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M.1. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 37: NOBEL PRIZE LAUREATES IN PHYSICS FOR 2000-2004

Purpose. Implementation of brief analytical review of the distinguished scientific achievements of the world scientists-physicists,
awarded the Nobel bonus on physics for period 2000-2004. Methodology. Scientific methods of collection, analysis and analytical
treatment of scientific and technical information of world level in area 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 period 2000-2004. Originality.
Systematization is executed with exposition in the short concentrated form of the known scientific and technical materials,
devoted creation of semiconductor geterostructures scientists-physicists, integral microcircuit, to the receipt of condensation of
Boze-Einstein in rarefied gases of alkaline metals, finding out a space neutrino, opening of space sources of X-rays, development
of theory of superconductors and superfluid liquids and opening of asymptotic freedom in the theory of strong interactions of
elementary particles. 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 cooperant of further development of scientific and technical progress in human society. References 36,
figures 16.

Key words: modern physics, achievements, semiconductor geterostructure, integrated circuit, condensation of Boze-Einstein
in rarefied gases of alkaline metals, space neutrino, space sources of X-rays, theory of superconductors and superfluid
liquids, asymptotic freedom in the theory of strong interactions of elementary particles.

Ilpueeoen Kpamkuil ananumuveckuii 0030p 8b10AIOWAUXCA HAYUHBIX OOCMUMICEHUI YUeHblX mupa, ommeuennvlx Hobenesckoii
npemueit no ¢usuxe 3a nepuoo 2000-2004 ze. B uucno makux oocmudicenuil 6owiiu pazpabomxa nOJYRPOEOOHUKOGHIX
2emepocmpyKmyp O01A 6bICOKOUACMOMHONU MEXHUKU U ONMOIIeKMPOHUKU, U300pemenue UHMeZPAnbHOl MUKPOCXeMbl,
nonyuenue Konoencauyuu boze-Diinwmeiina 6 paspexycenHbIx 2a3ax WENOYHBIX MEMANN08, OOHAPYICEHUE KOCMUYECKUX
HellmpuHo, OMKpslmue KOCMUUECKUX UCMOYHUKOE PEHMZEHO6CK020 U3JIyYeHus, papadomka meopuu ceepxXnpoeooHUKOE U
CBEPXMEKYUUX HCUOKOCMEN U OMKPbIMUE ACUMRIMOMUYECKOU C80000bl 6 MeopuU CUNLHBIX 3AUMOOCIICIGUT INEMEHMAPHDIX
yacmuy. bubin. 36, puc. 16.

Knrouesvie crosa: coBpeMeHHasi (pu3nKa, TOCTHIKEHNS, MOJTYNPOBOTHUKOBAS IeTEPOCTPYKTYpa, HHTerpajibHass MUKpocxeMa,
KoHAeHcanusi Bo3ze-JiiHIITeiiHAa B pa3pe:keHHBIX ra3ax HIeJOYHBIX MeTAIOB, KOCMHYeCKHe HeHTPHHO, KOCMHYeCKHe
HCTOYHHKH PEHTIeHOBCKOI0 M3JIy4YeHHsl, TEOPHUsl CBEPXINPOBOIHHUKOB W CBEPXTEKYYHMX JKHUAKOCTeH, acCHMNTOTHYECKAs
cB000/1a B TEOPUHU CHJIBLHBIX B3aUMOeHCTBUI 3/1eMEeHTAPHBIX YaCTHIL.

Introduction. Nobel Prizes are unique international
awards, whose prestige in the world is extremely high.
Nobel Laureate in a solemn atmosphere in the presence of
the King of Sweden on December 10 every year,
beginning in 1901, is awarded a diploma, a gold medal
(Fig. 1) and a large cash award, the amount of which has
changed over the years. On the front side of the medal is a
profile of the famous Swedish engineer-businessman
Alfred Nobel (1833-1896), and on the back — along its
perimeter the inscription «Promotes the ennobling of life

with discoveries in the field of arts» [1]. This inscription
was taken from the verse of the «Aeneid» by the Roman
poet Maron Virgil (70-19 BC). There is also depicted
nature in the image of a goddess descending from the
clouds and holding in her hand a «cornucopia. Its veil is
raised by a woman who embodies the «genius of
science».

For the first Nobel Laureate in physics for 1901,
Wilhelm Conrad Roentgen (1845-1923), the monetary
compensation was 150 thousand SEK. In 2005 this
amount was already 10 million SEK or about 1.3 million
USD [1].

Fig. 1. External view of the gold medal of the Nobel Prize in
physics (on the left — the front side of the coin, and on the right
— the reverse, the diameter of the medal is 65 mm and the weight
is 205 g) [1]

1. Creation of semiconductor heterostructures for
high-frequency engineering and optoelectronics. In
2000, the Nobel Prize in Physics was awarded the results
of important studies by the Russian Jaurés Alferov
(Fig. 2), the German Herbert Kromer (Fig. 3) and the
American Jack Kilby (Fig. 4).
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Fig. 2. Prominent Russian physicist, Academician of the
Academy of Sciences of the USSR and Russian Academy of
Sciences Jaurés Ivanovich Alferov, born in 1930,
Nobel Prize Laureate in physics for 2000

Fig. 3. Prominent German theoretical and experimental physicist
Herbert Kromer, born in 1928, Nobel Prize Laureate in physics
for 2000

Fig. 4. American physicist and engineer-inventor Jack Kleyr
Kilby, born in 1923, Nobel Prize Laureate in physics for 2000

The first two experimental physicists (the Russian
J.I. Alferov and the German H. Krdmer) of this high
premium were awarded «for the development of
physics of semiconductor heterostructures for high-
frequency engineering and optoelectronics», and the
third physicist (American engineer-inventor J.K.
Kilby) — «for the contribution to the discovery of the
integrated circuit» [1-4].

Nobel Laureates in physics J.I. Alferov and H.
Kromer became one of the founders of modern
information-based high-speed technology capable of
transmitting a large amount of information in a short
period of time. It was for this technique that they
discovered and created fast-acting opto- and
microelectronic  devices based on semiconductor
heterostructures [2-4]. These devices include high-speed
transistors, laser diodes for information transmission
systems in fiber-optic networks and powerful efficient
light-emitting diodes. It is common knowledge that most
semiconductor devices are based on the use of a p-n-
junction formed between the surfaces (parts) of the same
semiconductor with different types of its conductivity
(«electronic» or «hole»), created by introduction
(introduction) into them (these surface or part) of the
corresponding impurities (for example, phosphorus atoms
P or Boron B) [5, 6]. Recall that the transistor effect was
discovered in 1947 by American physicists John Bardin
(1908-1991), Walter Brattein (1902-1987) and William
Bradford Shockley (1910-1989), and the world's first
semiconductor devices-transistors with p-n-p junction
(crystalline germanium triodes-amplifiers with point
contact) were created in 1949 [4]. In 1956, the noted US
scientist-physicist «for researching semiconductors and
discovering the transistor effect» was awarded the Nobel
Prize in physics [1]. In addition, W.B. Shockley in 1949
predicted the possibility of implementing a semiconductor
diode with a p-n- junction and developed his theory, and
in 1951 he proposed using heterojunctions in transistors
[1]. The heterojunction in the semiconductor structure is
essentially a contact zone between two semiconductors of
different chemical composition with different widths of
their forbidden energy bands [4, 7]. The practical
realization of heterojunctions made it possible to create
electronic and optoelectronic devices of extremely small
sizes up to atomic scales. Attempts to create such highly
effective heterojunctions in the physics and technology of
semiconductors for many years remained unsuccessful.
To create an ideal heterojunction, physicists had to pick
up two different semiconductors with practically the same
atomic size as the elementary cells of their crystal lattices.
The first in the world to solve this problematic physico-
technical problem in the late 1960s was succeeded by our
native scientist — then Candidate of Physical and
Mathematical Sciences J.I. Alferov (his PhD. Thesis,
devoted to the acquisition of ultrapure germanium and
silicon crystals, he defended in 1961), who worked in the

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.2



world-famous  Leningrad Physicotechnical Institute
(LPhTI) named after A.F. Ioffe [4, 8]. Note that later from
1987 to 2003 Doctor of Physical and Mathematical
Sciences (he defended his Doctoral Thesis in 1970 in
LPhTI on the results of studies of heterojunctions in
semiconductors) J.I. Alferov, becoming in 1979
Academician of the Russian Academy of Sciences (in the
period 1990-2013 he was also Vice-President of the
Academy of Sciences of the USSR and the Russian
Academy of Sciences), was the Director of this Institute
[8, 9]. He and his colleagues at the LPhTI named after
A.F. loffe by 1970, based on gallium Ga and arsenic As,
created an effective heterojunction from semiconductors
with close periods of the crystal lattice — the GaAs type
and then, using aluminum Al, a triple semiconducting
compound with a heterojunction of the AlGaAs type [4].
The development of technology for obtaining
heterojunctions by epitaxial growth in vacuum of a
crystalline film of one semiconductor on the surface of
another has led to a further miniaturization of radio
electronic devices up to nanometric dimensions [4, 8]. It
was found that in a semiconductor active medium with
linear dimensions (thickness) from 50 pm to 1 mm, it was
possible to achieve very high optical light amplification
indices necessary for the creation of high-power laser
radiation in the field of quantum electronics. It should be
noted that quantum transitions between the energy levels
of a heterostructural semiconductor are used in
semiconductor lasers [8]. However, physicists for a long
time could not solve the very important problem
connected with the fact that semiconductor lasers worked
steadily only at low temperatures. Thus, the first
semiconductor lasers created on Ga gallium and arsenic
compounds As worked in the low-temperature range from
4 to 20 K [8]. Thanks to the development of J.I. Alferov
semiconductor lasers have reliably earned (since 1969)
and at room temperatures. Soviet scientists, physicists,
actively worked alongside J.I. Alferov understood that
under conditions of intense competition with Western
firms, the relevant domestic developments in the field of
semiconductor physics and technology had to be carried
out in extremely short terms. On the example of the
selfless labor of the outstanding modern scientist and
physicist J.I. Alferov is convinced that success in life and
science comes not just to a talented person, but to a
talented and hard-working person [2, 4, 9]. Unseen
prospects are now being opened to people thanks to new
ways of processing and transmitting information,
including optoelectronics. Microelectronics is replaced by
nanoelectronics. The above-mentioned Nobel Laureates
for 2000 [1] made their significant contribution to these
most important fields of physics.

We note out that in 1952 H. Kromer defended his
doctoral dissertation at the University of Gottingen on the
subject of studying the effect of «hot» electrons in
transistors [3]. In the 1950s he developed the theory of a

bipolar transistor made on the basis of heterostructures
and which could operate in a gigahertz frequency range.
In 1963 he was independent of the Soviet scientist-
physicist J.I. Alferov developed the physical foundations
for the construction of semiconductor lasers using double
heterostructures. These developments for many years
were ahead of the development of radio and quantum
electronics [3]. They found their practical application only
in the period of the 1970-1980s with the development of
atomic (molecular) epitaxy — oriented growth in a vacuum
of one crystal on the surface of another (substrate) in the
world [3, 10]. In the mid-1970s, H. Kromer, working as a
Professor at the University of California, Santa Barbara,
USA, studied molecular combinations of semiconductor
heterostructures on a silicon substrate, including Ga
gallium and phosphorus P, a compound of the form GaP,
using molecular epitaxy as weel as proposed by J.I
Alferov at the LPhTI named after A.F. loffe compound of
the form GaAs. Since 1985 H. Kromer has directed his
research interests to the study of other semiconductor
heterostructures, including indium In combinations with
arsenic As is a compound of the type InAs, Ga gallium
with antimony Sb, a compound of the form GaSb and
aluminum Al with antimony. Sb is a compound of the
AISD type [3, 8].

2. Creating an integrated circuit. First of all, it
should be noted that under the integrated circuit in low-
current electronics is meant a microminiature electronic
device whose elements are inseparably linked together
constructively, technologically and electrically [10].
Microelectronics, grown on integrated circuits, has
become the basis of many modern technologies.
Therefore, it is not without reason that 1/2 of the Nobel
Prize in physics for 2000 in the field of fundamental
works on information and communication technologies
was awarded by the Royal Swedish Academy of Sciences
to American physicist and inventor J. K. Kilby (Texas
Instruments, Dallas, USA) an integrated microcircuit.
And all this work began in 1958, when J.K. Kilby created
the first elementary integrated circuit on a germanium
crystal. In February 1959, he filed an application for an
integrated circuit to the United States Patent Office (a
patent was issued to him in 1964), in which the transistor
was manufactured with layer-by-layer p-n-p or n-p-n
junctions [1, 8]. The fundamental development of the
talented physicist and engineer-inventor J.K. Kilby
proved to be truly priceless for the rapid development of
modern information technologies in our entire world. At
present, microchips (microcircuits) produce a wide range
of electronic devices, ranging from watches to computers,
managing complex ground and space objects. According
to the apt statement of the member of the above-
mentioned Academy of Sciences G. Grimmais [8]:
«...Without the development of J.K. Kilby on integrated
circuits, it would be impossible to create personal
computers, and without the development of J.I. Alferov
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and H. Krémer on semiconductor heterostructures would
be impossible to quickly transmit huge information flows
through communication satellites.»

3. The discovery of Bose-Einstein condensation.
The discovery of a new state of matter in extreme
temperature conditions — the Bose-Einstein condensate
[11] — in 1995 by American and German experimental
physicists was another penetration of the inquisitive
human mind into the secrets of the microscopic world of
matter surrounding us. These pioneering scientists were
talented physicists — Americans Eric Allin Cornell
(Fig. 5), Carl Wieman (Fig. 6) and German Wolfgang
Ketterle (Fig. 7) [1].

Fig. 5. Prominent American experimental physicist Eric Allin
Cornell, born in 1961, Nobel Prize Laureate in physics for 2001

Fig. 6. Prominent American experimental physicist Carl
Wieman, born in 1951, Nobel Prize Laureate in physics for 2001

The material substance, first obtained
experimentally by working at various American research
institutions (E.A. Cornell at the National Institute of
Standards, K. Wieman at the University of Colorado, W.
Ketterle at the Massachusetts Institute of Technology),
these physicists as a result of the so-called condensation
Bose-Einstein at ultralow temperatures (about 20-10° K),
in nature itself does not exist [12-15]. The possibility of
the existence of matter in such a new physical state was
predicted in the 1920s by the outstanding theoretical
physicists from India Shatendranat Bose (1894-1974) and

Germany Albert Einstein (1879-1955) [1, 16]. In June
1995 E.A. Cornell and C. Wieman experimentally
obtained a small «speck» of Bose-Einstein substance,
consisting of 2000 supercooled atoms of the alkaline
rubidium element Rb.

Fig. 7. Prominent German experimental physicist Wolfgang
Ketterle, born in 1957, Nobel Prize Laureate in physics for 2001

To obtain the Bose-Einstein condensation in the
gas of this metal, for which it is characteristic that at
practically low final temperature practically all the
atoms (molecules) entering it make up one energy level
corresponding to their zero momentum (the amount of
motion) The experimenters «captured» the atoms of the
alkaline chemical element rubidium Rb with «magnetic
traps,» and then by their (atoms) super-deep cooling (to
temperatures of the order of 107 K) the «web» of laser
beams slowed down their motion [15]. We note that in
the «magnetic traps» they used, the interaction of these
atoms with the walls of a low-temperature vessel was
excluded (the magnetic field of a parabolic
configuration played the role of the wall of such a
vessel). Using further the technique of physical
experiment, similar to the wusual evaporation
(«evaporative cooling method»), these physicists got
rid of the most «hot» (fast) atoms and worked with
these atoms in a state close to absolute zero
temperature (at temperatures of the order of 10™ K)
[11, 15]. As a result of such hyperfine optical
manipulations (nothing else could be introduced into
the working volume of the condensed gas — otherwise,
a unique condensed medium «died» [17]) at an atomic
level at a fantastically low temperature (about 2:10™ K)
succeeded to obtain a Bose-Einstein condensation of a
rarefied gas with rubidium atoms Rb [15, 17]. In 1995,
several months later, W. Ketterle succeeded not only in
replicating the scientific results of E.A. Cornell and C.
Wieman, but also obtained by using in such low-
temperature experiments another alkaline element from
the periodic system of chemical elements by D.I.
Mendeleev sodium Na significantly larger amount of
Bose-Einstein condensate (up to 10° supercooled atoms
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of this element) [17]. In addition, in 1997 W. Ketterle,
in studying this unique Bose-Einstein condensate of a
rarefied gas of alkali metal (with a density of the order
of 10?' m™), showed that the behavior of sodium Na
atoms in such a condensate is completely consistent
and in it a cluster of these atoms Fluctuates in unison
and coherently. He managed to form a kind of laser
«atomic ray» consisting of light particles (photons)
rather than light quasiparticles (photons) from the new
aggregate state of matter [15]. Professor of Physics
Daniel Kleppner on the discovery of Bose-Einstein
condensation said the following noteworthy words
[15]: «... Demonstration of the fact that atoms can exist
in a kind of quantum-mechanical unison state will have
a significant impact on many sections of physical
knowledge. The picture of the fusion of atomic waves
and the realization, so to speak, of an atomic laser,
amazed the scientific imagination of many physicistsy.
Scientists-physicists actually took 70 years to
experimentally confirm the Bose-Einstein condensate
theory proposed in 1924-1925 [14]. Where can this
applied new discovery of outstanding physicists find
application? First of all, when creating super-precision
atomic clocks, ultraminiature electronic circuits and
quantum computers with unimaginable speed [15, 17].
In 2001 E.A. Cornell, C. Wieman and W. Ketterle «for
the experimental observation of Bose-Einstein
condensation in rarefied gases of alkali metal atoms
and for the first fundamental studies of the properties
of such condensates» were awarded the Nobel Prize in
physics [1]. About this important event in the world of
science Academician of the Russian Academy of
Sciences Yu.M. Kagan (Research Center «Kurchatov
Institute», RF) said [17]: «... the Nobel Prize in physics
for 2001 marked outstanding work, which is destined to
play a significant role in modern science».

