pulse voltage
generator with a step-like exacerbation of the front of the
generated pulses, on which experiments are performed, is
shown in Fig. 2.

Dischargers of cascades are of trigatron type with air
filling at atmospheric pressure. Each of the two electrodes
of the discharger is made in the form of a metal plate
fixed to a plexiglass support, 5 mm thick, in which 10
holes are made at equal distances from each other. In
these holes are inserted 10 needle electrodes connected in
a short time with the corresponding capacitive storage
plate of the GPVCP cascade and through the inductance
L~0.5 uH — with the plate.

Inter-electrode gaps in the dischargers are regulated
along the length. Such a design of the dischargers
provides a uniform electric field in them when the
GPVCP cascades are charged and the field is sharply
unhomogeneous during discharge. Therefore, when the
GPVCP is discharged, spark channels are formed only
between the corresponding two needle electrodes located
on the same axis. In each of the cascade dischargers can
be formed in the discharge from 1 to 10 sparks.
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Fig. 2. General view of the GPVCP

The load 9 (Fig. 1) during the experiments was
varied: it was carried out in the form of 10 resistors TBO-
10 with nominal resistance of 560 Q each (measured
value of resistance was from 580 to 630 Q), in the form of
one working chamber with water, three working chambers
with water. Load resistors and working chambers were
connected to the corresponding tip electrodes of the 10-
channel output gap of the GPVCP.

The experimental setup works as follows. With the
help of the SC control system, capacitive storage of the
GPVCP cascades is charged through CH1, and then the
capacitive storage Cj, of the starting system is charged
through CH2 before the S, self-breakdown. The charge
level is controlled by kilovoltmeters C-196.

Pre-capacitive storage 1 of cascades of the generator
are charged to the voltage U, (Fig. 1). In general,
charging can be either rectified voltage or an impulse
voltage. After preliminary charging, the only discharger
on which there is no «on standby» voltage U, is the
spark gap at the output of the GPVCP, it is also the
discharger of the last N-th cascade. After charging the
cascade from the start device 7 to the start-up discharger
5, a voltage pulse with an amplitude U,, is provided
along the line 8 on the generator, providing the time of its
switching £, and the duration of the front #;, of the
generated pulse by a shorter time 2¢;,., of the double path
of the electromagnetic wave between the starting
discharger of the first cascade. The dischargers of the
GPVCP are triggered sequentially, starting from the
starting one, triggered by the control pulse from the start-
up system, and ending with the output discharger with the
shortest switching time.

The beginning of the fall of the impulse voltage on
the load of the GPVCP generator immediately after the
voltage rise on it to the value 4y [2]:

Z
Ay = (NU pin +2U ) —load__ (1)
main wp Zload + Ze
or
Zioad
Ay =24y —toad__ (2)
Zload +Ze

where Z;,,q 1s the load impedance ensured by the fact that
possible reflections from the trigger device 7, which can
lead to a slow increase in the voltage amplitude on the
load up to 2xAy, are compensated by the discharge of the
cascade capacitors, and also because the start device is
separated from the GPVCP proper by the transmission
line 8 with the corresponding time The path of an
electromagnetic wave along it. Number of cascades in this
GPVCP N=5.

In according with (1) at U,.,=6 kV, U;,=12 kV,
Zioaa = 50 Q, Z=50 Q Ay=(5%6+2x12)x50/(50+50)=
=27kV.

Results of investigations. Investigation of the pulse
characteristics at different loads of the GPVCP was
carried out using a low-resistance resistive voltage divider
connected to the load of the generator, a recording C7-19
oscilloscope with 5 GHz bandwidth and a broadband
coaxial cable with Z. 50 Q impedance connecting the
shielded low-voltage divider arm to the input of
oscilloscope through an attenuator of 20 dB. The
oscilloscope was located in the measuring cabin, which
protects it from electromagnetic interference.

Resistance of high-voltage divider arm R; = 560 Q —
one of the load resistors TBO-10 in the GPVCP, the
resistance of the low-voltage arm R, = 3 Q is collected
from the parallel-connected resistors TBO-0,5 (Fig. 3).
The low-voltage divider arm and the matching resistor
R;= 50 Q are located in a shielding metal case of a
cylindrical shape with a flange connected shortly with the
generator's return current. The cable is connected to the
low-voltage divider arm using a coaxial connector.

Pulse from GPVCP
output

3

|
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58]
|
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Fig. 3. Circuit of the resistive divider on the GPVCP output

Taking into account the fact that the input
impedance of the oscilloscope C7-19 is 50 Q, the divider
division factor K; = [(RiITR)/RIX(Rs+Z)/Z, =
= [(560+3)/3]x(50+50)/50 = 375 (Q2). Between the input
of the oscilloscope C7-19 and the end of the cable with
the connector, an attenuator 20 dB was inserted, which
attenuates the incoming signal by a cable 10 times.

Therefore, the total division factor K ,,,~3750. The
sensitivity of the oscilloscope CS7-19 is 1.6 V/div =
=1.6 V/cm.

The output multichannel discharger of the GPVCP at
the amplitude of the charging voltage of the high-voltage
capacitive storage of the control system, which exceeds
twice the amplitude of the charging voltage of the main
storages of the GPVCP cascades, stably operates in the 9-
10 channel mode (10 is the maximum possible number of
discharge channels in the discharger). This mode when
the GPVCP operates on a resistive load in the form of ten
TBO-10 resistors with a nominal resistance 560 Q each is
illustrated in Fig. 4. After the formation of ten channels in
the output discharger, all ten load resistors are connected
in parallel.
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Fig. 4. Photo of the multichannel spark discharge in the GPVCP
output

We note that the brightness of the discharge
channels is approximately the same, which indicates that
the current is uniformly distributed over the discharge
channels. Oscillograms of pulses with nanosecond fronts
on the GPVCP load in the form of TBO-10 resistors, one
working chamber, and three working chambers are
obtained. The shape of the pulses on the load is close to
trapezoidal, which is illustrated in Fig. 5.

From the oscillograms in Fig. 5 it can be seen that
the pulse front contains two parts: the first (initial) steep
part and the second (closer to the top) more sloping. This
indicates that in the GPVCP spark gap in this particular
regime, there is not a complete, partial exacerbation of the
front of the pulses being formed. Because of the presence
of the sloping part, the total duration of the front of the
tr pulses is approximately ¢ =20 ns. The gently sloping
part of the pulse front also occurs due to reflections of
electromagnetic waves caused by the triggering of
dischargers, from various inhomogeneities in the GPVCP
power line and in the launch system. The pulse duration
along the base is approximately 80 ns, the amplitude is
18 kV. This is 1.5 times less than the calculated amplitude
given above.

The smaller values of the experimentally obtained
amplitude, in comparison with the calculated amplitude,
are explained by the lengthening of the front due to its
incomplete aggravation by cascade dischargers,
inadequate matching of the wave resistance of the

GPVCP power line with its resistive load, resulting from
this undesirable voltage reflections in the GPVCP and a
fairly rapid discharge of capacitive storage devices
GPVCP.

Fig. 5. Oscillograms (two oscillograms are superimposed) of the
voltage pulses on the load in the form of 10 TBO-10 resistors

560 Q: the division by the time axis is 100 ns/div, in the process
axis 6 kV/div

The oscillogram in Fig. 6 illustrates the shape of the
voltage on the load in the form of one working chamber
and five TBO-10 resistors at 560 Q.

From the oscillogram in Fig. 6 it follows that the
pulse front duration is approximately 2.5 ns, and the
amplitude is 12 kV. The amplitude decreased due to the
fact that the load became more low-impedance after
connecting the working chamber with water (see also
formula (1)). The ring-shaped body of the working
chamber is made of PTFE, and the metal electrodes
forming the bottom and the chamber cover have flat
linings of food grade stainless steel for contact with the
food product inside the chamber.

The working volume of the working chamber filled
with water has a disk shape with diameter D = 90 mm
and height # = 15 mm. With a specific volume resistivity
of water p = 10 Q x m, the active resistance R,, of water
in the working chamber is R, =ph/(zD*4) =
=10%0.015/(3.14x0.09%/4)~23.6 Q.

Fig. 6. Oscillogram of the front part of the voltage pulse on the
load of the GPVCP in the form of one working chamber,
connected in parallel with five load resistors TBO-10;
the division by the time axis is 2.5 ns/div, in the process
axis — 6 kV/div
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In connection with the decrease in the load
resistance capacitive cascade storages began to discharge
faster, which in turn led to a decrease in the amplitude. At
the same time, the contribution of the non-rapid part to
the pulse front time on the load decreased significantly,
and the front was shortened to =2.5 ns.

When three working chambers are connected as a
load (see Fig. 7), the voltage amplitude on them becomes
even smaller (see Fig. 8) than on one working chamber.

Fig. 7. GPVCP load as three working chambers with water

Fig. 8. Oscillogram of the front part of the voltage pulse on the
load of the GPVCP in the form of three working chambers
connected in parallel with each other and with a load resistor
TBO-10; the division by time axis is 2.5 ns/div, in the process
axis — 6 kV/div

From the oscillogram in Fig. 8 it follows that the
duration of the pulse front on the load is about 1 ns, and
the amplitude is about 8 kV.

To increase the intensity of the pulsed electric field
in the working chambers and the voltage on them without

extending the front of the pulses, it is necessary to
increase the charging voltages of the capacitive storage
devices from the charging devices CH1 and CH2, thus
increasing the gaps in the GPVCP dischargers
accordingly.

The possibility shown experimentally (see Fig. 8) of
obtaining in several working chambers, connected in
parallel, the voltages, and consequently also the strengths
of the pulsed electric field with a record short front (about
1 ns), opens up the prospect of reducing the specific
energy consumption for microbiologically disinfecting
treatment of water-containing food products, increasing
the shelf life of these products without impairing their
consumer value. And, consequently, the prospect of
industrial application of GPVCP.