4. Detection of cosmic neutrinos. In 2002, the
American physicist-chemist Raymond Davis Jr. (Fig. 8)
and the Japanese experimental physicist Masatosi Kosiba
(Fig. 9) «for the creation of neutrino astronomy» and the
Italian experimental physicist Riccardo Giacconi (Fig. 10)
«for the discovery of cosmic X-ray sources» became the
next Nobel Prize Laureates [18]. After defending in 1942
at the Yale University of the USA a doctoral dissertation
on the subject from the field of physical chemistry and
service in the US Army associated with the testing of
chemical weapons, R. Davis Jr. was at the Brookhaven
National Laboratory dealing with the peaceful use of
atomic energy [19]. Here he decided to take up the
physics of neutrinos, one of the nine absolutely stable
particles [1, 20].

Fig. 8. Prominent American physicist-chemist Raymond Davis
Jr. (1914-2006), Nobel Prize Laureate in physics for 2002

Fig. 9. Prominent Japanese experimental physicist
Masatosi Kosiba, born in 1926,
Nobel Prize Laureate in physics for 2002

Fig. 10. Prominent Italian hysicist-astronomer
Riccardo Giacconi, born in 1931, Nobel Prize Laureate in
physics for 2002

Note that in the late 1940s neutrinos existed only in
the form of a theoretical postulate. Experimental results in
the physics of elementary particles on this subject in the
world were not yet. In his first nuclear experiments,
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R. Davis Jr. decided to implement the idea of 1946 by the
Italian theoretical physicist Bruno Pontecorvo (1913-
1993) who later became a famous Soviet physicist in the
field of nuclear physics (Academician of the Academy of
Sciences of the USSR since 1964 and the Russian
Academy of Sciences since 1991) [1]. This idea consisted
in recording neutrinos emerging in the core of nuclear
reactors using a nuclear reaction of the following form [1,
19]: 17 Cl + v,—5° Ar + ¢ . This reaction, involving the
capture of the electron neutrino v, by the chlorine isotope,
should lead to the formation of an isotope of argon and an
electron e . In 1955, as a chlorine-containing medium
trapping the neutrino v., he used a container with a
volume much more than 3.78 m’ filled with carbon
tetrachloride and located near the nuclear power reactor at
the US object in the Savannah River Site area [19].
However, in these neutrino v, detection schemes, the final
result for scientists turned out to be negative for the
reason that antineutrinos v, appeared in the nuclear
reactors used, and experimental setup of R. Davis Jr. was
sensitive only to the neutrino v,. However, the purposeful
R. Davis-Jr. in the 1960s decided to use his experimental
method for detecting and measuring solar (cosmic)
neutrinos v, in the radiation flux from the Sun. To this
end, an installation with a chlorine-containing liquid
(perchlorethylene) was already installed at a depth of
1400 m in the deep mine of Homestake, located near the
city of Lid (South Dakota, South Dakota, USA) with a
volume of 378 m’ [19]. In 1970, using this unique
experimental setup and the chlorine-argon method of
detecting elementary particles, R. Davis-Jr. was able for
the first time in the world register solar neutrinos v,.
Moreover, he experimentally showed that the velocity of
a nuclear reaction of the form ;;°'Cl + v,—,¢>’Ar + ¢ is
2.1 £ 0.3 of solar neutrino units (this was equivalent to the
flow in a chlorine-containing capacity of the specified
volume of one nuclear interaction in 1 s per 10°® atoms of
the nuclear target) [1]. The probability of such a nuclear
act of interaction was negligible. R. Davis Jr. was able to
convince the world scientific community of the real
existence in the microcosm of the matter of events
occurring at a frequency of several tens of times a month.
Therefore R. Davis Jr. is rightfully considered one of the
founders of neutrino astrophysics.

In 1955, M. Kosiba, who graduated from the
University of Tokyo in 1951, defended his doctoral
dissertation at the University of Rochester, on a topic
devoted to ultrahigh-energy phenomena in cosmic rays
[21]. In the 1970s, these scientific studies and interests in
the field of high-energy physics led M. Kosiba to an
attempt to deepen our knowledge of such representatives
of the microworld of matter as muons and neutrinos [20].
He designed the «Kamiokande» elementary particle
detector, originally designed to register in the frame of the
German-Japanese project JADE decay products on the
nuclear target of accelerated protons, was used to detect

cosmic neutrinos v, [21] in the DESY proton accelerator
(Hamburg, Germany). In the process of an explosion in
the space of the supernova 1987A, he succeeded in
registering 12 pieces on the indicated detector. Cosmic
neutrinos v,, and nine of which he recorded in the first
two seconds of this grand cosmic phenomenon. These
experimental results were the first direct experimental
data confirming the theories of processes developed
earlier by astrophysicists that occur during the collapse of
the stars of our Universe. In particular, the theory of
«neutrino cooling» of these «living» billions of years and
sometime «dying» unique cosmic objects unique in size
and internal processes [22] regularly observed by us on
the night sky.

5. Discovery of cosmic X-ray sources. To begin
with, we point out that in 1960 astronomers learned to
obtain the image of the Sun in the X-ray range for the
first time. In 1962, a group of US scientists, including
the future Nobel Laureate R. Giacconi, with the help of
installed on a neglected and existed in the near-Earth
space about 6 minutes rocket the Geiger counter [1,
20], it was possible to open the first X-ray source
outside the solar system (star X-1 in the constellation
of Scorpio) [23].

Inspired by this success, R. Giacconi initiated the
development and creation of the satellite «<tUHURU» (this
name in translation from the African language «swahili»
means «FREEDOM» [10, 23]) for X-ray astronomy
launched into near-earth orbit in 1970. This US satellite
Turned out to be the most technically advanced
astronomical device in the world in the 1970s [23]. It was
with his help that astronomical scientists succeeded in
discovering in space more than 400 new astronomical
objects, including the first «X-ray pulsars» and «black
holes» [24]. A new success of R. Giacconi was the launch
in 1978 of the orbital X-ray observatory «EINSTEIN»
created under his scientific guidance in the USA (it was
named after the outstanding German-American theoretical
physicist Albert Einstein [1, 16]). The sensitivity of the
X-ray equipment of this observatory was so high that it
made it possible to detect objects in outer space with
luminosity millions of times weaker than from the above-
mentioned X-1 star. In 1990, under the scientific
leadership of R. Giacconi, the world's largest space
telescope «tHUBBLE» named after the famous American
astronomer Edwin Powell Hubble (1889-1953), was
created and put into orbit around Earth [24]. After the
elimination in 1993 by American astronauts of mistakes
made during its assembly in the terrestrial conditions and
the defects caused by them in its work on the unique
images received with its help and transmitted to Earth,
humanity was faced with a completely new, magnificent
in clarity and resolution majestic picture of ours Universe
[23]. In 1999, again under the inspirational creative start
of R. Giacconi, a new space X-ray observatory,
«CHANDRAY, was built in the USA, which was named
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after the famous American astrophysicist and Nobel Prize
Laureate in physics for 1983 («for studying the structure
and evolution of stars») S. Chandrasekhar (1910-1995)
[1, 23]. For several years of work in the near-earth orbit,
its unique equipment has made it possible to detect
supermassive «black holes» in the nuclei of a number of
galaxies and x-ray «pulsars» as well as to obtain unique
images of many stars, nebulae and other heavenly objects
In X-rays that are invisible to the human eye [23]. The
scientific contribution of astronomer R. Giacconi to
astrophysics and the invention of original X-ray
telescopes that led to the discovery of sources of intense
cosmic X-rays and the creation of a new section in
astronomical science — X-ray astronomy, and was
appreciated in 2002 by members of the Nobel Committee
of the Swedish Royal Academy of Sciences [25].

6. Creation of the theory of superconductors
and superfluid liquids. In 2003, the Nobel Prize in
physics was awarded to three outstanding theoretical
physicists «for the pioneer contribution to the theory of
superconductors and superfluid liquids» [25, 26]. The
laureates of this prestigious award were [1]: Russian-
American Alexej Alexeevich Abrikosov (Fig. 11),
Russian Vitaly Lazarevich Ginzburg (Fig. 12) and
British-American Anthony James Leggett (Fig. 13).
A.A. Abrikosov, working at the Institute of Physical
Problems of the Academy of Sciences of the USSR
(Moscow), in 1955 defended his Doctoral dissertation
in the field of high-energy quantum electrodynamics
[26]. Further, he directed his creative efforts to unravel
the secrets of the superconductivity of matter. By that
time, the three outstanding American theoretical
physicists John Bardin (1908-1991), Leon Cooper
(born in 1930), and John Schrieffer (born in 1931) had
already created a microscopic theory of material
superconductivity (the BCS theory) awarded in 1972
with the Nobel Prize in physics [1, 27]. This theory for
the superconductivity of pure metals (superconductors
of the first kind [26], based on the idea of «Cooper
electronic pairs») was not able to substantiate the
physical mechanisms of the appearance of this
phenomenon in alloys (superconductors of the second
type [26]) having practical application and preserving
superconducting properties under the action of strong
magnetic fields on them with magnetic flux density of
1 T and more (for a magnetic field strength of 10 kOe
and higher) [26-29]. A.A. Abrikosov was able to
explain the properties of superconductors of the second
kind [26].

Developing the theoretical approaches presented in
1950 by well-known Soviet physicists in the
phenomenological ~ theory  of  Ginzburg-Landau
superconductivity, in 1952 he used the regular lattice of
magnetic lines to explain this phenomenon in
superconductors of the second kind («the Abrikosov
vortex lattice») surrounded by circular microcurrents [30].

He put forward a new idea of the existence in
hyperconductors of hyperfine regions of the normal phase
[1, 26, 27].

Fig 11. Prominent Russian-Americal theoretical physicist,
Academician of the Academy of Sciences of the USSR and
Russian Academy of Sciences Alexej Alexeevich Abrikosov,
born in 1928, Nobel Prize Laureate in physics for 2003

Fig. 12. Prominent Russian theoretical physicist, Academician
of the Academy of Sciences of the USSR and Russian Academy
of Sciences Vitaly Lazarevich Ginzburg (1916-2009), Nobel
Prize Laureate in physics for 2003

Fig 13. Prominent British-American theoretical physicist
Anthony James Leggett, born in 1938 1, Nobel Prize Laureate
in physics for 2003
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In 1957, A.A. Abrikosov, refining his scientific
constructs in the field under consideration, developed a
theory according to which in normal type II
superconductors there are simultaneously normal and
superconducting phases [1, 27]. He carried out a detailed
calculation of the structure of such a «mixed» state in
superconductors of the second kind, which showed that
the normal phase in them arises in the form of thin
filaments («Abrikosov vortices»). These filaments, having
a thickness comparable to the penetration depth Ay of the
magnetic field in a superconductor of this kind (as a rule,
Ay=10 nm [27]) permeate the entire volume of the
material of the superconductor. Moreover, as the strength
of the external magnetic field increases, the concentration
of these filaments increases in it [31]. The zone of normal
regions also grows accordingly. At a critical level of
magnetic field strength, a material of type II
superconductor loses its superconducting properties. In
1960, A.A. Abrikosov together with the future
Academician of the Academy of Sciences of the USSR
(since 1987) and Russian Academy of Sciences (since
1991) L.P. Gorkov created a theory with respect to
superconductors containing magnetic impurities in their
composition, and also predicted a new phenomenon of
gapless superconductivity [1, 27].

V.L. Ginzburg, working since 1940 at the theoretical
Department of the Institute of Physics named after P.N.
Lebedev of the Academy of Sciences of the USSR
(PhIAN), in 1942 (in difficult years for citizens and
scientists of the Soviet state and the military evacuation
period of the PhIAN in Kazan) defended his Doctoral
dissertation on the theory of microparticles with higher
spins [32]. He repeatedly asked the relevant military
authorities to go to the front as a volunteer, but his
requests were not satisfied (apparently, he was destined to
fulfill in life something different and no less important).
Since 1943, he switched at the PhIAN on topics related to
the nature of the phenomenon of superconductivity of
matter, which at that time had no physical explanation. In
1950, V.L. Ginzburg, together with the future Nobel Prize
winner in physics in 1962 («for pioneering research in
the theory of the condensed state of matter, especially
liquid helium» [1]), Academician of the Academy of
Sciences of the USSR Lev Davidovich Landau, developed
a theory of superconductivity («Ginzburg-Landau
theory») [32]. This theoretical development is considered
the most significant scientific contribution of V.L.
Ginzburg in the physical nature of the phenomenon of
superconductivity. In 1958, V.L. Ginzburg, together with
the future Academician of the Academy of Sciences of
the USSR (since 1990) and Russian Academy of Sciences
(since  1991) L.P.  Pitaevsky developed a
phenomenological theory of superfluidity of matter (the
«Ginzburg-Pitaevsky theory») [1, 32]. Investigations in
the physics of superfluid liquids allow humanity to
penetrate deeper into the complex and often unknown

processes occurring in matter at ultralow temperatures in
the lowest and orderly energy state of its atoms.

In 1964, A.J. Leggett defended his doctoral
dissertation in the field of condensed matter physics
related to high-temperature superconductivity and
superfluidity of matter at the University of Oxford
(Oxford, England) and from 1983 worked as a professor
of theoretical physics at the University of Illinois, Illinois,
USA. We point out that A.J. Leggett developed a theory
of superfluidity of the light helium isotope ,’He at
ultralow temperatures [1]. He carried out deep theoretical
studies of macroscopic quantum coherence and processes
of scattering of matter waves in a number of quantum
systems important for practice. He initiated theoretical
studies of macroscopic dissipative systems and the
application of special condensed systems to test the basic
assumptions of quantum mechanics (in particular, the
possibility of extending the quantum formalism to the
macroscopic level) [1].

7. Discovery of asymptotic freedom in the theory
of strong interactions of elementary particles. The
Nobel Prize in hysics for 2004 was awarded to three
American theoretical physicists «for the discovery of
asymptotic freedom in the theory of strong interactionsy
[33]: David Jonathan Gross (Fig. 14), Hugh David
Politzer (Fig. 15) and Frank Antony Wilczek (Fig. 16). In
1966, D.J. Gross defended his Doctoral Thesis in physics
at the University of California (Berkeley, USA) [33, 34].

Fig. 14. Prominent American theoretical physicist David
Jonathan Gross, born in 1941, Nobel Prize Laureate in physics
for 2004

D.J. Gross in 1973 together with his PhD student
F.A. Wilczek discovered «asymptotic freedomy,
according to which a strong interaction between quarks
weakens with a decrease in the distance between them
[34, 35]. Note that under «guarks» in the physics of
elementary particles we mean hypothetical particles (they
are not directly fixed in the world by a direct experimental
method) with a fractional electric charge (1/3 and 2/3 of
the elementary negative electron charge e =1.602:10"° C
[20]) [10]. According to one of the proposed hypotheses,
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it is believed that, probably, from quarks elementary
particles (hadrons) consist which participate in the
microworld in strong interactions.

Fig. 15. Prominent American theoretical physicist Hugh David
Politzer, born in 1949, Nobel Prize Laureate in physics for 2004

Fig. 16. Prominent Américan theoretical physicist Frank
Anthony Wilczek, born in 1951, Nobel Prize Laureate in physics
for 2004

According to theoretical data by D.J. Gross and F.A.
Wilczek obtained by them at Princeton University
(Princeton, USA), in the case of a very close arrangement
of quarks, they should behave like free particles. This is
precisely the phenomenon of «asymptotic freedom»
discovered by theoretical physicists for the considered
elementary particles of a new type [1]. Similar results
were obtained in 1973 in theoretical studies of the
interaction of quarks, and by H.D. Politzer who worked at
Harvard University in the USA [36].

Further developments in the physics of elementary
particles and high-energy physics have shown that the
phenomenon of «asymptotic freedom», discovered by
American theoretical physicists, played a key role in the
development of quantum chromodynamics, which deals
with the theoretical aspects of strong interactions of
representatives of the microworld [36].
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INVESTIGATION OF INFLUENCE OF SEPARATOR MAGNETIC SYSTEM
CONFIGURATION WITH PERMANENT MAGNETS ON MAGNETIC FIELD
DISTRIBUTION IN WORKING AREA

Purpose. To carry out research the influence of magnetic system configuration (shape and size of the permanent magnets) on
magnetic field spatial distribution in working area of new structure design magnetic separator with active front surface by
numerical methods. Methodology. We have applied the magnetic field numerical simulation for permanent magnets system in
absence of electrical current in magnetostatic approximation. We have solved the problem by using finite element method.
Research of permanent magnets cross-sectional shape influence made in the two-dimensional formulation using software
package Elcut. Research of magnetic field induction spatial (three-dimensional) distribution in new construction magnetic
separator working area is conducted using software package COMSOL Multiphysics 3.5a. Results. Magnetic flux density
maximum in the immediate vicinity of permanent magnet surface provide magnets with spherical and trapezoidal cross-sectional
shape. At a distance from pole surface, where the separation process working, magnetic field density produced by trapezoidal and
spherical cross section magnets, substantially lower in comparison with rectangular magnets. Rectangular and rectangular with
beveled corners cross-section shape magnets create approximately same magnetic field intensity not significantly different in
weight. Analysis of the spatial distribution of magnetic field induction in the working area of a new construction magnetic
separator has shown that a strong magnetic field with high magnetic flux density gradient value is formed in the interpolar
working volume. Originality. For the first time research of magnetic flux density distribution in working area of new construction
magnetic separator is conducted. Developed device feature is complex spatial distribution of magnetic field. Practical value.
Results of research can be used for selection of rational parameters of separator magnetic system. Received results also can be
used for determination of separator force characteristics. References 11, figures 8.

Key words: magnetic separator, permanent magnet, magnetic field, finite element method.

B pabome nposeedeno uccnedosanue enuanua KOHQuzypauuu mazHumnoil cucmemovl (opmol u pazmepos NOCMOAHHBIX
MAZHUMOE) HA NPOCHMPAHCMEEHHOE PAChpedesieHie UHOYKYUU MAZHUMHO20 RO 8 pafouell 30He MAZHUMHO20 Cenapamopa
H06020 KOHCMPYKmMUH020 ucnonnenus. Ilocmaesnennsle 3a0auu peuwiensl ¢ UCHONb306AHUEM YUCTEHHOZ0 MEMOO0A KOHEUHbIX
anemenmos. Ilokazano, umo Konbuesble NOCMOAHHBIE MAZHUMDBL C RPAMOY20JIbHOU (OPMOIL nONEpeuHozo cevenus
obecneuusaiom naubonee GvlCOKUE NOKA3AMENU MAZHUMHOU UHOYKUUU 8 PAOOHUX B030YWIHBIX 3A30pAX HA mpedyemvlx
paccmoanuax om noeepxnocmu maznumos. B pesynemame ananuza npocmpancmeennozo pacnpedenenus UHOYKYUu
MAZHUMHO20 NONA YCHAHOGIEHO, YMO 68 MENCHOIIOCHOM PAdouem 00veme cenapamopa oopasyemcsa 00Cmamo4Ho URMeHCUgHOe
MAZHUMHOE NoJle C 8bICOKUM 3HAYeHuem zpaduenma undykyuu. Ommeuena yenecoofpazHoCmy UCNONBb308AHUA PE3YTbMAMO8
uccne008anusn 015 6blO0pa payuoHAILHBIX KOHCHPYKMUGHBIX RAPAMEMPOE MAZHUMHONU CUCHEMbl U ORPeOeieHUs CUI0BbIX
xapakmepucmuk cenapamopa. butn. 11, puc. 8.

Kniouesvie cnoéa: MarHUTHBIN cenapaTop, NOCTOSTHHBIIE MATHUT, MATHUTHOE 110J1€, METO/I KOHEYHBIX 3JIEMEHTOB.

Introduction. In recent years, high-coercive rare-
earth permanent magnets (PM) based on NdFeB
(neodymium-iron-boron)  are  widely used in
electromechanical devices for technological purposes
(separators, feeders). At a relatively low cost, they have a
high residual magnetic flux density B, (up to B, = 1.44 T);
Characterized by temperature stability at temperatures up
to 150 °C; have a small volume per unit of energy; are
resistant to the influence of demagnetizing fields [1, 2].

The variety of shapes, structural layouts and
directions of PM magnetization allows creating new
magnetic systems of electromechanical devices with the
necessary topology of the magnetic field in working gaps.
Electromechanical devices with PM can not only
successfully compete with their electromagnetic
counterparts, but also have extended functionality.

Analysis of literary data and problem definition.
Analysis of the distribution of the magnetic field is an
important stage in the design of separation devices based
on PM. The nature of the distribution of the magnetic
field in the working gaps of such devices depends
essentially on the configuration of the magnetic system,
which should be optimized for the mass of the PM.

In high-performance magnetic separators, as shown
in [3, 4], mainly magnets of cylindrical or annular shape

are used. In [3], a mathematical model is proposed for the
distribution of the scalar magnetic potential created in the
surrounding space by a cylindrical or circular PM. This
model is based on the representation of a PM in the form
of an equivalent solenoid, contains in explicit form PM
parameters and can be used to analyze the external field
of magnets in a homogeneous medium.

In [5] experimental studies of the magnetic field
induction distribution in the simplest case — for single and
paired magnetic elements in various modules of magnetic
separators were performed. The possibility and practical
expediency of using the superposition principle to
establish the resulting induction characteristic of the field
between opposing magnetic elements is shown to replace
the actual simulation with the calculated one.

The results of experimental studies of the
distribution of magnetic forces in the working zones of
cylindrical magnetic systems of drum separators are
presented in [6]. The influence of the main operating
parameters on the performance of a high-gradient
separator with a PM was investigated in [7].

Much of the publication is devoted to the use of
computer simulation to study magnetic fields created by
PM in the working gaps of magnetic separators.
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In [8] the results of calculation and introduction of
the drum separator on the PM are presented. To solve the
problem of choosing the optimal parameters of the
magnetic system, a finite element modeling package for
partial differential equations FEMLAB was used. In this
case, a plane-parallel analogy was considered, which,
taking into account the length of the separator,
sufficiently well reflects the real spatial picture of the
field distribution.

A new design of a magnetic separator with
transversely magnetized disk permanent magnets was
proposed in [9]. Calculation of the magnetic field is
performed using the finite element method. It is shown
that the largest values of the force factor (about T*/m) are
reached in regions with the highest magnetic field density.

As the analysis of publications [3-9] has shown, the
calculation of the magnetic field in the working interpolar
gaps of magnetic separators is a rather complex task,
which for most configurations of magnetic systems has
not been solved analytically until now, and the
experimental methods are rather laborious. When
developing new designs of magnetic separators to obtain
information on the distribution of magnetic field
induction in working gaps, it is expedient to use
numerical calculations with the use of appropriate
computer programs.

The goal of the work is to investigate the influence
of the configuration of the magnetic system (shape and
dimensions of the PM) on the spatial distribution of the
magnetic flux density in the working area of the magnetic
separator of a new design.

Material and results of investigations.
Investigation of the influence of the configuration of the
magnetic system on the topology of the magnetic field
was carried out for a new design of a disk separator [10,
11] proposed by the authors of the paper. The disk
separator is designed to extract ferromagnetic inclusions
from granular media conveyed by belt conveyors. In the
operating mode, the device is installed above the surface
of the bulk material. The magnetic system of the separator
includes annular magnets arranged along the Archimedes
spiral at equal distances from each other with alternating
polarity of the poles in the radial direction and in the
direction of the spiral deployment. In this case, the same
distance is also maintained between adjacent coils of the
spiral forming its pitch. With this configuration of the
magnetic system, conditions are created for self-cleaning
of the working surface of the disk from the extracted
ferromagnetic inclusions, which greatly simplifies the
process of unloading them without stopping the
separation process.

Fig. 1 shows a fragment of a spiral magnetic disk
separator system containing four annular magnets,
indicating the main design parameters: 0 — air gap;
a — transverse dimension (width) of the magnet; b —
distance between adjacent coils of the spiral; # — thickness
of the magnets (assumed to be unchanged, equal to
t=12.5 mm).

The magnetic field in the system with PM in the
absence of an electric current is described by a system of
Maxwell equations, which in the magnetostatic approach
has the form [10]:

VxH=0,

V-B=0, (M
where H is the vector of the magnetic field strength; B —
is the vector of the magnetic flux density.

Equation of state for permanent magnets:

B=pop H+B,, (2)
where g, B, are the relative value of the magnetic
permeability and the residual magnetic flux density of the
PM, respectively; 1, = 47107 H/m is the magnetic
constant.

Equation of state for ferromagnetic materials and
surrounding medium (air):

B=pou,H, 3)
where 4, is the relative value of the magnetic permeability
for the ferromagnetic material and air (g = 1),
respectively.

0
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Fig. 1. A fragment of the separator magnetic system indicating
main dimensions

At the first stage, the effect of the shape of the cross
section of the PM on the distribution of the induction of
the magnetic field in the air gap was investigated. The
task was to determine the shape of the PM cross section,
at which the mass of the magnetic system is minimal, and
the induction created in the air gap is maximum. Four
shapes of the cross section of the poles were considered
(the width of the magnets a was assumed to be
a = 67.5 mm): rectangular (Fig. 2,a); rectangular with
oblique angles (Fig. 2,b); trapezoidal (Fig. 2,c); spherical
(Fig. 2,d).

Yi & ri

| i P )t
a b

- Yi Yi

L 7] | L 0 |

Fig. 2. The investigated shapes of the cross-section of poles:
a — rectangular; b — rectangular with oblique angles;
¢ — trapezoidal; d — spherical

The solution of the problem defined for investigating
the effect of the shape of the cross section of a PM is
performed by the numerical finite element method in two-
dimensional formulation using the Elcut software
package. The following characteristics of the high-
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coercive magneto-hard material of the NdFeB type were
set: the relative magnetic permeability . = 1.06; residual
magnetic flux density of magnets B, = 1.2 T (vertical
component directed along the Y axis, see Fig. 2), coercive
force H. > 995 kA/m. As the boundary conditions at the
outer boundaries of the computational domain, the
condition of magnetic isolation was used. In Fig. 3, as an
example, a geometric model is shown (Fig. 3,a) with a
mesh of finite elements applied to it and a simulation
result in the form of a field pattern (Fig. 3,b) for a PM
with a rectangular cross-sectional shape.

Fig. 3. Modeling of PM with rectangular cross-sectional shape:
a — geometrical model; b — results of modeling

Determination of the magnetic flux density module B;
(i =1, .., 4, where 1 corresponds to a rectangular,
2 — rectangular with oblique angles, 3 — trapezoidal and
4 — spherical shape of the cross section PM, respectively)
was carried out along the Y axis (see Fig. 2) at distances
from the surface of the magnets from 0 to 100 mm in
increments of 5 mm. Fig. 4 shows the data of the ratio of
the values of the magnetic flux density modules B; at
selected points for all four forms of the cross sections of
the poles to the corresponding values of the magnetic flux
density module B; for PM with a rectangular cross-
sectional shape.
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Fig. 4. Comparison of the ratios of the magnetic flux density

modules B;/B; for PM with different cross-sectional shapes:
1 — rectangular; 2 — rectangular with oblique

angles; 3 — trapezoidal; 4 — spherical

¥ mm

As can be seen from Fig. 4, at small distances from
the surface of the PM (0 < Y < 15 mm), the maximum
values of the magnetic induction are provided by

spherical (curve 4 in Fig. 4) and trapezoidal (curve 3 in
Fig. 4) PM. They also gain considerably in weight in
comparison with magnets of rectangular cross section (for
the same length of magnets): the calculated mass of a
spherical magnet is 32%, and the trapezoidal magnet is
19% less than the calculated mass of a PM with a
rectangular cross-sectional shape.

However, at large distances (¥ > 20 mm), where the
separation process usually occurs, the intensity of the
magnetic field, produced by the magnets of the spherical
and trapezoidal sections, decreases significantly. In this
case, the magnets with a rectangular (curve 1 in Fig. 4)
and rectangular with oblique angles (curve 2 in Fig. 4)
form nearly uniform magnetic field intensity, not
significantly different in mass (no more than 5%).

In view of the foregoing, further studies should
recommend the use of circular PM with a rectangular
cross-sectional shape. They provide the highest indices of
magnetic induction in working air gaps at the required
distances. In addition, magnets of this form are widely
represented in the catalogs of companies engaged in the
sale of PM.

At the second stage, in order to substantiate the basic
geometric dimensions of the magnetic system of a given
configuration, the magnetic field distribution for two
three-dimensional models of the magnetic system was
calculated (Fig. 5) with the same calculated PM masses
(16.28 kg): model 1 (Fig. 5,a) : 6=25 mm, a = 67.5 mm,
b = 51.7 mm; model 2 (Fig. 5, b): 6 = 50 mm,
a =255 mm, b = 19.0 mm. Fig. 5 also shows the
characteristic points at which measurements were taken
(model 1 has 39, and model 2 has 119 characteristic
points, respectively).

Fig. 5. Magnetic systems with indication of characteristic points:
a —model 1; b —model 2

The study of the regularities of the spatial
distribution of the magnetic flux density in the working
area of a new-design magnetic separator is performed by

the finite element method wusing the COMSOL
Multiphysics 3.5a application package.
A three-dimensional geometric model 1 of a

magnetic system with a mesh of finite elements applied to
it is shown in Fig. 6,a. For a ferromagnetic disk on which
a PM is installed, it is assumed that the relative magnetic
permeability . of the disk material is constant
(& = 1000). The geometric dimensions of the disk
(diameter — 700 mm, thickness — 15 mm) are selected,
based on the dimensions of the conveyor systems most
often used in practice. Fig. 6, is a fragment of the pattern
of the distribution of magnetic flux density lines in the
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gap between the annular poles of the PM. Fig. 6,b shows
that the lines of force thicken in the vicinity of the gaps
and somewhat rarefy within the magnets.

Fig. 6. 3D modeling of the magnetic system:
a — geometrical model; b — results of modeling

Some results of modeling, in particular change of the
magnetic flux density module B along lines a — a’ and
b — b' (shown in Fig. 7) for the model 1 at Z =0 mm are
shown in Fig. 8.

Fig. 7. Lines along which measurement of the magnetic flux
density module B is carried out
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Fig. 8. Distribution of the magnetic flux density on the interface
between media «PM — air gap»:
a — in radial direction (along line a — a);
b — in the direction of unfolding the spiral (along line b — b’)

As can be seen from Fig. 8,a very large difference is
observed between the maximum (Bp.) and minimum
(Bmin) values of the magnetic flux density at the surface of
the magnets at Z = 0 mm, both in the radial direction
(Fig. 8,a) and in the direction of the spiral (Fig. 8,b). The
maximum value of the magnetic flux density B is at the
points lying on the interface between media «PM — air
gap», and the minimum — at points located in the middle
of the magnet and air gap, respectively. On the magnet
surfaces (at Z = 0 mm), there is a sufficiently strong
magnetic field: B, = 0.76 T (for model 1) and
Binax = 0.80 T (for model 2) — at the boundary PM — air
gap; Buax = 0.31 T (for model 1) and B, = 0.55 T (for
model 2) — in the middle of the magnet pole. The greatest

difference AB between the maximum B,  and the
minimum B,,;, values of the magnetic flux density is also
observed at Z = 0 mm at the boundary PM — air gap and
is: 0.34 T for model 1 and 0.47 T for model 2.

Thus, using computer modeling, the influence of the
configuration of the magnetic system (cross-sectional
shape and PM dimensions) on the spatial distribution of
the magnetic flux density in the working area of the
magnetic separator on the PM has been carried out.

Conclusions.

Investigation of the influence of the shape of the
cross-section of the PM on the distribution of the
magnetic flux density in the air gap of the device made it
possible to establish the following regularities:

—at small distances from the surface of the PM
(0 £ Y <15 mm), the maximum values of magnetic flux
density are provided by a PM with a spherical and
trapezoidal cross-sectional shape with a much lower
calculated mass of the PM in comparison with the PM of
a rectangular section;

—at relatively large distances from the surface of the
poles of the PM (Y > 20 mm), where the separation
process takes place, the intensity of the magnetic field
produced by the magnets of the spherical and trapezoidal
sections is significantly lower than for magnets with a
rectangular and rectangular cross-sectional shape. In this
case, magnets with rectangular and rectangular cross-
sectional shapes with cross-sectional shapes create
approximately equal intensity fields, differing in mass by
no more than 5%.

An analysis of the spatial distribution of the
magnetic flux density in the working area of the magnetic
separator of the new design showed that a strong
magnetic field (Bpax = 0.76 ... 0.8 T) with a high gradient
of magnetic flux density is formed in the interpolar
working volume. The highest degree of field
inhomogeneity takes place at the media interface
«PM — air gap».

The obtained results can be used to select rational
design parameters of the magnetic system and determine
the power characteristics of the separator.
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A TECHNIQUE OF EXPERIMENTAL INVESTIGATIONS OF LINEAR IMPULSE
ELECTROMECHANICAL CONVERTERS

Purpose. Development of a technique of experimental studies linear pulse electromechanical converters parameters, which are
used as shock-power devices and electromechanical accelerators, and comparing the experimental results with the calculated
indices obtained using the mathematical model. Methodology. Method of experimental investigations of linear electromechanical
converter is that the electrical parameters are recorded simultaneously (inductor winding current) and mechanical parameters
characterizing the power and speed indicators of the joke with actuator. Power indicators are primarily important for shock-
power devices, and high velocity — for electromechanical accelerators. Power indices were investigated using piezoelectric sensors,
a system of strain sensors, pressure pulsation sensor and high-speed videorecording. Velocity indicators were investigated using a
resistive movement sensor which allows to record character of the armature movement with actuating element in each moment.
Results. The technique of experimental research, which is the simultaneous recording of electrical and mechanical power and
velocity parameters of the linear electromechanical converter pulse, is developed. In the converter as a shock-power device power
indicators are recorded using a piezoelectric transducer, strain sensors system, pressure pulsation sensor and high-speed video.
The parameters of the inductor winding current pulse, the time lag of mechanical processes in relation to the time of occurrence
of the inductor winding current, the average speed of the joke, the magnitude and momentum of electrodynamics forces acting on
the plate strikes are experimentally determined. In the converter as an electromechanical accelerator velocity performance
recorded using resistive displacement sensors. It is shown that electromechanical converter processes have complex spatial-
temporal character. The experimental results are in good agreement with the calculated figures obtained by means of a
mathematical model that describes the ultrafast electromagnetic, thermal and mechanical processes that occur when the yoke
moves relative to the inductor. Originality. For the first time offered during experimental studies of impulse linear
electromechanical converter to both to measure the electrical parameters, namely the inductor winding current, and mechanical
parameters characterizing the power and velocity performance with yoke actuator. Practical value. The technique of experimental
investigations the parameters of the linear pulse electromechanical converter that can be used to investigate the shock-power
devices and electromechanical accelerators is proposed. References 13, figures 18.

Key words: linear impulse electromechanical converter, shock-power device, electromechanical accelerator, experimental
investigations technique, mathematical model.