Conclusions.

1. A method is proposed for shortening the front of
pulses in working chambers for inactivating
microorganisms processing food products by using pulse-
voltage generators in accordance with the Arcadyev-Marx
scheme in the regime of a step-by-step exacerbation of the
pulse front.

2. The front of duration # =1 ns of pulses on the
GPVCP load in the form of three parallel working
chambers with water, the active resistance of each of
which is less than 50 Q was experimentally obtained.
Such a short duration of the pulse front confirms that
generators - GPVCP are promising for microbiologically
disinfecting treatment of water-containing food products
(inactivation of microorganisms in products).

3. The stable 9-10 channel mode of the output of the
five-cascade generator — GPVCP — is debugged.

4. The pulses on the load are measured with a low-
resistance resistive voltage divider, as a transmission line
a broadband coaxial cable is used, connected to a
recording device - an oscilloscope C7-19 with bandwidth
of 5 GHz.

5. Working chambers made in the form of an annular
body made of fluoroplastic and metal electrodes forming
the bottom and the chamber cover having flat linings of
food stainless steel for contact with the food product
inside the working volume are used. The chambers were
filled with water.

6. High-voltage pulses on the GPVCP load of about 50
Q or less have a trapezoidal shape with base duration of
no more than 80 ns, experimentally obtained pulse
amplitudes on the load — up to 18 kV. As the load
resistance decreases, the amplitude of the pulses
decreases, and the duration of the front and pulses is
generally shortened. The shortening of the front occurs as
a result of the fact that the sloping (slow) part of the pulse
front, which is due to reflections of electromagnetic
waves caused by the operation of the dischargers, from
various inhomogeneities in the GPVCP power line and in
the launch system, is removed partially or fully by an
accelerated discharge of capacitive cascade storages to a
load with reduced resistance.
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ONLINE TECHNOLOGICAL MONITORING OF INSULATION DEFECTS
IN ENAMELED WIRES

In this paper the authors used non-destructive technological monitoring of defects insulation enameled wire with poliimid
polymer. The paper is devoted to the statistical method for processing, comparison and analysis of results of measurements of
parameters of insulation of enameled wire because of mathematical model of trend for application in active technological
monitoring is developed; the recommendations for parameters of such monitoring are used. It is theoretically justified and the
possibility of determination of dependence of the error on the velocity of movement of a wire for want of quantifying of defects in
enameled insulation by non-destructive tests by high voltage. The dependence of average value of amount of defects for enameled
wire with two-sheeted poliimid insulation in a range of nominal diameter 0.56 mm is experimentally determined. The
technological monitoring purpose is to reduce the quantifying defects of enameled insulation. References 10, figures 5.

Key words: enameled wire, poliimid insulation, defects of insulation, technological monitoring, tests by voltage.

Ilpedcmaenenst pe3yiomamol Hepapyuianujez0 MexXHOI02UUECKO20 KOHMPOAA KOIUUecmea O0e)eKmos 6 u3onauuu Imaib
npoeooa Ha O0CHOGe NOMUUMUOHO20 noaumepa. Paccmompeno npumenenue cmamucmuyeckozo aHaau3da pe3yabmMamos
U3MepeHus nokazameneil KOHMPONA ¢ NOMOWbI0 MAMEMAMUUECKOI MOO0eau mpenoa 0714 UCHONb306AHUA PE3YNbHaAmos 6
AKMUGHOM MEXHOI02uUecKoM Koumpone. Ilpednosicenvl pekomenoayuu 014 NPAKMUYECKO20 UCNOAb308AHUA NAPAMEMPOS
dynKkyuu mpenoa 0na KOHMPONA 2APAHMUPOEAHHO20 YPOBGHA 0Oe30eeKmHocCmu U30nAUUU Memooamu CmamucmuKu
npeoenvhvix 3navenuit. Illapamempom mpenoa a61aemcs cCKOpoOCms ymenvuienus (Ui yeeaudenus) Oaunsl npoeooa ¢ 3a0aHHol
dehekmuocmovlo 6 meueHue mexuHono2uuecko2o uuxna. Teopemuuecku nokazana u nOOMEEPIHCOCHA UIMEPEHUAMU
603MOMCHOCIb KOAUYECMEEHHOI OUEHKU MEHOCHYUU U3MEHEHUA OeheKmHocmu Imanvuzonayuu 0aa npoeooa IIIIH/[X2 —
200 c o0syxcnoitnoii nonuUMUOHOU u30NAUUEH HOMUHANbHBIM Ouamempom 0,56 mm 6 meueHue mexHON0ZUYECKO20 WUKIA.
Onpeoenenue KOIUUECMEEHHON OUECHKU MEHOCHUUU UBMEHEHUS 0eheKMHOCU IMATb UZ0TIAUUU NO3B0ACH MAKHCE 8blOCIUMD
U KOMUYeCMGEeHHO OUEHUMDb CAYYAUHYI0 OWUOKY MEXHOI02UUECKO20 npouecca — CYMMAPHYI0O OWUOKYy pe3ynbmamos
MEeXHON02UUeCK020 KOHMPONA, KOMOPAA AGNAEMCA KOJUYECMEEHHOW XapaKmepucmuKkoil Cay4yaiiHoil cocmaenaiouient
CMaduAbLHOCMU MEXHOJI0ZUYECKO20 NPouecca U 00ycio61eHa GoNbuIUM KOTUYECEOM RPUYUH, KAHCOOU U3 KOMOPBIX MONHCHO

npeneopeus no cpasnenuto ¢ cymmoi. buoin. 10, puc. 5.
Kniouesvie cnosa:
HCIBITAHUSI HATIPSZKEHHEM.

Problem definition. The enamel wire based on
polyimide synthetic copolymers with a temperature index
0f 200 °C has high electrical and mechanical properties of
insulation [1, 2]. The introduction of such innovative
types of cable and wire products into production allows to
provide the highest modern level of electrical, mechanical
strength and heat resistance of the winding insulation of
windings of electric machines and apparatuses - mass
production of electric machinery.

To manufacture such wires, modern automatic lines
with high velocities (up to 1000 m/min) and deep
catalytic annealing of enamel lacquers are used [2]. The
development of such products, innovative for a specific
manufacturer, requires the application of an operational
technological control system that ensures the liquidity of
products at the reached level of technical parameters. At
the same time, control and analysis of the dispersion of
the main technical parameters of the products are basic
information for the implementation of the principle of
continuous quality improvement in accordance with ISO
9001: 2015.

The problem for a specific manufacturer is the
development and implementation of non-standard
technical and organizational solutions for technological
control, with mandatory binding of the technical

3MaJib INpPoOBOJA, NOJUUMMHIHAA H30JALMS, Z[e(l)eKTHOCTb N30 MU, TeXHOJIOTHYeCKUH KOHTPOJb,

parameters to the achieved level of production
technology. There is a contradiction between the
relatively high cost of innovative products, the production
of which is based on the use of modern advanced
technologies and materials, on the one hand, and the need
to organize technological control of the dispersion of
technical parameters in the process of a continuous
automatic technological cycle that requires additional
costs on the other.

The task, at first glance, seems to be one that does
not have a solution for the producers in the period of
development of products known in the world, but
innovative for them. An example is the well-known
concept of «Six Sigma» («6o») [3]. In it, the main
criterion of product quality is its homogeneity, which
is quantitatively reflected by the generally accepted
characteristic of the spread of parameters - their root-
mean-square deviation o. The indicator of homogeneity
used in marketing is the ratio of the range of
admissible values of the main parameter to the
experimentally determined value of o. The concept of
«Six Sigma Methodology» is a demonstration of the
manufacturer's achievements in the quality industry,
but does not contain a methodology for ensuring these
achievements.

© V.M. Zolotaryov, Yu.P. Antonets, S.Yu. Antonets, O.V. Golik, L.A. Shchebeniuk
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The presented example shows that the
contradiction between the relatively high cost of
innovative products and the need for additional costs to
organize technological control of the innovative process
of its production is one of the main problems of
technological development of the enterprise. And the
more the technological cycle is automated, the more this
problem becomes actual. At the same time, its solution
requires the adoption of non-standard technical and
technological solutions, since there is a significant
theoretical and technical difference between the tasks of
acceptance and current technological control [4]. The
problem of the organization of active technological
control is conceptual for a modern, mass production-
oriented, development and automation company.

Analysis of literature. Since this problem is
closely related to the economic component of mass
production, it was proposed in [1] to resolve the
contradictions between the relatively high cost of
production and the price factor, as a criterion for
liquidity for wires with polyimide insulation, by
reducing the level of breakdown voltage requirements
agreed with the consumer. In our opinion, the
introduction of a spectrum of technical requirements for
the same products significantly expands the range of
applicable technical requirements. This, at least, blurs
the ranges of acceptable values for the parameters of the
same product, complicates the relationship between the
manufacturer and the customer of the product, but does
not solve the problem of applying effective
technological control.

The first conceptual works devoted to the tasks of
current technological control are dated to the beginning of
the 60s of the 20th century. And their result is formulated
in [5]: «Unlike the acceptance control, where the degree
of suitability of ready-made batches of products is
determined, current monitoring should ensure the normal
course of the technological process.» This means that in
the very formulation of the issue of technological control,
the possibility of changes in the technological process and
the need for rapid detection and quantification of such
changes are laid. Theoretically, this means that each
regular result obtained during technological control is an
element of a different, unknown statistical array.
Therefore, the statistical procedure for processing the
results of technological control requires the development
of an algorithm for processing and presenting the results;
Algorithm of decision making. The above general concept
of technological control [4] is relevant. Its specific
implementation in automated and high-speed continuous
technological cycles of modern cable production requires,
in addition to almost instantaneous efficiency (on-line
mode) [2, 3, 5] solutions to a number of problems:
scientific and technical.