Pazpabomana memoouka IKCRepUMEHMANIbHBIX UCCAEO08AHUL, KOMOPAA COCMOUM 6 O00HOGPEMEHHOU pezucmpayuu
INEKMPUYECKUX U MEXAHUYECKUX CUTIOBBIX U CKOPOCHIHBIX NAPAMEMPOE JIUHEIHO020 UMRYILCHOZO0 INEKMPOMEXAHUUECKOZ0
npeoopazosamens. Ilpu pabome npeodpazosamens 6 Kauecmee YOapHO-CUNI08020 YCHMPOIICIMEA CUI06ble NOKA3amesu
pecucmpupylomca ¢ UCHONB306AHUEM NbE300AMUUKA, CUCMEMbl MEH300AMUYUKOE, OAMUUKA NYIbCAUUU OQ6ICHUA U
cKkopocmuoii sudeocvemku. Ilpu pabome npeobpazoeamensn ¢ xauecmee 31eKMPOMEXAHUUECKO20 YCKOPUMENA CKOPOCHHbIE
noxkazamenu  peucmpupyloOmca ¢  UCHOIb306AHUEM  Pe3UCMUBH020 Oamuuka  nepemewienuil. Iloxkazano, umo
INEKMPoMexXanuiecKkue npoyeccvl 6 npeodpasoeamene HOCAM  CAOMICHBIH NPOCMPAHCIMECHHO-6DEMEHHOU  XapaKmep.
Pesynomamur  IKCHEPUMEHMANLHBIX UCCNEO006AHUIL YO0BIEMBOPUMENILHO CO2ACYIOMCA C PACYEMHbIMU NOKA3Amenamu,
NOJIYyYeHHbIMU NPU NOMOWU MAMEMAMUYECKOI MOOENU, KOMOopas onucviéaem Ovblcmponpomexaowjue 31eKmpomMazHumHble,
mennogvle u MexanuuecKue npoueccsl, 603HUKAIOUUE NPU nepemeuienul AKOpsa omnocumensno undykmopa. buébn. 13, puc. 18.
Kniouesvie crosa: nMHeHbI HMIYJIbCHBIH JJIEKTPOMeXaHHYeCcKHii MpeoOpa3oBaTeilb, YIAPHO-CUJIOBOIl YCTPOIiCTBO,
3J1eKTPOMeXaHHYeCKUil yCKOPHTeIb, METOAMKA IKCIEePUMEHTAIbHBIX HCCIe0BaHUI, MaTeMaTHYecKasi MO/ieJIb.

Introduction. Linear impulse electromechanical
converters (LIEC) are designed to create shock-
mechanical pulses to the object of action with little
movement of the actuating element (AE) or to accelerate
it on a short active site [1]. These converters are used in
many branches of science and technology as shock-power
devices and electromechanical accelerators.

Electromagnetic hammers and pile driving devices
are used in the construction industry, ratchel beaters and
vibrators in the mining industry, vibration seismic sources
in geological exploration, presses and hammers with a
large range of impact energy in the engineering industry,
vibration mixers and dispensers in the chemical and
medical-biological industry.

LIEC are also used in high-speed valve and
switching equipment, in test complexes for testing critical
equipment for impact loads, in magnetic-pulse devices for
pressing ceramics powders, cleaning containers from
sticking loose materials, destroying information on digital
media, etc. [2-4].

The inductive-type LIEC provide a non-contact
movement of the electrically conductive armature with
respect to a stationary inductor driven from a pulsed
source, for example, capacitive energy storage (CES) with
an electronic current pulse generation system [5]. In it,
there are rapid electromagnetic, thermal and mechanical
processes that occur when the yoke is moved rapidly in an
environment.

Mathematical models of LIEC are realized, as a rule,
using either chain or field representations [6, 7]. This
raises the question of the correspondence between the
parameters of the LIEC obtained by calculation methods
using mathematical models, and parameters obtained
experimentally.

Since the working cycle of the transducers under
consideration lasts 1 ... 2 ms with a rapid movement of the
armature, this imposes special features on carrying out
experimental investigations [8].
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The goal of the paper is a substantiation of a
technique of experimental investigations of LIEC which
are used as shock-power devices and electromechanical
accelerators, and comparison of experimental results with
the calculated parameters obtained by means of
mathematical model.

Mathematical model. In the induction-type LIEC,
excitation from the CES generates fast electromagnetic,
thermal and mechanical processes that occur when the
armature moves rapidly relative to the inductor winding
(IW). The implementation of the mathematical model of
LIEC using a chain approach based on the theory of
electrical circuits does not allow us to fully describe the
totality of spatial and temporal processes [7]. Proceeding
from this, a mathematical model of the LIEC was
developed, which is based on the field approach using the
finite element method [9]. To determine the
electromagnetic parameters of the LIEC in the cylindrical
coordinate system {r, z} the vector magnetic potential 4

is calculated
Of 1 o)), of 1 a4y a4,
or\ ru(B) or 0z\ u(B) 0z ot

where u(B) is the magnetic permeability depending on the
magnetic flux density B of ferromagnetic material; o is
the yoke electrical conductivity.

Components of the magnetic flux density vector are
calculated by known relations:

1a(r4).

) Br:_a_A

r or oz @
The boundary conditions of the system is equation
nxA = 0, where n is the unit vector of the outer normal to
the surface. For ferromagnetic materials nonlinear
magnetization curve B = f{H) is used.
Current in the inductor is determined by using the
equation:

B, =

o diy 1. Ny dd
R,+R )i +L,—+—|jdt+—|—dv=U,, (3
(R, +Ry )iy ¢ C_[l S;[dt 0, (3

where R, is the active resistance of the external circuit; R,
is the IW active resistance; i; is the IW current; L, is the
inductance of the external circuit; Uy is the CES charging
voltage; C is the CES capacitance; N, is the number of
turns of the inductor; s is the cross-sectional area of the
IW penetrated by the magnetic flux; 4, is the projection of
the magnetic vector potential on the direction of traversal
of the contour; ¥V is the volume of the inductor.
Electrodynamical forces (EDF) acting on the yoke
are determined by using the Maxwell tension tensor:
f:=05[H(B-n)+ B(H -n)-n(t -B)ds, (4
S
where S is the area bounding the yoke cross-section; 7 is
the unit vector of the normal to the surface of the yoke.
EDF impulse determining integral force action on
the yoke is described by the expression:

t
F, = Ifzdt. ()
0

Mechanical processes in the LIEC at the axial yoke
displacement are described by the equation

dv,
AR (©)

where f; = f, —k,v, —0.1257y,,Dpv? s m, is the AE

mass; m, is the yoke mass; v, is the yoke velocity; k, is
the dynamic friction coefficient; p, is the air density;
p. is the aerodynamic resistance coefficient; D,, is the AE
external diameter.

Axial displacement Az and yoke velocity v, on each
calculation step A¢ can be represented as recurrent
relations [5]

Aty y) = Ae(ty) + v, () At + fo A (mg +my )™ (7)

V2 (trs) = vo () + LA (me +ma) T (®)

Equations (1) — (8) describe -electromechanical
processes in LIEC at initial conditions: u.(0)=U,; i;(0)=0;
Az(0)=0; v,(0)=0, where u. is the CES voltage. In the
calculation, we assume the absence of mechanical
movements (recoil) of the inductor, the deformation of the
elements, and the strictly axial disposition and movement
of the yoke relative to the inductor.

To determine the heating temperature of the IW and
the joke of the LIEC, we use the field model, which
allows to take into account at each time step the spatial
distribution of the temperatures in the active (IW and
yoke) and passive elements (inductor frame, armature
yoke disk) of the LIEC elements [10].

The solution of the system of equations (1) — (8) was
obtained using the finite element method in integration
with respect to spatial variables and the improved Gear
method in time integration. When moving the joke, a
«deformable» grid is used. To solve this goal, the
mathematical model of LIEC was developed in the
software package Comsol Multiphysics which allows to
adaptively change the grid and to monitor errors when
working with various numerical solvers [11].

The simulation of electrical processes was carried out
by physical modules «Electrical circuit», which calculated
the transient processes, and «Magnetic fields», which
calculated the parameters on the basis of the magnetic field
taking into account the displacement of the electrically
conductive armature. Modeling of magnetic processes was
carried out by the physical module «Magnetic fields», in
which the electromagnetic process is described by a system
of differential equations for each node of the grid partition.
Modeling of thermal processes was carried out by the
physical module «Heat transfer in solid».

The mathematical model of LIEC is realized in the
following sequence:

— Physical modules («Magnetic fields», «Electrical
circuity, «Heat transfer in solid», «Fluid structure
interaction»), problem dimension (2D), model type (time-
dependent) and calculation method are selected;

— the geometry of the LIEC is formed and the
calculated areas of physical problems are determined,

— initial data are given in the form of quantities and
functions describing the relationships between the
parameters, for example, the dependence of the resistivity
of the material on temperature;

— initial and boundary conditions for the physical
problems under consideration;

(me + mZ)
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— the calculated areas are discretized taking into
account the geometric model of the LIEC;

— methods of solution are chosen, usually MUMPS,
PARDISO and numerical calculations are performed.

The solution of the LIEC multiphysical
mathematical model is produced by the BDF (backward
differentiation formula) method or the Generalized alpha
method with floating step and time constraints. This is
due to a change in the value of the calculation error,
depending on the selected step. The solution of the
problem begins with a step in time by 6 orders of
magnitude less than the maximum set step. This step
automatically  varies depending on convergence
conditions and the relative error of the solutions obtained.

Electromechanical processes in LIEP. Let us
consider the LIEC of an induction type of a coaxial disk
configuration [12]. This LIEC consists of a fixed IW with
an outside diameter D, = 100 mm, internal diameter
D;,; = 10 mm, height A} = 10 mm and the number of
turns N, = 46. Copper bus section axb = 1.8x4.8 mm’.
The joke is made in the form of a copper disk with the
following parameters: outer diameter D,, = 100 mm,
inner diameter D;,;, = 10 mm, height #, = 3 mm. An
impact AE with a mass m, = 0.275 kg is attached to the
joke. The CES has a capacitance C = 2850 pF and a
charging voltage U, = 400 V. The electronic system
provides the formation of a polar aperiodic current in the
IW, for which the latter is shunted by a reverse diode.

Electromechanical processes in LIEC have a
complex space-time character. Fig. 1 shows the current
density in the inductor j;, the current density in the joke j,
averaged over the cross section, the EDF value £, and the
EDF impulse F, which act on the armature, moved by a
distance z with respect to the inductor with the velocity v,.
After r = 1.2 ms after the start of the working process, the
current in the armature changes polarity, which causes the
following character of the force action: the initial
repulsion is replaced by the subsequent attraction.

400 __
JS/50,N 50F, Ns  30v, m/s
300 R St _"_._.Z_/_-‘ —_l
J ..( ,/ .
v JukA/mm’
200 N
100
0
-100
\ j5/2, kA/mm’
-200
-300
0.0 0.5 1.0 1.5  #,ms 2.0

Fig. 1. Electromechanical characteristics of LIEC

The process of moving the joke begins after a certain
time after the start of the work process. At each time step,
an appreciable uneven distribution of the flux density of
the magnetic field B in the active elements of the LIEC is
observed (Fig. 2,a). The greatest concentration of the field
is observed in the region between the IW and the joke.
However, this occurs only at certain points in time, for
example, at the time of the maximum EDF. In the
following, the maximum induction of the magnetic field
decreases and moves to the central part of the inductor.

) Z J.A/mm*
5 2 BT ‘ 1 1 200
+ 25
e §
= — \ |><|
i 0 iz 0
a b
12 > T.K
! > ,
5 S Hmm® 295
‘ ; 15 ! S,
i I
1.0 o
}:E%% 05 | |
i ‘ s ‘ 0 l
i - 0,5 1 |
n F ! - 293
c d

Fig. 2. Distribution of the magnetic fields () and current
densities (b) and specific axial forces (c) at the instant of the
maximum of the EDF and the distribution of the thermal field at
the end of the working cycle (d): 1 — IW; 2 — joke

When the LIEC is operating at each instant of time,
there is a significant spatial unevenness in the density of
the induced current in the armature (Fig. 2,b). Specific
EDF f. unevenly affect both the joke and the IW
(Fig. 2,¢). In this case, the temperature gradients 7 in the
joke are insignificant, and in the IW practically absent in
1 ms after the start of work with one working cycle
(Fig. 2,d).

When the LIEC works as an accelerator, it is first of
all necessary to control the movement of the armature,
and when operating as a shock-power device, it is
necessary to force the relevant object.

In the experimental investigations, electrolytic
capacitors HJ with a nominal voltage U, = 450 V and
capacitances C = 150 puF and C =330 puF were used.

The method of carrying out the experimental
research of the LIEP is that simultaneously the electric
parameters (current in the IW) and the mechanical
parameters characterizing the power and velocity
parameters of the joke with IE are registered. Power
indicators, first of all, are important for shock-power
devices, and high-speed ones for electromechanical
accelerators.

Power indicators were studied using piezoelectric
sensors, a strain gage system, a pressure pulsation sensor,
and high-speed video recording. Velocity indicators were
investigated with the help of a resistive displacement
sensor, which allows recording the character of the
armature movement with AE at each moment of time.

Investigations of LIEC as a shock-power device.

Investigations using piezoelectric sensors. For
experimental investigations of the LIEC operating as a
shock-power device, a device was developed that includes
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an inductor 1 containing IW, which, with the help of an
epoxy resin, is padlocked in a glass-textolite frame
(Fig. 3).

The inductor is attached to the support plate 2. A
steel impact wheel 4 is connected to the armature 3,
which acts on a vertically mounted striker 5 made of steel
70, striking the upper steel plate 6. The support plate 2 is
fixed to the lower steel plate 7. The plates 6 and 7 are
connected to each other by means of adjustable supports
8, which makes it possible to vary the working stroke of
the striker Z,. Springs 9 provide the given force of
counteraction to movement. On the plate 6, limiting the
working stroke of the striker 5, a piezo-sensor 10 is
installed on top, which converts the mechanical vibrations
that occur when the striker strikes the electric signals,
transmitting them to the noise and vibration meter BIIIB-
003. The meter converts the electric signals of the
piezoelectric sensor into the values of vibration
acceleration a, and the vibration velocity v In the LIEC
study, the current in the IW and the vibration of the plate
6 are measured simultaneously using a two-channel
electronic oscilloscope RIGOL DS 522M.

Fig. 3. Experimental installation for the investigation of LIEP
using a piezoelectric sensor

In Fig. 4 shows the oscillograms of the currents of
IW i, and vibration acceleration a, for different values of
the working stroke of the joke Z,.

In the absence of the joke travel, the vibration of the
upper plate, detected by the sensor, occurs with a certain
delay #, with respect to the instant of the current in the
IW. As the value of the working stroke Z, increases, the
delay time of the vibrational processes of the upper plate
increases with respect to the instant of the current in the
W ¢.

On the basis of experimental investigations, it is
determined:

— form 7, and amplitude value /,,, of the current of the
IW;

— duration of the edge of the current pulse of the
IW 45

— duration of the current pulse of the IW ¢,,;

— delay time of vibration of the upper plate in relation
to the moment of occurrence of the current of the IW ¢;

Ze(tz - t())_l )

— average joke velocity with AE V}; =

— the value of vibration acceleration a/f) proportional
to the instantaneous force f;(z, f) acting on the upper plate;

— the value of the vibration velocity v(f) proportional
to the momentum F;, acting on the upper plate.

11

.Jﬂ

i

Fig. 4. Oscillograms of current in the IW (channel CH1) and
vibration acceleration (channel CH2) with the value of the
working stroke Z,: 0 mm (a); 10 mm (b)

The measured values of the average speed of the
joke with the AE Vj for different values of the working
stroke of the joke Z, are 8 to 15% less than the calculated
ones, which can be explained not by complete
consideration of all opposing and braking forces.
Analogous dependencies appear between the calculated
and experimental values of the EDF pulse F, (Fig. 5).

Thus, the largest values of the EDF pulse F, arise
when the joke is locked, then they decrease practically
linearly with the increase in the working stroke of the joke
Z,. Both experimental and calculated dependences
practically linearly increase with increasing voltage U,
and the current amplitude of the IW [}, in the presence of
the joke increases.

The influence of the shape of the joke, the
parameters of the CES, the working stroke Z,, the initial
gap AZ, between the joke and the inductor, and the
accelerated mass on the LIEC indicators were studied
experimentally. It is established that when the round
armature is used in comparison with the rectangular joke,
the processes change as follows: the maximum value of
the EDF £, increases by 25%, the amplitude of the current
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of the IW [}, increases by 5%, and the duration of the IW
current pulse £, and the time delay ¢ decrease by 10%.
This indicates a greater efficiency of the round joke than
the rectangular one.

. Ns
L 2

3
5 —
_H

1

0
5 10 15 20 Z,mm 25

Fig. 5. Dependences of the calculated (1) and measured (2)
values of the EDF pulse on the joke stroke

With an increase in the voltage of the CES, the
amplitude of the current of the IW increases by more than
2 times, the amplitude of the vibrative acceleration a,,
and therefore the instantaneous value of the EDF f; acting
on the upper plate, increases almost 5 times. The delay
time ¢, decreases from 0.7 to 0.5 ms.

As the working stroke Z, increases, the delay time ¢,
of the vibration of the upper plate increases with respect
to the beginning of the current pulse of the IW which
leads to a decrease in the EDF amplitude f,. On
oscillograms, an insignificant vibration of the upper plate,
which occurs before the impact of the striker, is caused by
the return of the inductor transmitted through the
adjustable supports (Fig. 4,b).

Fig. 6 shows the effect of capacitance C at different
voltages U, of the CES on the amplitude of the current of
the IW 1, of the LIEC. The experimental and calculated
values of the current amplitude increase with increasing
capacitance C: with an increase in capacitance by a factor
of 2 (from 2000 to 4000 pF), the current increases by
17%. Moreover, the amplitude of the current of the IW 73,
is higher, the higher the voltage U,. The growth of [},
values is more significant in the range of capacitances
C=2000 ... 3000 pF.