Scientific problems are caused by the following.

Measuring the variance of a technical parameter in
the production process by the method of obtaining and
presenting the results is mediated and relative. The
classical (canonical) measurement model can not be

applied to these measurements, since it requires the
fulfillment of three conditions [3]:

— the measurement time is unlimited;

— the measured value keeps the true value unchanged
during the entire measurement cycle;

— all the factors affecting the result are precisely
defined.

At least the first two conditions can not, in principle,
be met when measuring the dispersion of a technical
parameter in a specific task of the current process control.
Therefore, in this case, only a statistical model is
acceptable, in which the measured quantity is a sequence
of values that give information about the current state of
the measurement object. In this case, the true value of the
quantity may remain undefined at a given interval of the
measurement process [2].

Therefore, in each continuous technological process,
it is necessary to develop a statistical model of a specific
technological control process, which includes: a statistical
model of the process of measuring variance of
parameters, an algorithm for processing and presenting
the results.

Technical problems are caused by the fact that on
the basis of the analysis of the influence of the
components of the technological process on the formation
of the electrophysical parameters of the product, the
following are need:

1) the choice of operations, which are decisive for
ensuring the quality of products;

2) selection of measured parameters, which are
decisive for ensuring product quality;

3) determining process tolerances for the selected
parameters;

4) determining the periodicity of measurements and the
minimum sample size.

In this case, it is necessary to divide the trend of the
change in the control parameter as a function of the
technological time and the random error of the
technological process. This separation can be performed
according to a known statistical trend model with an error
(only the error is a random variable) for a number of
observations of the values of the quantity x [7]:

x; = f{t) + J;, (1)
where ¢, is the deterministic variable, which is the
technological time; f(#) is the deterministic function
(trend of the technological process); o; is the random
variable (random component of process stability).

World manufacturers of equipment for enamel wires
based on polyimide synthetic copolymers [3] use modern
highly efficient systems for continuous statistical
monitoring of the specific number of defects (er) of
insulation on-line for current process control. The number
of defects is the number of places in which the current
through the insulation exceeds the established one.

Discrete current measurement through insulation
under the influence of high DC voltage is provided by the
EFHP system from MAG-ECOTESTER Company [3].
Statistical indices of the number of insulation defects
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recorded for each coil are stored on magnetic media for
further analysis. This is an example of modern
technological control, in which the manufacturer decides
on the criteria for making technological decisions.

The goal of the work. Assessment of the
guaranteed level of defect-free of insulation of enamel
wires insulated with polyimide copolymers on the basis of
separation:

- trend of the technological process - a significant
deterministic change in the results of technological
control during the technological process;

- statistical error of the technological process - the
total error in the results of technological control, which is
a quantitative characteristic of the random component of
the stability of the technological process.

Main results.

The results of measuring the number of wire defects
during the manufacturing process for 24 hours show the
presence of two different periods with a continuous
automated process. A significant difference in the
dynamics of defectiveness changes during these periods
indicates that in the technological cycle it is necessary to
distinguish the periods of run-in (increased but rapidly
decreasing insulation defects at the beginning of the
cycle) and normal insulation (insulation defect is stable).

Consideration of the results of control of
imperfection of the enamel wire as a single statistical
array is possible by choosing the appropriate function for
the trend, in this case exponential (Fig. 1,a). However, a
significant difference in the dynamics of defect change
during the periods of run-in and normal insulation causes
a significant difference in the estimation of the statistical
error of the control (Fig. 1,b). Therefore, to solve the set
task: the development of a method for estimating the
guaranteed level of insulation defectiveness, the data
array is divided into a deterministic linear function f{t;)
(trend: solid line) and a random value J; in accordance
with the trend model with error (1) in [7] (see Fig. 2).

The representation of the results of the control of the
imperfection of the enamel wires with two statistical sets
(Fig. 2) shows that the random component (process error)
in the period of normal insulation is stable and can be
quantified and its average value in this case is 10 % of the
average number of defects for the entire period of
observations. It is this quantity that is a quantitative
estimate of random deviations in the technological
process and should be subject to statistical control in the
system for ensuring product homogeneity.

At the same time, the trend of the number of defects
in the period of normal insulation, as it is determined by a
deterministic function, should be subject to analysis for
technologists, since it is the trend of the number of
defects in the period of normal insulation that
determines the criterion for the optimal duration of the
continuous technological cycle. In this case, there is a
weak positive trend: an increase in the number of defects
(2 £ 1) defects per hour, which allows determining the
time of the optimal duration of the continuous
technological cycle.
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Fig. 1. Separation of the data sets on the number of defects on
the coil (black dots) on - the deterministic function f{t;) (trend:
solid line exponential function) and random value J; (empty
points) using various mathematical separation procedures
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Fig. 2. Separation of data sets on the number of defects on the
coil (black dots) on - the deterministic linear function f{t;) (trend:
solid line) and random value J; (empty points) for two periods in

a continuous automatic manufacturing process: the first (a)
run-in period and the subsequent (») normal insulation period
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A different situation exists in the period of run-in.
The data in Fig. 2,6 show the need for technical solutions,
first of all, to reduce the period of run-in. The quantitative
criterion is the negative coefficient of the trend. In this
case, minus (125 £ 7) defects per hour. The undoubted
task of the technologist is to ensure the increase of this
parameter in absolute terms by half.

The trend of a change in the values of the controlled
parameter during a continuous technological cycle is
characteristic not only for the defectiveness of insulation.
Fig. 3 shows the results of a relative change in the
diametric thickness of the enamel insulation 4 in the
continuous process of manufacturing 60 coils of the
enamel wire.
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Fig. 3. The relative change in the diametric thickness of the
enamel insulation J4 in the continuous process of manufacturing
the enamel wire [I199M1J]X2-200-M3K
with diameter of 0.56 mm

It is also obvious that there is a trend, so the standard
variance of a parameter includes both its random spread
(statistical error) and the influence of the parameters of
the deterministic component (trend). In this case, the trend
of the insulation thickness is due to the technological
drawing of the copper wire, which is permissible (less
than 0.5 % of the diameter), but affects the thickness of
the enamel insulation.

Only when the trend parameters and its cause are
determined (the duties of the process engineer) can the
control of the variance of the controlled parameter be
controlled, for this, a unified method for estimating the
random component of the variance of the parameter
should be used in mass production.

Dispersions of the rated parameters of the wire can
be determined after it is manufactured (first of all, the
variance of the breakdown voltage), therefore such
control under production conditions remains largely
passive.

In the EFHP system [3], the test results are displayed
on-line on the monitor, the results are stored on magnetic
media (system advantage). However, in production
practice, these results are not used as quantitative
indicators. To assess the guaranteed level of fault-free
insulation, it is necessary to distinguish a random error of
technological control. To this end, a unified estimation of
the random component of the coil parameter dispersion
should be used after the determination of the deterministic

trend and the probability of the appearance of the
maximum number of defects on the coil is estimated (see
Fig. 4).
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Fig. 4. Dependence of the probability of exceeding the
maximum number of defects on the coil on the maximum
number of defects detected (at length of 3600 m) as an estimate
of the guaranteed level of homogeneity of the enamel insulation,
obtained by limiting the distribution of maximum values during
the periods of run-in (increased but rapidly decreasing insulation
defect at the beginning of the continuous technological cycle a)
and normal insulation (insulation defect is stable for a long time
b): it can be seen that the use of the mathematical apparatus of
the limit values allows you to clearly distinguish between the
technological and the running period
of the normal course of the process

The mathematical procedure of highlighting the
trend of the process allows you to organize an active
control of the random component of defectiveness
(process error). Using the statistical procedures of discrete
interval models [2], the current technical decision
regarding the variance of the defectiveness of each regular
wire coil during the whole technological cycle is
evaluated, analyzed and accepted.

For example, when controlling the diameter of the
enamel wire D, a statistical procedure is used to estimate
the maximum probability P,.x of the output of the
controlled parameter 4D beyond the limits of the range
E...E, defined as the sum of the corresponding
probabilities of the parameter output for one-sided
boundaries [4]. Moreover, the probability of a controlled
parameter AD going beyond the lower limit is taken with
a minus:

Pmaxi = sup(Pmax i) - inf(Pmax i); (2)
SUp(Prmax i) = [sup(AD;; ADi'Z—l]Z/ {[sup(AD;2; ADiy-
2
1+ 3)

+[E—0,5(Dia 1 + Din)]};

inf(Pynax ;) = [inf(AD; ADjy  /{[inf(AD;2; ADjo 1]+

HE-0.5(Dia1 + D)l ); @
where D is the wire diameter; E is the upper technological
diameter limit; £ is the lower technological diameter
limit; AD;., is the difference between the current diameter
in sample No. i2 and the average value of the diameter
determined during the technological cycle (i:
measurement No.):
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AD;»=Di— (i)"Y Dpk=1...i.  (5)

Value [sup(AD;,; AD,-Q,l]2 B (3) is the square of the
largest current change in diameter in the sample No. i-2
towards the upper technological boundary. Value
[inf(AD;,; AD;, )" in (4) is the the square of the largest
current change in diameter towards the lower
technological boundary.

Fig. 5 shows the results of testing the diameter (a) of
enamel wire with polyimide insulation in a continuous
technological cycle and a control map of the maximum
probability of a diameter exit beyond the limits of the
range E...E (b) determined in accordance with (2) - (5).
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Fig. 5. The results of testing the diameter (a) of the enamel wire
in the continuous technological cycle and a control card for the
maximum probability of a diameter outlet beyond the limits
of the regulatory range (b)

g

Comparison of Fig. 5,a and Fig. 5,b indicates the
informative nature of the technological control of the
maximum probability P, of the parameter output
beyond the limits of the specified two-sided range:

1) the control chart reflects the period of
technological stability during which Py, does not exceed
the absolute value of 0.25 (dotted line) - the level of the
greatest sensitivity of the control to an increase in the
deviation from the mean;

2) the control chart also reflects a stable tendency to
reduce the values of the control parameter, which allowed
to determine the cause of the reduction trend D, - the
increase in the drawing of the conductor during the
technological cycle.