The magnitude of the voltage U, of the CES slightly
affects the duration of the edge of the current pulse of the
IW ¢;. The front duration remains practically unchanged
for different U, and fixed values of the capacitance C of
the CES. Fig. 6,b shows the effects of the CES
capacitance on the duration of the edge of the current
pulse of the IW #; in the presence and absence of the joke
in the LIEC. Both the experimental and calculated values
of the duration of the front of the current of the IW
increase with an increase in the capacity of the CES C,
having practically the same regularity. And the duration
of the current front of the IW ¢; is higher in the LIEC
without joke.

2.0
Up=300 V J]

U, =200V

1.2 ¥
[/

0.8
U,=100V
[ r————— ]
0.4
0
2000 3000 C, uF 4000
a
Lo TS
1.0
0.8
without joke ) -
0.6
with joke
0.4 ] —
———
0.2
0
2000 3000 C.uF 4000
b

Fig. 6. Dependence of experimental (fat lines) and calculated
(fine lines) values of the amplitude (@) and the duration of the
front (b) of the IW LIEC current from the CES capacitance

The efficiency of the LIEC is significantly
influenced by the initial gap between the joke and the
inductor AZ, (Fig. 7). With increasing clearance AZ,, the
magnetic coupling between the joke and the IW
decreases, and hence the influence of the armature on the
current of the IW i, decreases, which leads to a decrease
in the amplitude of the current 7,,,.

The larger the initial clearance, the greater the IW
current curve becomes similar to the IW current curve in
the absence of the joke (the magnetic coupling of the
inductor to the joke is zero). An increase in the initial gap
AZy leads to a significant decrease in the EDF pulse.
Fig. 7,b shows the dependence of the experimental and
calculated values of the EDF pulse on the initial gap when
using the CES with parameters C = 3000 V, U, =200 V.

With an increase in the initial gap AZ, between the
armature and the inductor by a factor of 2 from 2.5 to
5 mm, the amplitude of the current in the IW /,, decreases
by 8%, the duration of the current pulse in the IW ¢,
increases by 6%, and the edge of the current pulse in the
IW t; by 8%. At the same time, the magnitude of the
vibration acceleration a,;, and hence the EDF f, decreases
by 25%, the time delay #, increases almost 2 times. As the
AZ, increases from 0 to 5 mm, the value of the force pulse
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decreases by 54%. This indicates that the initial gap
between the inductor and the joke must be chosen as
small as possible.

Im KA
2.0 [
Up=300 V
1.6
U, =200V
1.2
[ ——
0.8
U,=100 V
0.4
0
0 1.25 2.5 3.75 AZy, mm
a
., Ns
1.6 T7—

120

B!
0.4
0
0 1.25 2.5 3.75 AZy, mm
b

Fig. 7. Dependence of the experimental (thick lines) and
calculated (fine lines) values of the current amplitude in the IW
(a) and the EDF pulse (b) on the initial gap between the inductor
and the joke

Fig. 8 shows the experimental and calculated values
of the average velocity of the joke V in the section of the
working path Z, at C = 7000 uF, but different voltages U,
of the CES. The calculated velocity is somewhat higher
than the experimental one, which can be explained by the
more complex nature of the real aerodynamic resistance,
compared with the mathematical model, not fully taking
into account all the opposing forces and the presence of
the inductor yield.

As the capacity of the CES C decreases 2.2 times
(from 6270 to 2859 puF), the electrical processes change as
follows: the amplitude of the current in the IW I,
decreases by 28%, the duration of the current pulse in the
IW ¢, by 71%, the edge of the current pulse in the IW #;
by 43%. As a result, the delay time ¢, decreases by 14%,
and the magnitude of the EDF pulse F, by 3.12 times.

In  general, the conducted experimental
investigations using piezoelectric sensors are in

satisfactory agreement with the theoretical results. They
showed that it is possible to effectively record the
indicators of the force impact of the LIEC on the object,
which is important for shock-power devices.

My, m/s
10 |
Uy=d00y jﬁéﬂj
L
8 |
;=300 V
6 R A E—

4 /W
e T~

)

Uy =200 V
0 |

0 s 10 15

Fig. 8. Experimental (fat lines) and calculated (thin lines)
dependence of the average velocity on the displacement of the
LIEC joke

20 £,, mm

Study wusing strain sensors. Consider the
effectiveness of the use of strain sensors for recording
force effects on an object. An experimental stand for the
investigation of the LIEC, operating as a shock-power
device, is shown in Fig. 9,a. LIEC is attached to an
insulating base plate, which is mounted on vertical
adjustable supports. With these supports, it is possible to
change the height of the support plate, thus setting the
joke travel with firing Z,.

LIEC provides for the movement of the joke with
the striker vertically downwards before colliding with
the object of impact-a shock steel plate with
dimensions of 0.18x0.18x0.006 m® (Fig. 9,b). The
shock plate on the reverse side is covered with a
network of strain gauges, united in rosettes. The wires
from the sensors are led out through the holes in the
plate, which is fixed to the support frame. These
sensors form five groups symmetrically located relative
to the point of impact, with each group containing
three sensors, one side of which forms a node, and the
other sides — rays at an angle of 45° to each other
(Fig. 9,¢). The stand contains a replaceable shock plate
holder, which allows to realize different types of
fastening: articulated, rigid and free support.

A bridge circuit was used to measure the resistance
of strain gauges. A differential signal receiver is used to
measure the voltage drop.

During the experiments, information and
measuring complex was used to record deformation
processes in the target [13]. The complex contains a
strain gage sensor, a stabilized power supply, a
conjugation and protection unit, an ADA-1406 ADC
and a personal computer. The digital data received
from the ADC board is delivered to the computer,
where it is processed using special software. It allows
you to record a signal, determine the values of the
measured parameters, the signal spectra and the decay
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time of the oscillations. As a receiver in the sensor
signal generation unit, a precision instrument amplifier
ADG623 is used, which allows to suppress the common-
mode interference coming to the input along with the
useful signal. The start-up of the test facility takes
place remotely simultaneously with the commencement
of the tests.

Fig. 9. Experimental installation for the investigation of LIEC
using strain sensors (a) and object of effects — steel plate with
strain sensors: top view (b) and bottom view (¢)

During the operation of the LIEC, intensive
magnetic fields are excited which generate load cell
signals proportional to the axial component of the field at
their location. Thus, in the absence of deformation
processes in the shock plate, the magnetic field of the
LIEC generates the background signals of the strain
sensors, whose amplitudes increase with increasing
voltage U, (Fig. 10).

It has been experimentally established that the
impact of the striker along the center of the shock plate
does not cause plastic deformations in it. A series of
shock effects was performed, on the basis of which the
average value of the amplitude of the signal, taken from
the central «socket» of the shock absorber strain sensors,
was determined. Subtracting the background level from
the signal values, we get the value of the deformation of
the shock plate. In Fig. 11 circles show outbursts of strain
sensor signals on oscillograms that correspond to the
deformation processes caused by impact forces of the
LIEC striker on the plate.
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Fig. 10. Background signals of strain sensors induced by
magnetic field at voltages Uy: 250; 300; 350; 400 V
(from left to right)

The averaged value of the maximum values of these
bursts corresponds to the maximum EDF value f; acting
on the shock plate (1 mV signal is equivalent to the power
load of 8.936 N). The duration of the shock pulse 2, is
determined by the duration of the first burst of the signal.

As the voltage U, of the CES is increased in these
experiments, as in the case of a piezoelectric sensor, the
amplitudes of the IW and joke currents (background
signals of the magnetic field), the size of the shock plate
deformation, and the delay time between the electric and
deformation processes ¢, are increased.

It has been experimentally established that the EDF
pulse F. decreases with increasing work path Z, at
Uy = const and increases with an increase in the voltage of
the CES U, at Z, = const. At the LIEC, from the
beginning of the current pulse of the IW (electromagnetic
processes) to the interaction of the striker accelerated by
the joke, with the shock plate (mechanical processes),
there is a lag of # = 0.5 ms at C = 2850 pF and
Uy=300...350 Vand Z,= 0.

Experimental studies were carried out to determine
the average velocities of the joke V in the section of the
working stroke Z, at different voltages U,. The resulting
average velocity of the joke at voltage of 200 V was
5.1 m/s which is in satisfactory agreement with the results
of the calculation.

Thus, strain sensors allow recording not only the
beginning and value of the force action, but also its
duration. In general, the experimental results obtained
using piezoelectric and strain sensors are in good
agreement with each other.
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Fig. 11. Strain sensors signals at Uy =350V,
C=2850 pF, Z,= 10 mm (a), Z, = 25 mm (b)
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Investigation of the cyclic shock impact of LIEC
on a thin steel plate.

Experiments were conducted to penetrate thin
(1.5 mm) stainless steel plates. With a voltage of the CES
of Uy = 200 V in this plate, the value of mechanical
stresses is 93.4 MPa, and when U, = 400 V — 186.8 MPa.
For a thin sheet of 12X18H10T steel, the yield strength is
or =205 MPa. Thus, at a voltage of the CES U, =400 V,
the mechanical stresses in the plate are at the boundary of
the yield point. To study the impact of the LIEC on this
plate, a low-cycle shock loading was used and the average
value of the number of cycles N was determined before
the plate was pierced by the striker.

For the first group of experiments in which a load

with stress value of 400 MPa was realized,

N = 146 cycles, and for the second group, at a voltage of
457 MPa, N = 39 cycles. When punching, a bulge (cork)
with a diameter of 4 mm and a thickness of 1.1 mm was
formed with even edges.

Fig. 12,a shows the experimental curve of the low-
cycle impact strength and photographs of a thin steel plate
deformed at the corresponding values of the mechanical
stresses. Fig. 12,b shows a photo of a plate pierced by a
striker. As a result of several experiments during the
cyclic operation of the LIEC, it was found that the
average number of cycles before punching the plate was
N=179.

Investigations using videorecording. At the test
bench for the LIEC investigations using strain sensors,
measurements were made of the instantaneous velocity of
the joke with a striker using a video camera with a digital
camera. After the shooting, the recording was processed
and its decomposition into separate frames (Fig. 13). In
this case, the time was determined for which the joke with
the striker passes the distance to the shock plate. On
average, the time from the detachment of the joke to the
contact of the striker with the shock plate was 9.65 ms.
The distance from the end of the striker to the shock plate
in this experiment is 5 mm. Consequently, the average
speed in the section of the working stroke was 5.18 m/s
which is in satisfactory agreement with the results of the
experiments described above.

500 Z
450

] 50 100 150 N, cycles

Fig. 12. The low-cycle impact strength curve (a)
and a thin steel plate pierced by the LIEC striker (b)
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Fig. 13. Outcomes of videorecording at the beginning (a)
and at the end (b) of the operation process

Investigations using a pressure pulsation sensor.
A piezoelectric pressure pulsation sensor M101A06 by
the PCB Company (USA) was used to measure the
dynamic pressure exerted by the striker on the shock plate
(Fig. 14).

Fig. 14. External view of the piezoelectric sensor
of pressure pulsations M101A06 by the PCB Company

The sensor is equipped with an integrated amplifier,
has dynamic range of 0.68-3450 kPa, sensitivity of
1.45 mV / kPa and frequency range of 0.01-130000 Hz.
The sensor withstanding maximum pressure of 34.5 MPa
contains a built-in ICP amplifier (ICP — Integrated Circuit
Piezoelectric). The sensor readings were recorded using
an electronic oscilloscope RIGOL (Fig. 15).

RIGOL

of ] I et

CH1 5.00v 100.0us Dby 0000000
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i i i i
CH1 5.00v 100.0us Delay0,000000s

b

Fig. 15. Oscillograms of dynamic pressure on the
shock plate with voltage of the CES 300 V (a) and 400 V (b)

In these experiments, the shape, size, and duration of
the force pulse in the shock plate were determined upon
the action of the LIEC striker on it. The results of these
studies are in satisfactory agreement with both the
calculated EDF values (Fig. 1) and the results of the
experiments described above.

Investigations of LIEC as an electromechanical
accelerator. To investigate the LIEC operating as an
electromechanical accelerator, it is necessary to measure
the movements of the armature at each instant of time in
the working area. For this purpose, the installation shown
in Fig. 16 was developed. LIEC inductor 1 consists of a
multi-turn winding wound from a copper bus in two
layers and hardened with an epoxy resin. A steel shock
wheel 3 is attached to the joke 2. The inductor is
connected to the CES by way of the current leads 4. To
measure vertical movements, a resistive sensor 5 fixed to
the C-shaped frame 6 is used.

Between the horizontal walls of the frame 6 is
movably installed a guide rod 7 passing through the
central holes of the inductor and the armature. The
inductor is mounted on a nonmetallic base 8 on the
bottom wall of the frame, and a resistive displacement
sensor is mounted on the top wall of the frame 5. A
damper spring is attached to the top wall of the frame
(not shown in the photo). The guide rod is connected to
the shock disk and the movable contact of the
displacement sensor, the signal from which is fed to the
electronic oscilloscope. In this way, the current in the
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inductor #; and the displacement Az of the armature with
the steel shock disk and the guide rod are measured
simultaneously (Fig. 17).

Fig. 16. General view of the experimental setup for
investigations of LIEC working as an accelerator
with steel power disk

It has been experimentally established that the
movement of the armature begins with a delay in relation
to the moment of occurrence of the current pulse and is
practically linear in the initial part of the acceleration. At
an increased voltage of the CES U, = 400 V, the
movement of the armature after the passage of the initial
segment slows down, which is due to its interaction with
the damper spring.

The impact of the impact disk material on the
performance of the electromechanical accelerator was
studied. In the experiments we used steel (Fig. 16) and
ceramic (Fig. 18) impact discs.

As investigations have shown with the use of a
ceramic power disk, the pulse duration of the current of
the IW increases by 11%, and its magnitude by 15 %. At
the same time, the joke velocity increases by 3% after
1.5 ms, and after 5 ms — by 7%. Thus, a ceramic power
disk is more efficient than a steel disk, although its
manufacturing technology and operating conditions are
more complex.

In general, the results of the LIEC investigations as
an electromechanical accelerator are in satisfactory
agreement with the calculated parameters: -electrical
parameters (current in the IW) — to 4%, and mechanical
indicators (joke velocity) — with accuracy of 9%.
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Fig. 17. Oscillograms of the current of the inductor /; and the
displacement of the yoke Az at the voltage of the CES 300 V (a)
and 400 V (b) using a steel power disk

Fig. 18. General view of the experimental setup for
investigations of LIEC working as an accelerator
with ceramic power disk
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Conclusions.

A technique for experimental research has been
developed, which consists in the simultaneous recording
of electrical and mechanical parameters characterizing the
power and velocity indicators of the LIEC.

A mathematical model of the LIEC of induction type
is developed, which describes fast electromagnetic,
thermal and mechanical processes that appear when the
joke moves relative to the inductor.

It is shown that the electromechanical processes in
the LIEC have a complex spatial and temporal character,
and at each instant of time, an appreciable spatial
unevenness of the current density induced in the joke is
observed.

Power indicators are recorded using a piezoelectric
sensor, a system of strain sensors, a pressure pulsation
sensor and high-speed videorecording, and velocity
indicators using a resistive displacement sensor.

The results of experimental investigations are in
satisfactory agreement with the results of calculations
obtained with the help of a mathematical model.
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SYNTHESIS OF ACTIVE SCREENING SYSTEM OF MAGNETIC FIELD OF HIGH
VOLTAGE POWER LINES OF DIFFERENT DESIGN TAKING INTO ACCOUNT
SPATIAL AND TEMPORAL DISTRIBUTION OF MAGNETIC FIELD

Purpose. Analyze the spatial and temporal distribution of the magnetic field of high voltage power lines with different design
allowing and development of recommendations for the design of active screening systems by magnetic field of high voltage power
lines. Methodology. Analysis of the spatial and temporal distribution of the magnetic field of high voltage power lines of different
design allowing is made on the basis of Maxwell's equations solutions in the quasi-stationary approximation. Determination of
the number, configuration, spatial arrangement and the compensation coil currents is formulated in the form of multiobjective
optimization problem that is solved by multi-agent multiswarm stochastic optimization based on Pareto optimal solutions. Results
of active screening system for the synthesis of various types of transmission lines with different numbers of windings controlled.
The possibility of a significant reduction in the level of the flux density of the magnetic field source within a given region of
space. Originality. For the first time an analysis of the spatial and temporal distribution of the magnetic field of power lines with
different types and based on findings developed recommendations for the design of active screening system by magnetic field of
high voltage power lines. Practical value. Practical recommendations on reasonable choice of the number and spatial
arrangement of compensating windings of active screening system by magnetic field of high voltage power lines of different
design allowing for the spatial and temporal distribution of the magnetic field. Results of active screening system synthesis of the
magnetic field of industrial frequency generated by single-circuit 110 kV high voltage power lines with the supports have 330-1T
«triangle» rotating magnetic field with full polarization in a residential five-storey building, located near the power lines. The
system contains three compensating coil and reduces the level of induction of the magnetic field source to the sanitary standards
of 0.5 uT in almost of all the house space. References 8, figures 5.

Key words: high voltage power lines, spatial and temporal distribution of the power frequency technogenic magnetic field,
active screening system.

Ilposeden ananuz npocMpancmeenHo-6PeMeHHO20 pPACHPeOeIeHUA MEXHOEHHO020 MAZHUMHO20 NOJs, €030A8AEMO20
PasnuuHbIMu 6030yWHbIMU AunuaAmuU Inekmponepedauu (BJI JISII) enympu 3adannoii oo6racmu npocmpancmea. Ilpusedenst
PeKOMeHOauuu no nPOoeKMUPOGaAHUIo Cucmem AKMuUeHO20 IKPaAnuposanus maznumnozo nona JIJII. Ilpusedenwvt pesynomamot
CUHME3A CUCIEMbl AKMUBHOZ0 IKPAHUPOSAHUA MAZHUNHOZ0 ROA, c030asaemozo oonoyennoit JISII BJI 110 kB c onopoit muna
«MPpeyzoNbHUKY 6PAUAIOULe20CA MAZHUMHO20 NOJIA C NOIHOU NONAPUIAUUEH 8 HCUTIOM NAMUIMANHCHOM 00ME, PACNOJIOHCEHHOM
6onusu JISII. Cucmema codeprcum mpu KOMHEHCAUUOHHbBIE OOMOMKU U NO360JIAEM CHU3UMD YPOBEHb UHOYKUUU UCXOOHO20
MAZHUMHO20 NOAA 00 CAHUMAPHBIX HOPM NPAKMUYECKU 60 6CeM PACCMAMPUEAEMOM NPOCMPAHCHIEE JHCUN020 O00Ma.
Ippexmusnocmsy cucmemovl AKMUBHO20 IKPAHUPOBGAHUA cocmasnsem okoao 8. bubn. 8, puc. 5.

Kniouesvie cnosa: BO3AYHIHBIE JUHUW JJIeKTpomepeqayd, NPOCTPAHCTBEHHO-BPEMEHHOE paclpeleieHHe MATHHTHOTO TOJIst
MPOMBIIIJIEHHON 9aCTOThI, CHCTeMAa AKTHBHOI0 YKPAHUPOBAHHS.

Introduction. The most dangerous source of man-
caused magnetic field (MF) of the power frequency for
the population is high voltage power lines (PL) [2].
Without taking special measures, they create an intensive
MF which has carcinogenic properties at distances up to
100 m from the PL. Therefore, sanitary norms [3] are
tightened in the world according to the maximum
permissible level of the flux density of the magnetic field
of 50-60 Hz (less than 1 uT) and intensive work is carried
out to provide them for the population. At present, strict
sanitary norms for the flux density of MF (0.5 uT) are
also introduced in the normative documents of the
Ministry of Energy of Ukraine [7]. However, at the
moment in Ukraine these norms are universally exceeded
which poses a threat to the health of millions of people
who live closer than 100 m from high voltage PL.

Problem definition. The complex experimental
investigations of the operating aerial PL 10-330 kV
carried out at the Institute of Technical Problems of
Magnetism of the NAS of Ukraine showed [8] that their
MF is 3-5 times higher than the normative level at the
border of the previously formed sanitary zones by the
electric field.

This situation requires urgent measures to reduce the
existing power lines within the city limits of Ukraine by

3-5 times. A similar situation is typical for most of the
industrialized countries of the world, but in these
countries, technologies for normalizing the MF of the
operating PL have been created and widely used [1-5].

The most effective technology is the re-construction
of the power line by removing it to a safe distance from
residential buildings, or by replacing an overhead power
line with a cable line. However, such a reconstruction
requires enormous material resources. Therefore, less
costly methods for shielding MF of operating PL are more
acceptable for Ukraine, of which the necessary active
methods are provided by methods of active contour
screening of the magnetic field.

The technology of active contour screening of the
existing PL is developed and used in developed countries
for more than 10 years, for example in the USA and Israel
[1-5]. In Ukraine, at the present time, both this technology
and the scientific foundations of its creation are lacking.
This does not allow relatively inexpensive methods to
protect the population from the technogenic MF of the
power frequency created by the power line. Therefore, the
creation of scientific foundations of the domestic
technology of active screening of industrial frequency MF
in homes to a safe level is an actual scientific and
technical problem.
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The goal of the work is analysis of spatial and
temporal distribution of MF PL of different design and
development of recommendations for the design of active
screening systems for high voltage PL.

Analysis of the spatial and temporal distribution
of the magnetic field of the PL of various design. As the
first example we consider a PL with a support JIb 330-3,
in which current conductors are located in the horizontal
plane, the photograph of which is shown in Fig. 1,a. The
layout of the current conductors and the points at which
the hodographs of the MF will be considered are shown in
Fig. 1,b, and Fig. 1,c shows the hodographs of the MF
vectors in the three points under consideration.

Fig. 1. Single-circuit PL with support JIb 330 — 3

As can be seen from Fig. 1, the hodographs of the
MF represent strongly elongated ellipses, and at point 1
the coefficient of ellipticity (the ratio of the smaller

semiaxis of the ellipse to the larger semiaxis) is generally
zero, so that the hodograph of the vector of the MF is
stretched into a vertical line.

As the second example, we consider a single-circuit
PL with a support ¥ 330 in which current conductors are
located one below the other in a vertical plane, as shown
in Fig. 2,a. The layout of the current conductors and the
points in which the hodographs of the MP will be
considered are shown in Fig. 2,b, and Fig. 2,c show the
hodographs of the MF vector at the points under
consideration.

As can be seen from Fig. 2, the hodographs of the
MF of this PL also represent strongly elongated ellipses,
and at point 1 the major axis of the ellipse is in the
horizontal plane. In general, the hodographs of this PL are
deployed with respect to the travel time curves shown in
Fig. 1,c, by the angle 77/2.

Fig. 2. Single-circuit PL with support ¥ 330
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As the third example, let us consider the most
widespread version of a double-circuit PL with supports
of type ¥ 330-2 of the «barrel» type, in which the current
conductors are arranged in a form resembling a barrel,
whose photograph is shown in Fig. 3,a.

The layout of the current conductors and the points
at which the hodographs of the MF will be considered are
shown in Fig. 3,b, and the hodographs of the MF vector at
the three points under consideration are shown in Fig. 3,c.
As can be seen from Fig. 3, the hodographs of this MF
represent less elongated ellipses, in comparison with the
hodographs of the MP, produced by the PL with supports:
JIb 330 — 3 and V 330, which are shown in Fig. 1,c and
Fig. 2,c, respectively.

4 f i-. § !
"'}Mimﬁ' ¥ i"FﬂM-‘r‘V

AN
JRRH

Fig. 3. Double-circuit PL with supports ¥ 330 — 2
type «barrel»

As the fourth example, let us consider the most
widespread version of a single-circuit PL with the ¥V 330
— IT support of the «triangle» type, the photograph of
which is shown in Fig. 4,a, and Fig. 4,b shows the scheme
of the arrangement of the current conductors and the
points at which the hodographs of the MF will be
considered, and Fig. 4,c shows the hodographs of the MF
vector themselves. As can be seen from Fig. 4, the
hodographs of this magnetic field are close to a circle, so
that the coefficients of the ellipticity of the soil are equal
to unity, and hence this MF is strongly polarized.

[6)]

Fig. 4. Single-circuit PL with support ¥ 330 — 1T
type «triangle»
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The principle of designing an active screening
system. The essence of the method of active screening of
PL consists in the formation of compensating windings
with such a spatial and temporal structure whose
superposition with a power line in the protection zone is
minimized to the level of sanitary standards. The method
is realized with the help of an active screening system
which consists of compensating windings, by means of
which a compensating magnetic field is formed. The
currents in the compensation windings are automatically
generated by a certain algorithm in the function of the
signal from the MF sensors installed in the protection
zone. The system contains a current source that receives
energy from an external source.

When using only one compensation winding in the
active shielding system, it is possible to create a
compensating MF, the flux density vector of which is
orthogonal to the winding plane and does not change its
position with time. Therefore, using such a system, it is
possible to compensate for the semimajor axis of the
ellipse of the hodograph of the induction vector of the
magnetic field and to obtain a sufficiently high screening
efficiency for a weakly polarized MF. Such systems can
be recommended to compensate for the weakly polarized
magnetic field produced by the PL with supports JIb 330
-3,V 330 and ¥V 330 — 2 «barrel». It is for PL with these
types of supports that the world's active screening system
with one compensation winding is the most widely used
[1,2,4].

To compensate for the highly polarized magnetic
field, a power line with ¥V 330 — 1T «triangle» supports is
required, at least two compensating windings are
required.

The method of synthesis of effective closed systems
of active screening of industrial frequency MF created by
airPL in residential buildings was developed in [6]. The
method is based on the solution of the multicriteria
optimization problem in which the calculation of the
vectors of the objective function and constraints is
performed on the basis of the Maxwell equations in the
quasi-stationary approximation, and the optimization
problem is solved by the multi-stochastic stochastic multi-
agent optimization method based on Pareto optimal
solutions.

Results of computer modeling. As an example,
let's consider the synthesis of the active screening system
of a single-circuit PL of 110 kV «triangle» creating a
rotating MF with full polarization in a residential five-
story house located near the power line, the scheme of
which is shown in Fig. 5,a. At the PL current of 1000 A,
the initial flux density of the MF in the space under
consideration is 4 puT which is 8 times higher than
sanitary norms [7]. To compensate for this technogenic
MF in the space under consideration, three compensation
windings were required, the spatial arrangement of which
is shown in Fig. 5,a. The estimated number of ampere-
turns of compensating windings is 177, 195 and 199. The
distribution of the resultant MF with the switched on
active screening system is shown in Fig. 5,b. As can be
seen from Fig. 5, with the help of the active screening
system, it was possible to reduce the level of induction of
the initial MF to sanitary standards in practically the

entire considered space of the residential building. The
efficiency of the active screening system is about 8.

location of active elements

Fig. 5. The layout of PL, compensating windings and protected
area (a) and distribution of the total magnetic field with the
switched on system of active shielding (b)

Conclusions.

The analysis of the spatial and temporal distribution
of the MF produced by the PL of various designs with JIb
330 — 3, V 330, ¥V 330 — 2 «barrel» and Y 330 — 1T
«triangle» supports is carried out.

The recommendations on the design of
compensating windings for active screening systems for
high voltage PL are developed. The results of the
synthesis of the active shielding system for the magnetic
field of the industrial frequency, a single-circuit power
line of 110 kV with supports ¥ 330 — 1T «triangle»,
rotating MF with full polarization in a residential five-
story house located near the power lines are presented.

The system contains three compensating windings
and allows to reduce the level of induction of the initial
MF to sanitary standards of 0.5 uT in almost the entire
considered space of the living house. The efficiency of the
active screening system is about 8.
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PARETO OPTIMAL SOLUTION OF MULTIOBJECTIVE SYNTHESIS OF ROBUST
CONTROLLERS OF MULTIMASS ELECTROMECHANICAL SYSTEMS BASED ON
MULTISWARM STOCHASTIC MULTIAGENT OPTIMIZATION

Purpose. Developed the method for solving the problem of multiobjective synthesis of robust control by multimass
electromechanical systems based on the construction of the Pareto optimal solutions using multiswarm stochastic multi-agent
optimization of particles swarm, which reduces the time of determining the parameters of robust controls multimass
electromechanical systems and satisfy a variety of requirements that apply to the work of such systems in different modes.
Methodology. Multiobjective synthesis of robust control of multimass electromechanical systems is reduced to the solution of
solving the problem of multiobjective optimization. To correct the above problem solving multiobjective optimization in addition to
the vector optimization criteria and constraints must also be aware of the binary preference relations of local solutions against
each other. The basis for such a formal approach is to build areas of Pareto-optimal solutions. This approach can significantly
narrow down the range of possible solutions of the problem of optimal initial multiobjective optimization and, consequently,
reduce the complexity of the person making the decision on the selection of a single version of the optimal solution. Results. The
results of the synthesis of multi-criteria electromechanical servo system and a comparison of dynamic characteristics, and it is
shown that the use of synthesized robust controllers reduced the error guidance working mechanism and reduced the system
sensitivity to changes in the control parameters of the object compared to the existing system with standard controls. Originality.
For the first time, based on the construction of the Pareto optimal solutions using a multiswarm stochastic multi-agent
optimization particle algorithms improved method for solving formulated multiobjective multiextremal nonlinear programming
problem with constraints, to which the problem of multiobjective synthesis of robust controls by multimass electromechanical
systems that can significantly reduce the time to solve problems and meet a variety of requirements that apply to the multimass
electromechanical systems in different modes. Practical value. Practical recommendations on reasonable selection of the target
vector of robust control by multimass electromechanical systems. Results of synthesis of electromechanical servo system shown
that the use of synthesized robust controllers reduced the error guidance of working mechanism and reduce the system sensitivity
to changes of plant parameters compared to a system with standard controls. References 9, figures 3.

Key words: multimass electromechanical system, multiobjective synthesis, multiswarm stochastic multiagent optimization,
Pareto optimal solution.

Ycosepuwencmeosan ~ memoo  mmnozokpumepuanvhozo cunmesa  pobdACMHO20  YRPAGIEHUA  MHO2OMACCOGLIMU
INEKMPOMEXAnUYecKUMU cucmemamu Ha ocnoee nocmpoenus Ilapemo-onmumansnvlx pewienuil u ¢ yuemom OUHAPHBIX
omHowenuil  NPeOnoYmenus  JN0KAAbHLIX KpUMEpUes ¢ NOMOWBIO  ANZOPUMMOE  MHO20P0EGOH  CHIOXACHMUYECKOIL
MYTbMUAZEHMHOI ONMUMU3AUUL, YO NO0360JIA€M CYULECIMBEHHO COKPAMUNYL 6DEMA PEUleHUs 3a0a4u U y006J1emeopums
PA3HO0OPA3HBIM  MPEOOGAHUAM, KOMOpble NPeOvbAsIAIOMcsa K pabome cucmem 6 pazauunsix pexcumax. Ilpusedenvi
pe3yivmamsl  CPAGHEHUNl  OUHAMUYECKUX XAPAKMEPUCHMUK  IJIEKINPOMEXAHUYECKUX CUCHEM C CUHME3UPOGANHBLIMU
pezynamopamu. bubn. 9, puc. 3.

Kniouesvie  cnoséa: MHoroMaccoBasi JJIeKTpOMeXaHMYecKasi CHCTeMa, MHOTOKPHUTEPHAIbHBII
cTOoXacTHYecKasi MyJbTHAreHTHAsl onTuMu3anus, [lapero-onTuManbHoe peneHue.

CHUHTE3, MHOIropoeBasi

Introduction. When creating new generations of
technology and new technologies, automatic control
systems are required that can provide high accuracy in the
presence of intense driving and disturbing influences, as
well as changes in the structure and parameters of systems
during their operation. Such control systems usually have
very diverse and often contradictory requirements for the
operation of the system in various modes and under
various external influences: stepwise, linearly varying,
harmonic, random, etc. [8, 9], so that the problem of
synthesizing such systems in its formulation is
multicriteria.

Problem definition. Multicriterion synthesis of
robust control of multimass electromechanical systems
can be reduced [8] to the solution of a multicriteria
nonlinear programming problem in which the vector
objective function

SX)=[AX). A (X ) A (X)) (1)
and constraints on controls and variables
G(X)SGmax: H(X)=0. 2

Components f{(X) of the vector criterion (1) are local
optimization criteria for a multimass electromechanical
system, such as the time of the first matching, the time of
regulation, overshooting, etc.

The components of the vector of the required
parameters X are the elements of the weight matrices,
with the help of which the target vector of the robust
control is formed [8].

The calculation of the vector objective function (1)
and constraints (2) has an algorithmic character and is
related to the solution of the problem of synthesizing
robust regulators with the help of which the target vector
H, is minimized, and reduces to the calculation of four
algebraic Riccati equations [8] for computing the robust
regulator and Robust observer within the framework of
four Riccati approach to the synthesis of robust systems.
The solution of the problem of the synthesis of
anisotropic regulators, by means of which the average
anisotropy of the system is minimized, is reduced to the
calculation of four algebraic Riccati equations, the

© T.B. Nikitina
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Lyapunov equation, and a special expression for
calculating the anisotropy level of the input signal [9].

Solving the multicriteria optimization problem by
collapsing the vector criterion into a scalar one using
weight factors [4, 5] actually replaces the original
problem of solving multicriteria optimization for the
problem of choosing weight factors. Often the problem of
correctly determining the weight factors in complexity is
many times greater than the original problem of solving
the multicriteria optimization problem, since to determine
the weight factors it is necessary to solve the problem of
scalar optimization repeatedly at the routine load of the
decision-maker. In addition, the scalar target function
obtained as a result of this transformation has sections of
the «plateau» and «ravine» type, which requires special
algorithms for solving it, while the scalar components of
the vector objective function of the original multicriteria
optimization problem are sufficiently smooth.

To date, the development of the theory of the correct
solution of the original multicriteria optimization problem
is completed on the basis of constructing Pareto-optimal
solutions without the procedure for minimizing local
criteria. In order to find a global optimum, in addition to
specifying a vector objective function and constraints, it is
also necessary to specify the binary relations of
preferences for local optimization criteria that are
components of the initial vector optimization criterion. To
solve such a problem on the basis of Pareto-optimal
solutions, algorithms of multi-stochastic stochastic multi-
agent optimization are being used most successfully [1-3].
In this case, the problems of multicriteria optimization
with the limitations [6, 7] are of greatest complexity. Let
us consider one of the variants of constructing such an
algorithm on the basis of nonlinear control laws.

The goal of the paper is improvement of the
method of solving the problem of multicriteria synthesis
of robust control multimass electromechanical systems by
constructing a Pareto-optimal solutions, and taking into
account the binary preference relations of local
optimization criteria using multiswarm stochastic multi-
agent optimization of particle swarm, which reduces the
time of determining the parameters of robust controllers
multimass electromechanical systems and meet the
diverse requirements that apply to the such systems
operation in different modes.

Search for the Pareto set on the basis of
multiswarm stochastic multiagent optimization. In
order to correctly solve the multicriteria optimization
problem, in addition to the vector optimization criterion
(1) and constraints (2), it is also necessary to have
information about the binary relations of preferences of
local solutions relative to each other [5]. The basis of such
a formal approach is the construction of Pareto-optimal
solutions. This approach allows us to significantly narrow
the range of possible optimal solutions of the original
multicriteria optimization problem and, consequently, to
reduce the complexity of the person making the decision
to choose the only variant of the optimal solution.