The selection of the trend of the technological
process makes it possible to estimate the quantitatively
non-random trend of the controlled parameter change, as
a result of definable technological causes. Without such
an assessment, the very concept of technological control

does not make sense, since it excludes feedback in the
organization of such control. In addition, the selection of
the trend of the technological process makes it possible to
assess the accidental error of technological control, which
is caused by the total influence of many such factors, the
influence of each of which can be neglected in
comparison with the sum.

The need to use the procedure for dividing the array
of technological control data into deterministic and
random components is due to the fundamental difference
between the tasks of acceptance and technological
control. This fundamental difference was noted by
specialists [4]. The task of technological control is to
ensure the possibility of active correction of the
technological process, which is impossible without the
identification of definable technological causes of the
trend of the controlled parameter.

Conclusions.

1. The guaranteed level of defect-free insulation of
enamel wires insulated with polyimide copolymers was
evaluated. The probability that the maximum number
of defects fixed at length of 3600 m is not more than
1400 during the run-in period, and 400 defects at
length of 3600 m during the normal insulation period,
is more than 80 %.

2. The statistical procedure for dividing the array of
technological control data into a deterministic (trend) and
random component (statistical error of the technological
process) was developed and used in the organization of
technological control of the defectiveness of a double-
insulated cable with polyimide copolymers. The selection
of a trend makes it possible to estimate the quantitatively
non-random trend of a controlled parameter change, as a
result of definable technological causes.

3. The trend of the number of defects in the period of
normal insulation (Fig. 2,b) is weak positive: an increase
in defectiveness (2 + 1) defects per hour. Evaluation of
the defectiveness trend in this period can be used to
determine the time of the optimal duration of a continuous
technological cycle.

4.During the run-in period, the negative trend
coefficient (in this case, minus (125 + 7) the number of
defects per hour) was used to estimate the duration of run-
in and to control the measures to cut it down by half.

5. The allocation of the random component allows
quantifying the error of the technological process, the
reduction of which requires an integrated approach, called
in the world practice by the Deming method [10]. The
random component (error of the technological process)
during the normal insulation is stable, its average value in
this case is 10 % of the average number of defects for the
entire observation period.
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THE DEVELOPMENT OF THE THEORY OF INSTANTANEOUS POWER
OF THREE-PHASE NETWORK IN TERMS OF NETWORK CENTRISM

Purpose. Information technologies allow multidimensional analysis of information about the state of the power system in a single
information space in terms of providing network-centric approach to control and use of unmanned aerial vehicles as tools for
condition monitoring of three-phase network. Methodology. The idea of energy processes in three independent (rather than four
dependent) curves vector-functions with values in the arithmetic three-dimensional space adequately for both 4-wire and 3—wire
circuits. The presence of zero sequence current structural (and mathematically) features a 4-wire scheme of energy from a 3-wire
circuit. The zero sequence voltage caused by the displacement of the zero voltage phases. Offset zero in the calculations can be taken
into account by appropriate selection of the reference voltages. Both of these energetic phenomena with common methodical positions
are described in the framework of the general mathematical model, in which a significant role is played by the ort zero sequence.
Results. Vector approach with a unified voice allows us to obtain and analyze new energy characteristics for 4—wire and 3—wire
circuits in sinusoidal and non-sinusoidal mode, both in temporal and frequency domain. Originality. Symmetric sinusoidal mode is
balanced, even with non-zero reactive power. The converse is not true. The mode can be balanced and unbalanced load. The mode
can be balanced and unbalanced voltage. Practical value. Assessing balance in network mode and the impact of instantaneous power
on the magnitude of the losses, will allow to avoid the appearance of zero sequence and, thus, to improve the quality of electricity.
References 9, figures 3.

Key words: network-centric technology, instant power, zero sequence, neutral.

Obecneuenue cemeyenmpuueckoz0 nOOX00a K PelCUMy YRpaeieHus mpexgaznoi cemvio u OUEHKA cOANIAHCUPOSAHHOCHU
pesicuma cemu ¢ p4emom enUAHUA MCHOGEHHOU MOWHOCIU HA eIUYUHY ROMEPL OACH 603MOICHOCHb UCKIOUUMb NOsAGTEeHUE

Hyﬂeﬂoﬁ nocieoosamenbHoCmu U, mem cambovim, ROGLICUNLL KAYECM B0 IIEKMPOIHEPZUU. bu6. 9, puc. 3.
Kuouesvle crosa: CeTeHEHTPUYECKas TEXHOJIOI'NSl, MTHOBEHHAasl MOIITHOCTD, HYJIeBasl M0CJ1€10BaATE€/IbHOCTD, Hel”npam;.

Introduction and problem definition.
Compatibility problems of different types of generation
require concentration of efforts on the integration of
energy clusters, which must be balanced by primary
energy resources with the interaction of the subjects of
production, transmission and consumption of electric
energy. When comparing the properties of traditional
hierarchical and innovative network-centric control
systems for the operation modes of a three-phase
network, the main advantages of the latter include the use
of irregular subsystems (subsystems with variable
structure and a changing set of functions) and the use of
information in real time. However, this requires the
reorganization of not only the attached local power
systems, but also the entire set of distributed energy
objects [1].

Solving the problem complicates the presence of
weak and at the same time extensive information and
management connections in large areas [2].

Modern information technologies allow
multidimensional analysis of information on the state of
the power system in a single information space under the
conditions of providing a network-centric approach to the
control and use of unmanned aerial vehicles as a means of
monitoring the state of a three-phase network [3].

Reactivity, asymmetry and non-sinusoidal mode of
consumption for a number of consumers are caused by
technological reasons and have a long-term nature, which
is the reason for the appearance of pulsations of
instantaneous power (IP), which causes additional losses
of electricity and contributes to the emergence of
dangerous resonance phenomena during operation of a
three-phase network [4].

Analysis of recent investigations and publications.
At asymmetric voltage, the problem of minimizing losses
and creating a balanced power supply regime becomes
multi-criteria. Improvement of methods of compensation
and load symmetrization with asymmetric voltage requires
further development of the theory of power [5].

The goal of investigations. Development of
methods of the theory of instantancous power in the
presence of an asymmetric load in the network-centric
control of the operating modes of a three-phase network.

Main materials of investigations. In a 4-wire
system, the IP is defined as the sum of four pairwise
products of instantaneous values (IV) currents and
voltages. By the first Kirchhoff law, only three linear
currents (out of four) are independent (free) quantities,
and IP is invariant with respect to the choice of the
reference point (RP) simultaneously for 4 voltages. Such
an invariance of the IP leads to the fact that among 4
voltages (three phase voltages and neutral voltage) only
three values of the voltages are independent (free).

RP voltage voltages, with respect to which the zero
sequence of the phase voltage vector is «0», is called an
artificial point of grounding (APG). The choice of the
APG for the section «a, b, ¢, m» makes 4 voltage values
conditionally four-dimensional. This leads to the
complication of the mathematical description of energy
processes and requires an unjustified application of the
technique of Lagrange multipliers [6].

The choice of neutral as the voltage RP does not
change the value of IP. In this case, the IP clearly depends
only on three independent phase voltages and three
independent linear currents. This allows us to consider the
energy processes (current and voltage) in a 4-wire system
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by three-dimensional and completely determined three
phase values of the cross section of three phases «a, b, ¢
depending on time - by three curves (3-waveforms):
X, = x/1), x5 = x5(), x. = xf). The curves of the
considered process in three phases determine the radius
vector x(£)=[x,(t) xy(f) x()] with values in the 3-
dimensional space X (3-dimensional curve x(f) € X,
abbreviated 3-curve).

Here X% is the arithmetic space of three-
dimensional real vectors (matrix-columns) with the
operations:

— scalar product (SP):
y(l
(o) =x"y=[xg 3 x || ¥y | = Xa¥a + X2+ XV (1)
Ye
— vector product (VP):
XpYe = XeVb
XXY=|XVqg = XgVe | = )
XaVb = XpVa

= [xbyc “XeVb = XeVa T XaVe T~ XaVb — xbya]'
Vectors are orthogonal if their scalar product is zero:
xlye(x,y)=0. 3)

Vectors are parallel (collinear) if their vector

product is zero:
x|y xxy=0. 4)

The representation of energy processes by three
independent (and not four dependent) curve vector-valued
functions with values in the arithmetic 3-dimensional
space X is adequate both for 4-wire, and for 3-wire
circuits.

Analysis of energy processes in a 4-wire network. A
vector approach from a single point of view makes it
possible to obtain and analyze new energy characteristics
for both 4-wire and 3-wire circuits, both in sinusoidal and
non-sinusoidal mode, both in the time and frequency
domain, mathematically considering 3-wire power supply
circuit as a special case of a 4-wire power supply circuit.

Instant power and unbalanced mode. At each
moment of time, the local state of the energy processes in
the three-phase section «a, b, ¢ is characterized by
vectors of instantaneous current and voltage values:

u(t) = [ug () 1y () 1 O
i =[i ) ip(®) 1o (O
When considering a 4-wire circuit, we assume that
the voltages are measured with respect to the neutral. The
definition of the norm of a vector in a 3-dimensional
space X at each instant of time determines the norm of
the vector of the IV of current and voltage:

u(0) = (0) 1(t) =g (0 +up (0 + 1,0 5 (6)
=i =i ) i) =i O + iy 0%+, . (7)

The standard (scalar) IP is defined as the sum of
pairwise products of IV of current and voltage of three
phases:

P(O) =g (Oig (0) +up (Dip (6) +u e ()i (1) = dd_V;/ ®

&)

and characterizes the energy transfer rate W=W(¢) in this
section. As follows from (1), at each instant of time it is
equal to the SP of vectors (5):

g (2)
p) = () =i u =iy O i O] up @) | . ()
(1)
Assuming that the processes (5) are T-periodic, that
is, u(t+T)=u(t) u i(t+T)=i(t), we can correctly determine
the mean IP and isolate the variable component:
+T

P=p=— [P0

T
p(t)=p+p),
where 7>0 is the arbitrary number.

If the MM does not have a variable (pulsating)
component p(¢f)=0, then the mode is balanced [7]. In
p=pt)-p#0 and the
unbalanced. Symmetric sinusoidal mode is balanced, even
with non-zero reactive power. The converse is not true.
The mode can be balanced even with an asymmetric load.
The mode can be balanced even with asymmetric voltage.

Vector IP and instantaneous power equation. The
product of the norms of the vectors (5) determines the
apparent IP of the energy mode:

s(0) =[u(@)- i) = u(@)-i(2) - (11)
In the 3-dimensional space X, for any pair of

vectors, the Cauchy-Schwarz inequality [8] holds, which
for the vectors (5) gives the implication:

‘i(t)'u(t)‘ < Ji(®| = | po)| < s(2). (12)

We introduce the vector IP as the VP of vectors (5)
of currents and voltages [8]:

g(0) = i(t) xu(t) =

(10)

general case mode s

(13)

=l lplUe —lcUp LUy — U LUy —TpUy | =
2c¢ €9

9a qb qc

= [qa qp 4c ]"
The pairwise SP of vectors (5) form a Gram matrix

(2x2):
... .0 2
G(i’u):[ll lu]:|:l ®) p(t)} (14)

iu utu| | pl) u@)

The positive values on its main diagonal are equal to
the squares of the norms of the vectors (5) of the voltages
and currents: uu=|u(?)]*=u’(¢), i'i=|i()]*=i*(/). The
determinant of the Gram matrix is equal to the square of
the norm of the VP of vectors of the IV of currents and
voltages — to the scalar square of the vector of the IP (13):

det[G(i,u)]:l:i u =[ixu] [ixul =|q@) . (15)
R IR 10

The geometric meaning of the determinant of the
Gram matrix: «the square of the area of the parallelogram,
which is formed by the vectors of voltage u=u(r) and the
current i=i(f)» is illustrated in Fig. 1.

The area of such an «instantaneous» parallelogram is:
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q(t) =|q(®)] = |u(®)| -|i)|sin p(1) = s()sin (e , (16)
where ¢(¢) is instantaneous angle between vectors of the
IV of current and voltage in the arithmetic 3-dimensional
space X at time ¢.

tg()=ixu

o) i)

Fig. 1. Vector of current, vector of voltage and vector IP

The area of the parallelogram is zero if generating
its vectors are parallel (collinear) u(?)||i(f) when the
apparent power is equal to IP. Therefore, the norm of VP
of the current i=i(f) and the voltage u = u(f) can be
interpreted as an inactive IP. To emphasize this
interpretation, the standard (scalar) IP will be called the
active IP. The expansion (15) is invariant under the
permutation of the vectors i and u, but ixu= —uxi. Here
the vector (inactive) IP is determined according to (13).

The opposite choice is made in the «pg-theory» and
leads to an error [9]. Note that the vectors i, u, i xu form a
right triple.

The Cauchy inequality (12) at each moment is
quadratically complemented to equality by the
determinant of the Gram matrix [8]:

{_v_) (Iiﬁ) (WLL) + lxu]‘ zxu)

2@ Wi pro) q(t)
The identity (17) gives the power equation for
instantaneous powers and is illustrated in Fig. 2:

20 =P O +47 (0. (18)

In the triangle of instantaneous powers (Fig. 2), two

legs correspond to active and inactive instantaneous

powers. If the inactive IP is due to sing(#), then the active
MM is due to cosg(?):

a7

o) =i =[] -
v(t)

| ”| =5(t)-cos(?) . (19)

cos ()
The angle in the power triangle ¢(?) is equal to the
angle introduced earlier between the vectors of current
i = i(?) and voltage u = u (2).

s(2)
q(1)
@(1)

p(t)

Fig. 2. Instantaneous power triangle

If the active IP (8) characterizes the efficiency of the
energy mode, the vector IP (13) characterizes the energy
mode losses.

Unbalanced and balanced mode. Like (10) in the
vector IP, we can select vector components - a constant
and a variable:

r+T
c7=— j gOd@), GO=90-7. (20

The mode in Wthh the vector IP does not have a

variable component ¢ =g (1)=0will be called the

balanced mode [7].

The mode is really balanced if the vector IP

(inactive IP) is identically equal to zero:
9()=0=(70=0)&(Gn)=0). 1)

Thus, the mode is really balanced (g(2)=|q(¢)|=0) if at
each moment (identically) the vectors (5) are parallel:

g =lg®)|=0 < y@O) u@®)=i@). (22)

The scalar quantity y(f) (has the conductivity
dimension) need not be a constant and the power factor is,
in general, less than 1.

Current and voltage of the 0-sequence. In a 4-wire
circuit with an asymmetrical load, the neutral current is
not zero (the zero sequence (ZS) current is non-zero). It is
the presence of the ZS current that is structurally (and
mathematically) different from the 4-wire power supply
circuit from the 3-wire circuit. The voltage ZS is due to
the phase angle shift. The zero offset in the calculations
can be taken into account by the appropriate choice of the
voltage reference point. Both these energy phenomena are
described from the same methodological positions within
the framework of a general mathematical model in which
an essential role is played by the ZS unit vector (a vector
with a unit norm)

ey = %[1 lef=1. (23)
The expansion of the 3-dimensional vector

x=[x, x» x.] € X along the ZS unit vector determines
the representation of the 3-dimensional vector by two
mutually orthogonal components

x= (x'eo)eo + e ¥ [xx eo]: Xo + X5 (xo L x!) , (24)

— —_
Xo X

where «x» is the symbol of the vector product.

In the expansion (24), the first component:

1
xO:(x’eo)eOZW' =311 (25)

X
is the vector projection of the vector x=(x,, x,x.) to the
0-unit (23) and is equal to the 0-component of this vector.
The coordinates of the vector (25) are the same and
equal to the average value of the 3-phase quantities:
R(0) = (g (0 + x5 () + xc(1))/3. (26)
Component without 0-component (double vector
product):

X :eox[xxeo] 27)
is an orthogonal complement of the component (25) to the
full vector (and does not contain 0-component). This
component will be called the 0-balanced component.

Vector product of the vector by 0-unit on the left:
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X. = Xp 0 -1 1] |x,

epxx=—F7|x,—%, |=—=[1 0 =1|:|x (28)
3 Xp — X, 3 -1 1 0] |x,
can be represented using a skew-symmetric matrix
0 -1 1
K= =S 1 0 -1 (29)
3 -1 10
in the form:
epxx=K-x. (30)

The vector product on the left and on the right is
distinguished by the sign. Product on the right:

L | Ye 10—11 Ya

yxey=——r=|Y.~ Vg |=—=|-1 0 1|-|» (31
ﬁy‘—y‘; ﬁl -1 0] |y
a C
\—W——J
P2
yxe=K"-y (32)

is equivalent to multiplying by the transpose matrix
K =-K.
For the second component (27) of the expansion
(24) we have:
X =[eoxx]><e0 =K-xxey=K K-x=Dy-x.(33)

D
K-x K°K-x :

In the matrix form, the components of the expansion
(24) are written as:

xo=Dy-x, x=D-x. (34)
Matrices:
111 2 -1 -1
DO:l I 1 1] Dlzl -1 2 -1 (35)
3 111 3 -1 -1 2

determine the projector Dy on the unit vector of the
0-sequence and the projector D, on a 2-dimensional
subspace of three-dimensional vectors orthogonal to
0-unit:
ng) :{xeX(3) :x%ep =0 }C x®, (36)
The vector x=D,'x is 0-balanced. By the equivalence
of the assertions:
xley © x=0 & x=D-x=x 37
an alternative description of the 2-dimensional subspace
(36) of three-dimensional 0-balanced vectors is valid
(without the 0-sequence)
lq'(z)z{xeX(S):x=D!~x}. (38)
of 2-dimensional subspace (36) as the set of 3-
dimensional vectors that do not change under the
influence of the matrix D,.
The matrices (35) satisfy the following conditions:
— the square of the matrix coincides with the matrix itself
(the idempotency property)

D{ =Dy, D}=D; (39)

— the product of matrices is equal to zero
(orthogonality):

D()D! =0 5 (40)

— the sum of the matrices gives an orthogonal
decomposition of the unit third-order matrix

100
Do+Dy=[0 1 0].
00 1

(41)

The orthogonal decomposition (24) is valid at each
instant of time, i.e. (24) is identically satisfied for the 3-
dimensional curve:

x(2) = xo () + xi(¢) = Dox(t) + Dix(2) . (42)

Since the above formulas are identically satisfied for
3-dimensional curves (valid at each instant of time), then,
in order not to overload the formulas, the dependence on
time will not be indicated. In particular, for the 3-current
and voltage curves (5), we write the expansion (42)
(obviously not indicating the time dependence) as
(Fig. 3):

i=D0i+D!i:i0 +i!; u:D0u+D!u =Uuyt+u. (43)
- = — =
Iy h ) L

The voltage (potential difference) is a relative value
that depends on the RP. From the representation (43) for
the voltage vector, it follows that with the change in the
voltage RP, only the ZS of the voltage vector u, changes,
and 0-balanced component of the vector u, does not
change.

i! =S D]l

®

Fig. 3. Orthogonal decomposition of vectors of voltage
and current along the ZS in a 4-wire circuit

The vector of phase voltages u,=D,u is 0-balanced
and (at each instant of time) is equal to the voltage vector,
all phase components of which are measured relative to
the APG.