The problem of finding the minimum of the local
criterion f;(X) in the space under consideration, as a rule,
is multiextremal, containing local minima and maxima,
therefore, it is expedient to use the stochastic multi-agent

optimization algorithms to solve it [2]. Consider the
algorithm for finding the set of Pareto-optimal solutions
of multicriteria non-linear programming problems on the
basis of stochastic multi-agent optimization. To date, a
large number of algorithms have been developed for
optimizing the swarm of particles — PSO algorithms based
on the idea of collective intelligence of a swarm of
particles, such as gbest PSO and lbest PSO algorithms [6].
The use of stochastic multi-agent optimization methods
for solving multicriteria problems today causes certain
difficulties and this direction continues to develop
intensively [7]. To solve the original multicriteria
nonlinear programming problem (1) with constraints (2),
we construct an algorithm for stochastic multi-agent
optimization based on the set of particle swarms, the
number of which is equal to the number of components of
the vector optimization criterion. In the standard
optimization algorithm for swarms of particles, the
particle velocities are varied according to linear laws [6].
To increase the speed of finding a global solution, special
non-linear  algorithms of stochastic = multi-agent
optimization proposed in [1] have recently been extended
in which the motion of the i-th particle of the j-th swarm
is described by the following expressions

v+ 1) = wyvip(0)+ ey O oy = e ,0))] g (0) = 0]+
a0 (pa; =2, O] 0=, 0),
where x;(t), v;(f) are the position and velocity of the i-th
particle of the j-th swarm; ¢; and ¢, are the positive
constants that determine the weights of the cognitive and
social components of the velocity of the particle; r,,(f) and

75(t) are the random numbers from the range [0, 1], which
determine the stochastic component of the velocity

3)

component of the particle. Here y;(¢) and y; are the best

local — lbest and global — gbest positions of the i-th
particle, found respectively by only one i-th particle and
all the particles of the j-th swarm. The use of the inertia
coefficient w; makes it possible to improve the quality of
the optimization process.

The Heaviside function is used as a function of
switching H the particle motion to the local y;(7) and the

global y;(t) optimum, respectively. The parameters for

switching cognitive p,; and social p,; components of the
particle velocity to the local and global optimum,
respectively; The random numbers &,(f) and &(f)
determine the parameters of the particle motion switching,
respectively, to the local and global optimum. If
py < €j(t) n py < &t), then the velocity of the i-th
particle of the j-th swarm does not change at step ¢ and the
particle moves in the same direction as in the previous
optimization step.

With the help of separate j-th swarms (3), (4),
optimization problems for the scalar criteria f{(X) which
are components of the vector optimization criterion (1),
are solved. To find a global solution of the original
multicriteria problem in the course of searching for
optimal solutions of local criteria, individual swarms
exchange information among themselves. In this case, to
calculate the velocity of the particles of one swarm,
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information is used about the global optimum found by
the particles of another swarm, which makes it possible to
isolate all potential Pareto-optimal solutions. For this
purpose, at each step ¢ of the motion of the i-th particle of
the j-th swarm, the preferences functions of the local
solutions obtained by all swarms are used. The solution

X j (t) obtained by optimizing the objective function fi(X)
with the j-th swarm is preferable to the solution
X Z (t) obtained by optimizing the objective function f;(X)
with the help of the k-th swarm, i.e. X(c)= X;(¢). if the
binary preference condition is met. Moreover, as the

global optimal solution X Z (¢)of the k-th swarm, a global

solution X j (¢) obtained by the j-th swarm is used that is

preferable to the global solution X, Z (t)of the k-th swarm

based on the preference relation.

In fact, with this approach, the basic idea of the
method of successive narrowing of the field of
compromises is realized: from the initial set of possible
solutions, based on information about the relative
importance of local solutions, all Pareto-optimal solutions
that can not be selected according to the available
information on binary preferences of local criteria are
deleted successively. Removal is carried out until a
globally optimal solution is obtained. As a result of
applying this approach, no potentially optimal solution
will be removed at each step of the contraction.

Usually, the initial position of the swarm agents is
randomly assigned, and then the swarm moves to the
global optimum starting from this position, which
characterizes the stochastic properties of the optimization
algorithm. The number of agents in the swarm can remain
constant, or they will change as the swarm moves. With a
constant number of swarm agents, the swarm topologies
of the «ring», «square», «star» and «pyramid» types are
most often used. In particular, the gbest PSO and lbest
PSO algorithms use the swarm topologies of the «star»
and «ring» type. If you change the number of agents in a
swarm, the initial number of swarm agents is randomly
assigned, and then from this number of agents, a random
formation of a new number of agents and a new swarm
topology begins.

When moving, the swarm particles try to improve
the solution they found earlier and exchange information
with their neighbors, thereby finding a global optimum
for the fewer number of iterations. The advantage of these
methods over the classical gradient optimization methods
is that they do not require the calculation of the
derivatives of the objective function, they are practically
insensitive to the proximity of the initial position to the
desired optimal solution, and it makes it easier to take into
account various constraints in finding the global optimum.

Results of computer modeling. As an example, we
consider the transient processes in the electromechanical
servo system [9] with synthesized robust regulators. One
of the characteristic modes of operation of the
electromechanical servo system under consideration is the
development of a given linearly varying angle of rotation
of the working mechanism. To ensure a zero steady-state

error of the system in this mode, a second order of the
system's astaticism is required for the determining
influence. In the existing system, PD controllers are used,
since the introduction of the integral component leads to
the emergence of undamped oscillations in the mode of
working out the given angles of the position of the
working member due to the presence of dry friction on the
shafts of the drive motor and the working member. With
the help of robust regulators it was possible to ensure a
stable operation of the system taking into account all the
essential nonlinearities inherent in the elements of this
system when two integrating links are introduced into the
control loop.

We perform a study of the sensitivity of such a
robust system with second-order astatism, taking into
account all the nonlinearities for three different values of
the moment of inertia of the working member, which
varies during the operation of the system.

Fig. 1 shows the transient processes: a) the rotation
angle ¢(f) and b) the rotation speed ,(¢) of the working
mechanism when hovering at transfer speeds (35 deg/s).

| | |
I I I Ls

0.7 0.8 0.9 1

Fig. 1. Transient processes of:
a) rotation angle ¢(f); b) rotation speed ,,(¢) of the working
mechanism when hovering at transfer speeds (35 deg/s)

The steady error in working out the given linearly
varying rotation angle of the working mechanism is zero
and, consequently, the synthesized system has a second-
order astatism. Note that during the first 0.02 s. The
working member remains stationary, since during this
time the drive motor is stuck and then the shaft
connecting the drive motor and the operating member is
angled such that the elastic moment becomes greater than
the dry friction moment of the working member. When
the moment of inertia of the working mechanism changes,
the transient processes change insignificantly, which
confirms the weak sensitivity of the system being
synthesized, and the steady-state velocities of the working
mechanism coincide.
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Fig. 2 shows the transient processes of the same
state variables when the working mechanism is guided at
low velocities (0.5 deg/s). At the same time, the working
mechanism moves with jerks and with stops, but the
steady error of the system is practically zero. It should be
noted that in this mode the working element remains
stationary during the first 0.08 s, which is four times
longer than when the working member moves with a
transfer speed, as shown in Fig. 1.
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Fig. 2. Transient processes of:
a) rotation angle ¢(¢); b) rotation speed ,,(¢) of the working
mechanism when hovering at low speeds (0.5 deg/s)

Fig. 3 shows the transient processes of the same
state variables when the working mechanism is guided at
super small — creeping speeds (0.02 deg/s). We note that
this mode of operation determines the potential accuracy
of the electromechanical servo system under
consideration and, in general, characterizes its tactical and
technical characteristics [9]. In this mode, the working
element remains stationary for the first 0.3 s, which is 15
times longer than when the working member moves at
transfer speed. Such a long delay in the beginning of the
movement of the working element is caused by the
required time required for the appearance of an error in
working out a given angle of the position of the working
member and the generation of the corresponding motor
moments and the moment of elasticity of the shaft
connecting the drive motor with the working member
necessary for friction, first the drive motor, and then
Working member of the electromechanical servo system.
At the same time, the working mechanism moves in jerks
and contains sections like stopping, moving forward,
stopping, moving backwards, and the system error in the
steady state oscillates with respect to the zero value with
an amplitude of 5-10°* rad.

The results of comparisons of the dynamic
characteristics of the servo electromechanical system have

shown that the use of synthesized robust controllers has
made it possible to reduce the error in setting the working
mechanism and to reduce the sensitivity of the system to
changes in the parameters of the control object in
comparison with the existing system with typical
regulators.

y
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- ” 7

Fig. 3. Transient processes of:
a) rotation angle ¢(¢); b) rotation speed ,,(¢) of the working
mechanism when hovering at super small — creeping speeds
(0.02 deg/s)

Conclusions.

On the basis of the construction of the Pareto-
optimal solutions, and taking into account the binary
preference relations of local criteria using stochastic
multi-agent  optimization particle by multiswarm
algorithms improved method for solving formulated
multiobjective multiextremal nonlinear programming
problem with constraints, to which the problem of
multicriteria synthesis of robust controllers multimass
electromechanical systems that can significantly reduce
the time for solving the problem and satisfy different
requirements that apply to the work multimass
electromechanical systems in various modes. It is shown
that the use of synthesized robust controllers possible to
reduce the pointing error of the working mechanism and
reduce the sensitivity of the system to change control
parameters of the object compared to a typical system
regulators.
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IMPROVING CALCULATION ACCURACY OF CURRENTS IN CABLE SHIELDS
AT DOUBLE-SIDED GROUNDING OF THREE-PHASE CABLE LINE

This paper deals with the calculation of currents in shields of single-core cables at double-sided grounding of three-phase cable
lines. We consider flat and trefoil cable lines and receive the analytical expressions for RMS currents in the shields of cables.
These expressions allow reducing the shield current calculation error to value of 5 %. We analyze the known approximate
expressions for RMS currents in the shields of cables and represent dependencies of corresponding calculation errors on cable
line dimensionless parameters. These dimensionless parameters are determined by the distance between the axes of the cables, the
radius and the resistance of shields. References 10, figures 4.

Key words: cable line, shield of a cable, shield current, double-sided grounding.

B pabome paccmompena 3adaua pacuema moK0O8 6 IKPAHAX OOHONCUTbHGLIX Kabeneil npu O0GyCMOPOHHEM 3a3eMIEHUU
mpexgaznoit kabenvnoi aunuu. /s ciyuaes npoKkiaoku Kaoenel ¢ ni0CKOCHU U MPey20ibHUKOM NOYYEHbl AHATUMUYECKUE
solpasicenust Ot OeUCMEYIOUUX 3HAYEHUI MOK0E 8 IKPAHAX, HO3BOAIOUUE 0ZPAHUYUMD ROZPEUIHOCHb paciema HA YPogHe
5 %. Ilpoeeden ananuz npudIUNCEHHBIX BLIPANCEHUN 01 MOKO08 8 IKpanax kadeneil. Ilpedcmaesnensl zpagpuku 3agucumocmeit
nOZpewtHoCIuU RPUOTUINICEHHBIX GLIPANCEHUII OM RPOU3GOOHBLIX 0Oe3PA3ZMEPHBIX NAPAMEmpOé KaGenbHOil TUHUU, KOmOopble
OnpedensIIoOmMcs paccmosHuem mexicoy ocamu Kaoenei, paouycom IKpanos u ux akmuenovim conpomusnenuem. butn. 10, puc. 4.

Knrouesvie cnosa: kadeabHast JIMHUS, IKPaH Kaﬁeﬂﬂ, TOK B JKpaHe, IBYCTOPOHHEE 3a3€MJICHUE.

Introduction. When laying high-voltage cable
power lines (CL), a necessary condition is the grounding
of electrically conductive cable shields, one-sided or two-
sided. The main advantage of single-sided grounding is
the absence of longitudinal currents in the shields, which
does not violate the thermal mode of the CL and ensures
the maximum throughput of the CL. The disadvantage is
the induced potential on the shield and, accordingly, the
need to install protective devices against overvoltage [1].
When grounding shields at both ends with transposition
of shields, longitudinal currents are also absent. However,
the complexity and high cost of transposition limits its
universal application. The simplest is the double-sided
grounding of the cable shields, which provides no surge
voltage and does not require the installation of additional
protective devices [1]. In this case, the cable screens form
closed contours along which the induced longitudinal
currents flow [2-4]. On the one hand, this leads to a
decrease in the magnetic field of the CL and contributes
to solving the problems of the magnetic ecology; on the
other hand, currents in the cable shields can disrupt the
thermal mode of the CL and lead to a decrease in the line
capacity [5, 6]. Therefore, the calculation of currents in
the screens is an actual task.

The analysis of literature sources showed that for the
calculation of induced currents in shields with their two-
sided grounding, different approximate expressions are
used. The normative document [7] contains expressions
for calculating the currents in the shields when laying
cables in the plane and with a triangle. These approximate
expressions have a simple form and are used in practice
when designing CL. In [8], the problem of thermal losses
in cable screens is considered, and expressions for the
current values of currents are given. For the case of laying
cables in a triangle, the above expression is compact, but
for the case of laying in the plane, expression are rather
cumbersome. Therefore, to estimate the magnitude of the
currents in the screens when laying cables in the plane,
use a compact expression for laying with a triangle,
assuming the distance between the cables is equal to the

mean geometric interphase distance of the CL. In [9], this
approach was used to analyze the inductance of three-
phase CL for arbitrary arrangement of cables.

Approximate expressions are convenient for
engineering calculations. However, as shown below, the
error in calculating the currents in the shields with the
help of approximate expressions can be more than 30%.

The goal of the paper is obtaining expressions for
the effective values of currents in cable shields with their
two-sided grounding, which makes it possible to limit the
calculation error at the level of 5% with a real spread of
the CL parameters.

Calculation of currents in the cable shields. In
[10] an analytical model of the magnetic field of a three-
phase CL with two-sided shielded single-core cables was
developed. It is applicable under the following natural
assumptions: the distribution of the induced current in the
screen of each cable is uniform, and the thickness of the
screen is much smaller than its radius. The model makes
it possible to calculate the currents in the shields and the
distribution of the magnetic induction of the field created
by the CL for arbitrary arrangement of its cables. The
scatter of the results of calculating the magnetic induction
and experimental data [3, 4] does not exceed 5%.

In [10] analytical expressions for the complex
amplitudes of currents induced in cable shields with their
two-sided grounding are given. Calculating the modulus
of these expressions, bringing such terms and dividing by,
we obtain expressions for the effective values of the
currents in the shields. As variables it is convenient to use
the following dimensionless CL parameters:

- ,uow* A=,
27 R r
where @ = 2750 s is the frequency of the current; R" is
cable length unit length resistance, (0/m; s is the distance
between axes of adjacent cables, m; r is the radius of the
shield section, m; wy = 47107 H/m is the magnetic
constant.
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If the cables are laid in a plane, and the currents in
the veins form a system of direct sequence, then the
expressions for the current values of the currents in the
shields with their bilateral grounding take the following
form:

2
{Q~ln2A-lnf+\/§~ln2J +1In%4/
nh=r.

>

2
{Q~1n2A.1nA3—3j +4.In%24
2 0

(1

A3 2
{anZA-lnz—\/;anJ +1n%44

=1

>

2
[Q-ln2A~lnA3—3J +4-In° 24
2 0

where [ is the effective current value in the conductors of
the cables.

In the case of an inverse sequence of currents in the
conductors, expressions for the currents in the shields of
the first and third cables are interchanged in (1).

In the case of laying cables by a triangle, the current
values of the currents in the screens with their two-sided
grounding are equal to each other [8, 10]:

oy, & )
1+0°In* 4

In [7-9] various approximate expressions are given
for calculating the effective values of the currents in the
screens when laying cables in the plane. To determine the
error of these expressions, we use (1). Quantitatively, the
error is defined as follows:

2
1 - []:pprax . .
=1 100%, (3)
n

is the effective value of current in the k-th

sh

where I},

cable shield calculated by (1); ;" is the effective

value of current in the shield calculated by approximate
expressions [7-9].

Analysis of the errors of approximate expressions
for currents in shields when laying cables in a plane. In
the normative document [7, p. 297] an approximate
expression is presented for calculating the currents in the
shields when laying cables in the plane. Writing it through

0, we get:

IZPPMX:I-\/OJ&

425.0° 25.0°
72 +425.0° 72 +25.0?
We use (3) to find the error in calculating the
currents with the help of (4). Fig. 1 shows the graphs of

the dependences of the relative deviation of & from the
derivatives of the CL parameters. The curves are plotted

+0.25- @)

for intervals of Q and 4 values, which are characteristic
for CR, calculated for voltages of 45 + 330 kV. Note that
the values of Q equal to 0.15 and 0.35 are attained at
values of the resistance R™ equal to 0.42:10° Q/m u
0.18:10° ©/m which in turn are characteristic for shields
with cross-sections of 45 mm? and 105 mm?, respectively.

e 0L o oL
&y e (X4

40w - g 4{; u“
3@} ot \\ 0=0.15 P
10 10 L0703
0.1 0.2 0.3 0.4 £ 2 4 6 8 10 12 14 16 A
a b

Fig. 1

From the presented graphs it is seen that the error &
as a whole is determined by the value 4 (Fig. 1,b), and the
dependence of ¢ on Q, i.e. on the active resistance of the
shield, can be ignored (Fig. 1,a). From Fig. 1,5 it follows
that an error of less than 20% is achieved in a rather
narrow range for values of 4 greater than 5 and less than
10-12. If the distance between axes of adjacent cables is
less than 4 or more than 20 screen radii, then the error of
application (4) for calculating the currents in shields with
their bilateral grounding may exceed 30%.