All three coordinates of the voltage vector of 0-
sequences

ug = Dou = (i1 (1), (1), 11 (1))° (44)

are the same:
U= (uy (1) +up(t) + u.(1)/3 (45)

and equal to the voltage difference between neutral and
APG. If the voltage is symmetrical, then it does not
contain ZS, in this case the APG coincides with the
neutral.

Conclusions. The network-centric technology of
three-phase network management is the idea of
integrating all forces and means in a single space, which
allows increasing the efficiency of their application to the
destination. One of the components of this process is the
estimation of the balance of the network mode and the
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influence of IP on the amount of losses, will make it
possible to eliminate the occurrence of the zero sequence
and, thereby, to improve the quality of electricity.
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IMPROVED ALGORITHM FOR CALCULATING COMPLEX NON-EQUIPOTENTIAL
GROUNDING DEVICES OF ELECTRICAL INSTALLATIONS TAKING INTO
ACCOUNT CONDUCTIVITY OF NATURAL GROUNDINGS

Purpose. The method of natural concentrated groundings substitution by the set of electrodes taking them into account in the
algorithm of electric characteristics calculation for complicated grounding connections of electric installation is offered. An
equivalent model as a set of linear electrodes is chosen in accordance with two criteria: leakage resistance and potentials on the
ground surface. Methodology. We have applied induced potential method and methods for computing branched electrical circuits
with distributed parameters. Results. We have obtained the algorithm for calculating complex non-equipotential grounding
connections, which makes it possible to obtain refined values of the potential distribution in the electric stations and substations
with outdoor switchgear. Originality. For the first time, we have taking into account the conductivity of natural concentrated
grounds by a set of vertical and horizontal electrodes based on equivalent electrical characteristics applied to a two-layer ground.
Practical value. The using of the proposed calculation algorithm in the electric grids of JSC «Kharkivoblenergo» made it possible
to determine the values of the potential distribution at short circuit in electrical substation taking into account the influence of the
conductivity of natural concentrated groundings. References 9, figures 1.

Key words: natural concentrated groundings, substitution, induced potential method, the potential distribution, a two-layer
ground model.

Lenv. Ienvo cmamou a6naemea papadbomka an20pumma paciema INeKmpuiecKux XapaKkmepucmuKx HeaKunomeHyuanibHslx
3a3eMAAIOWUX YCIMPOTICING INIEKMPOYCMAHOBOK C YUENOM DOSIbUL020 YUCIA eCHECINEEHHBIX COCPEOOMOUEHHbIX 3a3emumerneil,
a maksice coOCMBEEHHbIX AKMUBHBIX U PEAKMUGHBIX CONPOMUENCHUI 20pU30HMANbHbIX 3a3emaumeneii. Memoouxa. Ilpoeedenst
meopemuuecKkue Uccie006anus ¢ UCHONb306AHUEM MEMOOA HABEOCHHBIX NOMENHYUAN08, MEMOO08 KOHEYHbIX PA3HOCmell 0
pacuema INEKMPUUECKO20 NOJAA NPOCMBIX 3a3emaumeneii 6 3emiae ¢ O0GYXCAOUHOU CMPYKMYpoil U NOC1e006amenbHo20
NpUMEHEHUA Memooa HAEEOEHHbIX NOMEHUUANI08 U Memooo6 paciema pa36emeieHHbIX IIeKMPU4ecKux uenei c
pacnpedenennvimu  napamempamu. Pesynomamui. Ilonyuen anzopumm pacuema CROMNCHBIX HEIKGUNOMEHUUATLHBIX
3aA3eMAAIOUWUX YCIMPOTICINE, NO36OJIAIOU{UIL NOJIYHUMD YIMOUHEHHbIE 3HAYEHUA PACnpedesieHUus NOMEHYUANd Ha MePPUMOPULL
anekmpoycmanogku. Hayunaa noeusna. Hogvle nonosicenus, no cpagnenuio ¢ u3eeCMHuIMU pewieHUAMU, COCHOAM 6 yuene
nPoGOOUMOCIU eCIMECMEEHHBIX COCPEOOMOUYEHHDBIX 3a3emaumesnieil CO60KYNHOCMbIO 6EPMUKANBHBLIX U 20PUOHMANbHBIX
INEKMP0o008, 0O0CHOBAHHOI RO PAGHOZHAYHBIM INEKMPUUECKUM XAPAKMEPUCIUKAM RPUMEHUMEIbHO K 08YXCAOIHOU MOOenu
anekmpuueckoii cmpykmypot 3emau. Ilpakmuueckoe 3nauenue. Hcnonv3oeanue npeonosiceHnozo anzopumma paciuéma 6
anekmpuueckux cemax AK «Xapvrkoeobninepzo» no3eonunu onpedenums 3nauenus pacnpeoenenus nomenyuanos npu K3 na
INEKMPUUECKOIl NOOCMAHYUU C YUEMOM 6IUAHUA HNPOGOOUMOCMU ECIMECHEEHHBIX COCPEeOOMOUEHHbIX 3a3emaumertel.
CKoppeKkmuposanmsle maKum o0pazom pe3yavmamsl pacuema 0aoym 601ee mouHyio UHGOPMAayuIo 0 6eNULUHAX HOPMUPYEMBIX
napamempog no 3a3eMaAIouUM YCIMPOUCmeam 0eiicmeylowux IneKkmpoycmanogok. C nomowpio npeonoiceHHo20 anzopumma
MOZym Oblimb NOAYYEHbl YMOYHEHHblEe 3HAYEHUA RAOCHUA HAnpAdCeHuil no 3azemnawuwum ycmpoiicmeam npu K3, a,
C1e006amenbHO, PACCHUMAHbL HANPANCEHUA, 6030€lCMEYIouiUe HA U30NAUUIO Kadeneil 6MOPUUHbIX ueneil, — napamempuol,
HOpMuUpyeMbie O YCA06UAM INIEKMPOMAZHUMHOU coemecmumocmu. bubin. 9, puc. 1.

Kniouesvie cnoéa: mpupoaHbIe COCPe0TOYEHHbIE 3a3eMJINTEH, 31eKTPHYeCKAs MOJCTAHIUA, MeTO/ HABEIeHOr0 MOTeHIHaJIa,
pacrnpejejieHHe MOTEHIHAA, IBYXCJIOHHAsSI MO/IeIb 3eMJIH.

Introduction. The characteristics of grounding
devices (GD) of electrical installations with open
distribution devices directly determine the
electromagnetic situation at power facilities. The natural
concentrated groundings, due to the large contact surface
with the ground, equalize the potential in the GD nodes
and, thereby, unload the horizontal artificial and natural
groundings. Therefore, their detailed accounting in
solving the problem of calculating the electrical
characteristics of complex non-equipotential GD is
mandatory, since it affects the level of electromagnetic
interference.

The calculation of the electrical characteristics of
non-equipotential groundings is based on the consistent
application of the induced potential method and methods

for calculating branched electrical circuits with distributed
electrical parameters. Using the capabilities of this
algorithm for calculating complex GD involves the
replacement of natural concentrated groundings
(reinforced concrete bases and foundations) with a set of
vertical and horizontal electrodes whose diameters are
taken to be the same as those of the corresponding
artificial electrodes. At the same time the uniformity of
the calculated forms of all the GD electrodes is achieved.

The method of calculating a complex combined
grounding can be based on the condition of its
equipotentiality, and on the condition of non-
equipotentiality, i.e. taking into account the longitudinal
resistance of the horizontal electrodes. Modern
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computational capabilities make it possible to implement
an algorithm for calculating non-equipotential complex
combined groundings as a universal one.

Analysis of recent investigations and
publications. The mathematical model of the non-
equipotential GD of a substation located in a two-layer
soil proposed in work [1] is based on the main provisions
of the joint representation of the GD in the general case as
a complex electric circuit and creating a steady electric
field in the ground. Additionally into account the change
in the current density flowing from the horizontal
electrodes, linearly and their arbitrary arrangement is
taken into account. However, the impact on the formation
of electrical characteristics of the GD of electrical
installations, which can have natural concentrated
groundings is not taken into account in this work not
taken into account.

The calculation algorithm based on a unified
mathematical model and simultaneously taking into
account both the non-uniformity of the potential
distribution with respect to the object's GD and the
process of current flow from the grounding to the ground
are realized in the form of the «Contour» software
package [2]. The proposed mathematical model, judging
from the construction of the algorithm, does not take into
account the nonlinear dependence of the distributed
parameters of the horizontal electrodes on the current
flowing through them.

In work [3] various methods of calculation of
resistance of various groundings in homogeneous and
two-layer models of electric structure of the earth are
considered. The obtained results are compared with the
corresponding formulas of the finite element method,
which are considered as reference ones. In work [3] it was
noted the need to find the best approximations in the
course of calculating the resistance of a complex GD,
especially for the case of a multilayer ground model.

The main idea of the method [4] consists in a joint
consideration of the GD in the general case as a complex
electric circuit and creating a steady electric field in the
ground. According to this method, vertical elements are
represented by lumped parameters, and horizontal ones
are represented by distributed parameters that are
nonlinearly dependent on the current flowing through
them.

An analysis of the expressions given in [4] shows
that they do not cover all possible variants of arrangement
of elements of complex GD with respect to a two-layer
soil model. The form of the representations of these
expressions reflects those limitations in the geometry part
of the computational model of GD that are adopted in the
algorithm that implements the expressions. According to
[4], in the design of complex GD structures, reinforcing
skeletons of reinforced concrete bases (natural
concentrated groundings) should be replaced by a
combination of vertical and horizontal electrodes, taking
into account the capabilities of known algorithms for the

calculation of groundings. It should, however, be noted
that the calculated set of replacement electrodes in this
case is not based on equivalent electrical characteristics.

The goal of the work is the improvement of the
algorithm that implements a mathematical model based
on joint consideration of the GD as a complex electric
circuit and creating steady electric field of current in the
ground, by taking detailed account of the natural
concentrated groundings of the open distribution devices
of high voltage electrical installations.

A method of complex GD calculation. The basis
for the algorithm for calculating complex non-
equipotential GD of electrical installations taking into
account the conductivity of natural groundings is the
method of calculating GD taking into account the
longitudinal resistance of horizontal elements [4]. This
method is developed for the case when the GD contains,
along with horizontal and vertical elements. Under
horizontal elements, the longitudinal resistance of which
is taken into account, the parts of the grounding, enclosed
between two adjacent nodal points (the points at which
two or more elements intersect and converge) are
understood and which are constructively the electrodes of
the grounding grid. As a node, you can take any point
located on the horizontal part of the grounding [4]. When
replacing reinforced concrete pedestals and racks with a
combination of vertical and horizontal linear electrodes,
the longitudinal resistance of the last elements is not taken
into account.

The initial model of a complex earth electrode is
determined by the assumptions in accordance with [4]:

1)within a given complex grounding plane, those
horizontal elements whose longitudinal resistance is taken
into account have homogeneous (within the element)
distributed specific parameters, i.e. per unit length:
longitudinal active resistances, inductance and transverse
conductance of current spreading;

2)the values of the transverse conductivity of the
elements also depend on their longitudinal parameters,
which in turn, when using elements of steel, are a
nonlinear function of the current passing through them;

3) there is no effect on the distributed parameters of the
grounding of the electromagnetic field of the single-phase
grounding fault current passing through the air lines;

4)vertical elements and those horizontal elements
whose longitudinal resistance is not taken into account are
ideal lumped;

5)there may be several «setting» points within the
grounding, i.e. points directly electrically connected to the
external electrical circuit (the «setting» is the nodal points
of the grounding directly connected to the neutral
transformers or autotransformers, and the point at which
the phase of the power line is closed in the design
emergency mode);

6) with the design single-phase closure through the
setting node points, the driving currents (steady-state
values of the single-phase ground fault current and the
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currents «returning» to the system through neutral
transformers and autotransformers) pass.

In accordance with the requirements for the
straightness of the grounding electrodes, the following
method for taking into account the natural conductivity of
the current spreading from the reinforcement of
reinforced concrete groundings is proposed to realize the
capabilities of this calculation algorithm. Let's imagine a
natural concentrated grounding as an equivalent set of
linear electrodes, for example, so that these electrodes are
located on the outline of a natural grounding. In
particular, the reinforcing frame of the footrests is
replaced by a set of vertical electrodes, the dimensions
and location of which is determined by the corresponding
geometric characteristics of the pedestal stand, and the set
of horizontal electrodes — in accordance with the
geometric characteristics of its plate. The set of
replacement electrodes is located in the ground with a
layer-by-layer homogeneous electrical structure, as well
as a simulated natural concentrated grounding. Further to
the indicated set of electrodes, one can apply the induced
potential method [4] to solve the electric field problem as
a complex GD and determine the values of the flow
resistance and the potentials of points on the surface of
the ground.

Replacement of natural concentrated groundings.
The polyfunctionality of the GD of electrical installations
with voltages above 1 kV of a network with a solidly
grounded or effectively grounded neutral has led to the
necessity of rationing several parameters of the GD - or
touch voltage or resistance of the GD [5]. In this regard,
we accept two criteria for the equivalence of the
replacement circuit for natural concentrated GD by a set
of linear electrodes: the approximation in resistance and
the approximation of the potentials of points on the
surface of the earth. In this case, as initial data for
estimating the sufficiency of the approximation, we take
the results of solving the boundary-value problem for the
Laplace equation with reference to the model of a natural
concentrated grounding in a limited volume of the
ground. The sufficiency of the approximation achieved in
the process of building up replacing linear electrodes is
estimated as follows:
by resistance

R R

s,e ~ 'p,m < L. 1
R §R,11m’ ( )

p,m

SR =

by potentials of points

1< Pis,e ~Pi,p,m
O 5 s

< &g lim » (2)
"zl %ipm

where R,,, R,, are the resistance to the spreading of the
set of electrodes and the approved model, respectively;
Pise Pise are the potential on the earth's surface of a set of
electrodes and the approved model, respectively; n is the
number of points on the earth's surface.

Variants of substitution of natural concentrated
groundings (reinforced concrete racks and footrests) with
the calculated set of linear electrodes were obtained by
the method described earlier using &&- u & -criteria, and
presented in [6, 7].

Calculation expressions for mutual and intrinsic
resistances. The proposed method of taking into account
the natural conductivity of current spreading from the
reinforcement of reinforced concrete natural groundings
may require the use of expressions for mutual and
intrinsic resistances with respect to horizontal electrodes
located in the lower layer of a two-layer earth model.
Necessity in these expressions will appear when the
reinforcing frame of the footrunners is replaced, the slab
of which is located at a depth of about 3 m, a set of
vertical and horizontal electrodes.

The calculation expressions for the mutual and
intrinsic resistances are derived from the general formula
for the mutual resistance R,, between two electrodes with
the indices g and ¢ located in the conducting half-space
with respect to the electrodes whose cross-sectional
dimensions are hundreds of times smaller than their
length [4], i.e .
Ry = [ [ fig(©) 55 @ ¥podlgdl . ©)

)
T8 (1))

where I, and /; is the length of electrodes; fg,(Q) and
fég (G) is function of the non-uniformity of the linear

current density along the electrode length; ¥y is the
proportionality function between the current flowing out
into the conducting half-space from the vicinity of the
point G, and the potential induced by this current at the
point Q.

As a result of the derivation according to (3), the
following expressions are obtained: the mutual resistance
of two horizontal electrodes located in the lower layer and
parallel to each other; mutual resistance of two horizontal
electrodes located in the lower layer and perpendicular to
each other; the mutual resistance of two horizontal
electrodes, in the case where one electrode is located in
the upper layer, the second - in the lower layer; mutual
resistance of two horizontal crossed at right angles
electrodes located in the upper and lower layer; the
mutual resistance of the horizontal electrode located in the
lower layer, and the wvertical electrode crossing the
interface of the layers.

The correctness of the expressions is confirmed by
comparing the results of the test calculations by them and
the expressions given in [4] for the location conditions of
the horizontal electrode(s) in the upper layer and the
initial data corresponding to the position of the
electrode(s) at the interface of the layers. The calculated
expressions for the mutual and intrinsic resistances of the
electrodes were published in [8] and, together with
previously published ones, encompass all possible
combinations of the arrangement of the electrodes in the

68 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.4



calculation of complex GD with allowance for natural
concentrated groundings.

Algorithm for calculating a complex non-
equipotential GD. The obtained models of natural
concentrated groundings in the form of a set of linear
vertical and horizontal electrodes are introduced into the
algorithm for calculating a complex non-equipotential
GD, which we take as the initial one. These elements,
along with artificial linear earth conductors, participate in
the current distribution of the GD. In this case, the
longitudinal resistance of the horizontal electrodes,
replacing the natural groundings, is not taken into
account. At an industrial frequency, the electric field of
the current leaving the earth electrode into the ground can
be considered as stationary. In this case, the current
distribution between the equipotential bond elements is
determined by a system of linear algebraic equations
(SLAE) [4]:

n
06 = Ampl,, atm=Ln (4)
p=l

where n is the number of grounding elements; a,,, is the
mutual resistance of GD elements with indices m and p (at
m # p) and the intrinsic resistance of elements with
identical indices; /, is current flowing into the ground
from the p-th element; ¢ is the potential of the grounding
(equipotential).

In this case we have SLAE (5) analogous to SLAE
with proper and mutual potential coefficients in the
system of charged bodies [9].

According to [4], in the case of a non-equipotential
grounding, the SLAE in matrix form has the form:

Aly=U, (5)

where A4 is the matrix of mutual and intrinsic resistances
of elements; /; is the matrix-column of complex values of
currents flowing from the elements of a complex
grounding to the earth; U is the matrix-column of
complex values of the voltages of elements (for horizontal
elements, the average of the values of the voltage at the
beginning and the end of the element is taken, and for the
vertical elements, the voltage of the node point with
which it is connected).

The complex values of the voltages of the GD
elements are related to the values of the driving currents
and to the parameters of a complex nonlinear electrical
circuit simulating the original GD, without taking into
account the natural groundings. We express this
connection by the method of nodal voltages in matrix
form (all nodes starting from the reference one, which we
take as the «ground» — zone of the zero potential, are
numbered from zero to g) [4]:

YU, odal = Lser (6)

where Y is the square matrix of total conductivity of
circuits; U4, 18 the matrix-column of nodal voltages; I,
is the matrix-column of setting currents.

In accordance with [4], the calculation of a complex
electric circuit replacing a multielement GD is reduced to
joint solution of two matrix equations (5) and (6). Taking
into account the fact that the parameters of horizontal
elements are nonlinearly dependent on the current flowing
through them, equation (6) is nonlinear. Vertical elements
of the GD are replaced by concentrated conductances on
the ground; also those horizontal elements are replaced
whose longitudinal resistance is not taken into account.

At the next stage of the calculation algorithm, the
horizontal elements whose longitudinal resistance is taken
into account are replaced by equivalent U-shaped circuits
with lumped parameters (Fig. 1).

k
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Un Un
a
L Lo
—»0 O—m-
I’y Iy
X
l_]kl Zok Xﬂik QIQ
Y Y
b

Fig. 1. Horizontal £-th element with distributed parameters r, L,
g (@) and its equivalent U-shaped equivalent circuit (b)

The relationship of the lumped parameters of the
U-shaped equivalent circuit of the k-th horizontal
element (Y, and Y, ) with its distributed parameters

is known [6]:
Y, = I/ZwkSthlk;

(7
Yo =\chy Iy -1 /ZwkSthlk ,

where Z,, is the wave impedance; 7 is the

propagation coefficient.
The quantities included in the formulas for the wave
impedance Z ,, and the propagation coefficient Y, are

the specific impedance of the element and the specific
total transverse conductivity g;. The specific total
longitudinal resistance of the horizontal electrode is
determined by the active resistance and inductance, the
latter having two components: the external L., caused by
the magnetic field outside the electrode, and the internal
L;,, connected with the magnetic field inside the
electrode. The internal inductance L;, is calculated as a
function of the magnetic permeability of the electrode
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steel y; which is determined from the main magnetization
curve at a given effective value of the magnetic field
strength at the electrode surface. The magnetic
permeability of the steel of the element x4 depends
nonlinearly on the current [, passing through the k-th
element. The external inductance of L., is determined on
the basis of the well-known Pollachek formula.
Conductivity

gr = Gelic'
and G; is determined by the method of the induced
potential.

For the first approximation or the first iteration [4],
the grounding is assumed to be equipotential and the
numerical values of the solution vector of the matrix
equation (4) are found. Further, the transverse
conductivities G of all horizontal and vertical elements of
the grounding are determined; at the first iteration, we
assume that all the conductivities under consideration are
of an active nature.

Further, given a certain initial value of the magnetic
permeability of the electrode steel u, we determine the
distributed longitudinal parameters of the horizontal
elements of the grounding grid and the parameters of their
equivalent U-shaped replacement circuits. The solution of
the matrix equation (6) for given reference currents makes
it possible to obtain numerical values of the node voltages
and calculate the currents in all branches of the equivalent
circuit for the complex GD.

At the second approximation [4], the voltages in the
nodes and currents in the branches of the grounding’s
equivalent circuit calculated in the first approximation are
used as additional initial data, namely, the grounding is
represented as non-equipotential - the SLAE has the form
(5), and the above current values allow to clarify the
magnetic permeability of the electrode steel u. For this
refinement, the values of 1 we use the mean between the
current values at the beginning and at the end of each
horizontal element with distributed longitudinal
parameters. The solution of system (3) with respect to
currents in complex form allows us to further determine
the values of the total transverse conductivities of all
elements; these conductivities have reactive components
which is formally connected with the presence of phase
shifts with respect to each other at the node voltages at the
first iteration. Further by using x4 and G, the distributed
longitudinal parameters of those horizontal elements of
the grounding, whose longitudinal resistance is taken into
account, are determined, etc.

In the part of determining the voltage before
touching the given points on the ground and the input
resistance of the GD, the calculation is performed in a
known manner [4].

The obtained solution of currents in all branches of
the equivalent circuit of the complex GD gives values of
the currents flowing along the horizontal elements of the
GD as average between the current values at the

beginning and at the end of each horizontal element with
distributed longitudinal parameters. As a result of this is
adding to the algorithm for calculating complex non-
equipotential GD of electrical installations the solution of
the problem of determining the level of electromagnetic
compatibility.

The sufficiency of the approximation achieved is
estimated by the &-criterion:

q n 1) U(_n)
Z ﬁ% < Slim» ®)

]O

1
q;
where (n) is the upper index indicating the number of last
iteration; ¢ is the number of nodes of the grounding’s
equivalent circuit; U, is the voltage module of the j-th
node with respect to the reference one.

Conclusions.

The necessity of taking into account the influence of
natural concentrated groundings during the formation of
electrical characteristics of complex non-equipotential
GD of electrical installations by means of their
equivalence by a set of vertical and horizontal electrodes
is justified.

The calculation expressions for the mutual and
intrinsic resistances of horizontal electrodes of complex
non-equipotential GD located in the lower layer of the
two-layer ground model that encompass all possible
combinations of their location and provide for the
calculation of natural concentrated groundings are
obtained.

The use of the proposed algorithm for calculating
the potential distribution at short-circuit at the substation
in the electric networks of JSC «Kharkivoblenergo»
taking into account the influence of the conductivity of
natural concentrated groundings, made it possible to
ensure the optimal normalization of the parameters of the
operating electric installations due to more accurate
determination of the touching voltage.

Expressions for calculating the values of voltage
drops on the GD at short circuit are determined, which
allow to estimate the level of voltages affecting the
insulation of secondary circuit cables, which is necessary
for normalizing their parameters according to the
electromagnetic compatibility conditions.
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e MPEeaCTaBHMKN HAYyKOBO-4OCHIOHUX OpraHisauin, Lo
3anMaloTbcsl Npobnemamu, MoB’SA3aHMMU 3 ENeKTPo-
€HepreTUKoI0, ENEKTPOTEXHIKOIO | eNeKTPOMEXaHIKOI;
« NPeACTaBHUKN NIANPUEMCTB — PO3POBHUKIB enekT-
PUYHUX MaLLMH, anapaTiB Ta iHWWUX enekTPoTexHiy-
HUX NPUCTPOIB;

e NpeacTaBHUKM MiANPUEMCTB — CrOXMBAYiB enekT-
poyCTaTKyBaHHS;

o MpeAcTaBHUKM NPOEKTHUX OpraHisauin;

e MPEeACTaBHUKN KOMEPLIMHMX OpraHisaui enekTpo-
TEeXHI4YHOro npodinto.

Y4yacHukam cumMnosiymy HagaeTbCs MOXIMBICTb Ony-
onikyBatn gonogigi. MNy6nikauii 6yayTe BuaaHi gk cne-
LiansHWiA BMnNyck BicHuka HauioHanbHOro TexHiyHoro
yHiBepcuteTy «XII» Ta B xypHani «EnekTpoTexHika i
enektpomexaHika» (EIE), wo Bxoaate ao lNepeniky
daxoBux BuaaHb BAK YkpaiHm Ta iHOekcyeTbes y
HaykoMeTpunyHnx 6asax (Index Copernicus, PIHLL,
TowWo), a xypHan EIE, noumHatoun 3 2017 p., iHOekcy-
eTbca y Web of Science Core Collection.

YYacHWKN MOXYTb BUCTYMUTU Ha nyieHapHOMY 3aci-
[JaHHi Ta Ha 3acigaHHAX CeKL,in.

CEKUITI CMMNO3IymYy

. TeopeTnyHa enekTpoTexHika.

. EnekTpunyHi mawmnHn.

. EnektpunyHi anapatu.

. CUnNbHI eneKkTpuYHi i MarHiTHI nons.

. EnekrpoiszonsuinnHa i kabenbHa TexHika.

. Mepepaya enekTpuyHoI eHepril.

. EnexTpomarHiTHa cymicHicTb.

. ABTOMaTmM3aLis Ta kibepbesneka eHepreTUHHNX CUCTEM

HeTtanbHiwy iHpopmaLito ctocoBHO Cumnosiymy Ta ymMoB
yyacTi y HbOMY MOXHa OoTpumaTy Ha canTi kadeapu
«EnexTpnyni anapatmn»: web.kpi.kharkov.ua/ea

3 noearoto o Bac
["onosa oprkomiteTy Pektop HTY «XTI»

Mpodbecop €.1. Cokon

KoopauHaTop cMmMnosiymy

Mpodecop B.B. KnnmeHko

TenedoHn aAns OOBIOOK:

(057) 707 62 81, 050 653 49 82, 096 987 20 85

dakc: (057) 707 66 01.

E-Mail:  varshamova.i.s@gmail.com,
korolelgn@gmail.com

ONOOOPAWN =

Dear Colleagues,

the Organizing Committee of the Symposium has the
honor to invite you and interested employees of your
institution to participate in the anniversary XX Interna-
tional Symposium «Problems of Electric Power Engi-
neering, Electrical Engineering and Electromechanics»
(SIEMA'2017) which will take place on 26th — 27th of
October, 2017 at the NTU «KhPI» (Electrical Engineer-
ing Building), Kyrpychova Str. 2, Kharkiv, UA-61002.

In the Symposium will take part:

* Heads of Departments conducting training in the spe-
cialty 141 Electric Power Engineering, Electrical Engi-
neering and Electromechanics as well as leading Uni-
versity Professors from Ukraine and other countries;

* representatives of research institutions dealing with
problems related to Electric Power Engineering, Elec-
trical Engineering and Electromechanics;

* representatives of enterprises - developers of elec-
tric machines, apparatus and other electrical equip-
ment;

* representatives of enterprises - consumers of electri-
cal equipment;

* representatives of design institutions;

* representatives of commercial institutions of electrical
engineering profile.

Participants of the Symposium will have the opportunity to
publish their papers. Papers will be published as a special
issue of the Bulletin of the NTU «KhPI» and in the Journal
«Electrical Engineering & Electromechanics» (E&E)
which are included in the list of professional editions of the
Higher Attestation Commission of Ukraine and indexed in
scientometric databases (Index Copernicus, RSCI,
etc.), and the E&E Journal since 2017 is indexed in the
Web of Science Core Collection.

Participants can make presentations at the plenary
and sectional sessions.

SYMPOSIUM SECTIONS

1. Theoretical electrical engineering.

2. Electric machines.

3. Electrical apparatus.

4. High electric and magnetic fields.

5. Electrical insulating and cable engineering.

6. Transmission of electric energy.

7. Electromagnetic compatibility.

8. Automation and cybersecurity of power systems.

More detailed information regarding the Symposium and
conditions of participation can be found on the site of the
Department for Electric Apparatus: web.kpi.kharkov.ua/ea

Sincerely yours, b
Head of the Organizing Committee @\
Rector of the NTU «KhPI» Professor Ye.l. Sokol
Symposium Coordinator
Professor B.V. Klymenko ZE=HL
Contact: '
phone (+380) 57 707 62 81, (+380) 50 653 49 82,

(+380) 96 987 20 85, fax: (+380) 57 707 66 01.

E-Mail:  varshamova.i.s@gmail.com,
korolelgn@gmail.com
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