Using the approach presented in [9, p. 180], to
calculate the currents in the screens when laying cables in
the plane, one can use expression (2) with 4 replaced by,
where is the geometric mean distance between the cable
axes. Then, in terms of Q and 4, the expression for
determining the effective value of the current in the
screen of each cable will have the following form:

JappProX _ 1. Q2 . ln2 A% . (5)
k 1+0% 2432

The error in applying this expression can be
calculated using (3). The results of the calculation are
shown in Fig. 2.
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0=0.35

As in the previous case, the error depends weakly on
the parameter Q (Fig. 2,a) and essentially depends on the
value of 4 (Fig. 2,b). The error of 20% is reached at 4>5.
For 4<3, the error in applying expression (5) exceeds 30%.
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Expressions for calculating the current values of
currents in double-sided earthed shields when laying

cables in the plane are also given in [8, p. 227]. In terms
of O and 4, they can be written as follows:
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Let us investigate the error in calculating the
currents with the help of (6). Fig. 3 shows the dependence
of the error ¢ on Q and 4 calculated according to (3).

The greatest error is reached at 4 =4, and it does not
exceed 15%. At the same time, for (0>0.25, the error
exceeds the permissible value for engineering calculations
of 10%.
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Analysis of the error of the approximate
expression for the currents in the shields when the
cables are laid with a triangle. Separately, consider the
case of laying cables in a triangle. In the normative
document [7, p. 296], in order to calculate the effective
currents in two-sided earthed shields, instead of (2) it is
recommended to use the following expression:

Japprox _ ;[ __0.0019
R3,+0.0019

where Ry, is the resistance of the shield of 1 km of the
cable, Q/km.
Rewriting it through the dimensionless parameter Q,

we obtain:
2
gapprox _ . | 47507
7% +4.75-0?

Since the effective values of the currents in the
screens are equal when the triangle is laid, the error in
applying the approximate expression (7) is defined as
follows:

()

approx

1- -100% ,

E =

]sh

where I is calculated by (2), and I’ is calculated
by (7).

The graphs of the dependences of ¢ on Q and 4 are
shown in Fig. 4. As can be seen from Fig. 4,a, the error
varies only slightly with @, which indicates an
insignificant effect of the active resistance. From the
dependence shown in Fig. 4,b we can conclude that the
error of the approximate formula (7) does not exceed 20%
only for 4<2.4. At the same time, for 4>5, the error &
exceeds 50%.
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Thus, when calculating the current values of currents
in cable shields for bilateral grounding, it is recommended
to use expressions (1) in case of laying cables in the plane
and expression (2) in case of laying by triangle.

Conclusions.

1. Analytical expressions are obtained which, for cases
of laying cables in the plane and with a triangle, allow
calculating the effective values of currents in the cable
shields with an error of 5% at their are double-sided
grounding.
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2.1t is established that the error in calculating the
effective values of the currents in the shields with the help
of approximate expressions known from the literature
sources exceeds 30% in a wide range of parameters of the
cable line.
This work was supported by the State Fund for
Fundamental Research of Ukraine under grant ®@70/18937.
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STUDY OF THE INFLUENCE OF MAGNESIUM HYDROXIDE
ON THE COMBUSTIBILITY PERFORMANCE OF POLYMER COMPOSITIONS
BASED ON ETHYLENE VINYL ACETATE COPOLYMER

Purpose. To obtain the flame retardants polymer compositions for cables tested the effect of use EVA compositions with
magnesium hydroxide, on indicators combustibility polymer. Methodology. We used the method of differential scanning
calorimetry and defined heat flux dependence on the test time for each composition at temperatures from 20 °C to 600 °C rate of
temperature rise: 50 C/min, 75 °C/min, 100 °C/min. Using the model of free kinetics we determined dependence of the activation
energy from the conversion, a dependence of the conversion on the time of the test, the dependence of the time of the conversion
from the temperature for each concentration. To comparison of these parameters for each composition we plotted the dependence
of the time of the conversion from the temperature and the dependence the degree of conversion from the time of temperature
exposure during the combustion of each of the compositions. Results. We obtained the kinetic characteristics, allowing to
determine the composition, which provided the best results to reducing the kinetic parameters of flammability of polymeric
compositions. Originality. For the first time we used the DSC and model-free kinetics to determine the effect properties of
ingredients of the polymer compositions on the combustibility performance. Practical use. The research results can be used to
develop polymer compositions for cable products. References 18, tables 3, figures 9.

Key words: ethylene vinyl acetate copolymer, magnesium hydroxide, combustibility, polymeric composition, kinetics.

Llens. Llensvto cmambu aenaemcs onpeoenenue 6IUANUA OUSUOPAMA OKCUOA MAZHUA HA NOKA3AMENU 20pIoYecnu NOJIUMEPHBIX
KOMRO3UYuil HA OCHOBE CORONUMEPA IMUNEHA C GUHUIAUEMAMOM 0I5 PA3DAOOMKU COCINABOE NOUMEPHBIX KOMNOZUUUIL Os
KabenbHoll npOOYyKUUU ¢ NOBLIUIEHHBIMU MPeOosanHuAMU O NOXdCApHOU Oe3onacnocmu. Memoouka. Mvl npumenunu memoo
ougppepenyuanvroni cxkanupyrowei karopumempuu ([CK) u onpedenunu 3agucumocms menio6o20 NOMOKA Om 6pemeHu
ucnolmanusn 011 Kaxicoozo cocmasa npu memnepamypax om 20 °C 0o 600 °C u pasnoit ckopocmu nodvema memnepamypol:
50 C/mun, 75 C/mun, 100 °C/mun. Henonv3ys mooenb c60000HOI KUHEMUKU ORPEOeTUNU 3A6UCUMOCHIb IHEPZUN AKMUBAY UL
om cmeneHu nNpPeepaAuieHus, 3A6UCUMOCHb CHMENEeHU NPeePAUleHUs OMm 6PDEMEHU UCHLIMAHUA, 3A6UCUMOCHL 6DEeMEHU
npeepawjeHusa om memnepamypul 014 Kaxcoou Konuyenmpayuu. /Ina cpasnenus smux noxkazameneii 014 Kaxcooi KOMRO3UUUU
cmpounu zpaguku 3a6UcCUMOCMU 8PeMEHU NPePAU{eHUA OM MEMNEPamypsl U 3a6UCUMOCHU CMENeHU NPespauieHus om
épemenu 6030elicmeus Mmemnepamypsvl npu Cc20paAnuu Kaxicoou u3 xomnozuyuii. Pesynemamot. Ilonyuensvt Kunemuueckue
XapaKmepucmuKu, no380aa0uiue OnpedeaIums cocmas, odecneuusarujuil Iyyuiue pe3yibmanmsl RO CHUNCEHUI0 KUHEMUYecKux
nokaszameneii zoprovecmu noaumepnovix komnosuyuil. Hayunas noseusna. Bnepevie mot ucnonvzosanu /ICK u mooensv c60600noii
KUHeMmuKu Ona ONpeoeneHus GAUAHUA CEOIICHE UHZPEOUEHINO6 NOIUMEPHBIX KOMRO3UYUII HA ROKa3amenu 20plovecmu.
Ilpakmuueckoe npumenenue. Pesynomamol uccnedoeanuit mozym 0blmb UCHOIL30GAHBI NPU PA3PAGOMKe HOIUMEPHBIX
Komno3uyuii 0na Kabeavrou npodykyuu. bubn. 18, tabdmn. 3, puc. 9.

Kniouesvie cnosa: conojuMep 3TH/IeHA ¢ BUHMJIALETATOM, TUTHAPAT OKCHIAa MAarHHs, TOPIOYeCTh, IOJTUMEPHAsi KOMIIO3HIIHS,
KHHETHKA.

Introduction.

Increasing the fire safety requirements for polymer
compositions for the manufacture of cable products is
given increasing importance due to the increasing
application of the latter in a wide variety of technical
and economic fields and tougher requirements for fire
safety in construction, energy, nuclear energy, railway
transport [1-4].

One of the ways to reduce the combustibility of
polymer materials based on polyolefins is the introduction
of filler-flame retardants into the polymer composition.
Inorganic fillers-fire retardants, in particular magnesium
hydroxides are used. These materials not only increase
fire resistance by absorbing a large amount of heat, but
also neutralize acid gases, which leads to a reduction in
smoke formation [5-9].

The heating of polymeric materials to temperature at
which a sharp increase in the rate of exothermic oxidation
reactions takes place, results in the appearance of
smoldering. Smoldering is the flameless burning of a
solid material at relatively low temperatures (400-600) °C
often accompanied by the emission of smoke.

The cable products are required to meet the burning
performance: an exothermic reaction with an oxidizer,

heat of combustion, combustion temperature, energy of
heat release, burning rate. Data on these parameters for
polymer compositions based on the ethylene-vinyl acetate
copolymer and magnesium oxide are absent [10, 11].
Therefore, it is expedient to investigate these processes
when developing and assessing the fire hazard of polymer
materials for cable products.

The goal of investigations is study of the effect of
magnesium dihydrates on the flammability of polymer
compositions based on ethylene vinyl acetate copolymer.

Experimental investigations.

Carrying out investigations we used ethylene
copolymers with vinyl acetate (CVA), the characteristics
of which are given in Table 1.

Tablel
CVA characteristics
Indicator name CVA1 CVA2
Density, kg/m’ 939 951
Melt flow 1ndex., 25 5
2.16 kg, g/10 min
Content of vinyl acetate, % 18 28

© E.V. Chuleyeva, V.M. Zolotaryov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.2 43



Magnesium dihydrates the characteristics of which
are given in Table 2 were they used as retardants fillers.

Table 2
Characteristics of retardant fillers

Name of indicators Me(OH),
Sample No. 1 | Sample No. Ne 2
Mass fraction, %
Mg(OH), >93 >932
SiO, <0.05 22+0.2
Fe,0; <0.3 0.12+0.02
Na,O <0.05 -
CaO - 22+0.2
Median particle diameter, pm:
average (Dsg) 3.0 3.7
maximal (Dog) 20.0 12.5
minimal (D) 1.0 1.1

Polymer compositions are presented in Table 3.

Table 3
Polymer compositions
5 g Components, %
£%Z
=2 Mg(OH), | Mg(OH),
L g CVA1l | CVA2
8 Sample No. 1 | Sample No. 2
la 60 40
2a 60 40
3a 60 40
4a 60 40
1b 50 50
2b 50 50
3b 50 50
4b 50 50
lc 40 60
2c 40 60
3c 40 60
4c 40 60

Thermal, temperature and kinetic characteristics
were determined from the data obtained on the TGA/DSC
1/1100 SF device for differential scanning calorimetry
from METTLER TOLEDO Company at temperature from
20 °C to 650 °C and heating rate (f) of 50 °C /min,
75 °C/min and 100 °C /min.

Differential scanning calorimetry is based on the
well-known principle of Boersma, or the principle of heat
flow, in accordance with which the heat fluxes of the
sample and the reference measurement are compared.

TGA/DSC 1 is a highly sensitive measuring
instrument of thermogravimetric analysis (TGA). The
main node TGA/DSC 1 is a measuring cell which

includes a furnace and a balance. In addition to the mass
of the sample, which is measured with the built-in high-
precision balance, TGA/DSC 1 provides a sample
temperature measurement. Together with the value of the
reference temperature, these values form the basis of the
thermogravimetric analysis of the sample. In addition,
TGA/DSC 1 allows the measurement of the heat flux
signal, thereby providing the use of differential scanning
calorimetry (DSC). The sample temperature and the heat
flux signal are determined based on the readings of the
temperature sensors, which is measured directly with a
thermocouple mounted in the crucible holder.

The heat flux is calculated from the DTA
(differential thermal analysis) signal, which is the
difference between the sample temperature and the
temperature set in the temperature program. The module
transmits the measurement data to the software, which
determines the amount of heat flow from the formulas:

Q= E(T)SDT A .

SDTA =T, - T4y ,
where ¢ is the heat flux, E( is the calorimetric
sensitivity, 7, is the measured sample temperature,
T,.: 1s the temperature value given in the temperature
program [12].

Kinetic calculations were performed using the model
of free kinetics [13-18]. The model of free kinetics is
based on the temperature dependence and the degree of
transformation. Each transformation gives the calculated
value of the activation energy. The reaction rate for a
fixed degree of conversion depends only on temperature.
The Arrhenius temperature function is used.

For the analysis, three dynamic temperature curves
were used for each polymer composition (Fig. 1).
Dynamic, isothermal and combined temperature programs
were used.

The processing of kinetic experiments is based on
the theoretical equation of S. Vyazovkin:

62_{: — ke ERT (q),

da . . _ .
where = is the reaction speed, s'; k is the speed

constant; £ is the activation energy, J/mol; R is the
universal gas constant, J/(molxK); T is the temperature,
K; o is the degree of transformation, %.

The activation energy E(a) is constant for a certain
degree of transformation (the isoconversion method).

The rate of chemical reaction depends on the degree
of transformation (a), temperature (7)) and time (¢). The
reaction speed depends on the degree of transformation
fla). For each process, speed is own and is determined
experimentally.

Based on the DSC obtained using the above
programs, we obtain graphical data on the dependence of
the activation energy E(a) on the degree of conversion (in
our case, the degree of combustion); the dependence of
the degree of transformation (a) on the test time (¢) at
fixed temperature (7) and the dependence of the
transformation time (t) on temperature at fixed degree of
transformation () (Fig. 1).
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Fig. 1. Thermal, temperature and kinetic characteristics:
a — the dependence of the heat flux on the test time;
b — dependence of the activation energy on the degree of transformation;
¢ — dependence of the degree of transformation on the test time;
d — dependence of the transformation time on temperature
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To determine the effect of the ingredients of the
polymer compositions on the kinetic characteristics,
graphs were constructed of the dependence of the
transformation time on temperature at a constant
conversion degree (o = 75%). The results are shown in
Fig. 2-5.

From the analysis of the obtained data it follows that
the kinetic characteristics of the polymer compositions
essentially depend on the properties of both CVA 1 and
CVA 2 as well as fillers.

The transformation time decreases when exposed to
elevated temperatures. At the same time, in the
temperature range close to combustion temperatures
(430 °C), the conversion time is higher for the polymer
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1a \\
. \\\
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Temperature 7, °C
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Fig. 2. Dependence of the transformation time on temperature
for polymer compositions la, 1b, 1c

composition based on CVA 1 and flame retardant (sample
No. 1). As the temperature rises to 520° C, the
transformation time decreases.

An analogous dependence is observed for polymer
compositions based on CVA 2.

However, the transformation time is of greater
importance than for CVA 1 based polymer compositions.

The dependence of the degree of conversion on the
time of exposure to an elevated temperature close to the
combustion temperature of polymer compositions was
studied.

For this purpose, graphical dependencies of these
characteristics were constructed at a temperature of
440 °C (Fig. 6-9).

100
3c
30 +
3= a=T5%

60 k
@ 3a
[
[}
£
= 40

B \§§;}ﬂ‘

0 ¥ : L] : L] : L : Ll : T L] :

430 450 470 490 520

Temperature 7, °C

510

Fig. 3. Dependence of the transformation time on temperature
for polymer compositions 3a, 3b, 3¢
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Fig 8. Dependence of the degree of transformation on the
temperature influence time for compositions 3a, 3b, 3¢

From the data presented, it follows that the degree
of transformation o increases with the time of exposure
to an elevated temperature.

In this case, the exposure time should be
significantly increased for polymer compositions based
on CVA 2 and filler (sample No. 2).

Conclusions.

1. Kinetic characteristics are obtained for polymer
compositions based on CVA using magnesium oxide
dihydrate as an excipient for retardant.

2. The composition based on CVA2 (with high
content of vinyl acetate and a high melt flow index) with
a filler (sample No. 2) with smaller maximum particle
diameter and largest content of SiO, guarantees better
results to reduce flammability indicators.
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V.E. Bondarenko, O.V. Shutenko

DEVELOPMENT OF FUZZY NEURAL NETWORK FOR THE INTERPRETATION
OF THE RESULTS OF DISSOLVED IN OIL GASES ANALYSIS

Purpose. The purpose of this paper is a diagnosis of power transformers on the basis of the results of the analysis of gases
dissolved in oil. Methodology. To solve this problem a fuzzy neural network has been developed, tested and trained. Results. The
analysis of neural network to recognize the possibility of developing defects at an early stage of their development, or growth of
gas concentrations in the healthy transformers, made after the emergency actions on the part of electric networks is made. It has
been established greatest difficulty in making a diagnosis on the criterion of the boundary gas concentrations, are the results of
DGA obtained for the healthy transformers in which the concentration of gases dissolved in oil exceed their limit values, as well
as defective transformers at an early stage development defects. The analysis showed that the accuracy of recognition of fuzzy
neural networks has its limitations, which are determined by the peculiarities of the DGA method, used diagnostic features and
the selected decision rule. Originality. Unlike similar studies in the training of the neural network, the membership functions of
linguistic terms were chosen taking into account the functions gas concentrations density distribution transformers with various
diagnoses, allowing to consider a particular gas content of oils that are typical of a leaky transformer, and the operating
conditions of the equipment. Practical value. Developed fuzzy neural network allows to perform diagnostics of power
transformers on the basis of the result of the analysis of gases dissolved in oil, with a high level of reliability. References 16, tables
3, figures 9.

Key words: diagnostics of transformers, analysis of dissolved gases in oil, peculiarities of gas content, concentration levels,
fuzzy neural networks, membership function, Weibull distribution, network training, fuzzy conclusion, wrong decisions.

Paspabomana u obyuyena nHeuemkasa HeUPOHHAA CeMb ONA UHMEPNPEMAUUU DPE3YTbMANOE XPOMAMOZPAPUYECKO20 aHATU3A
pacmeopennvix 6 macine 2a306. Ilpednorceno onpedenasmo GyHKyuU NPUHAONEHCHOCIU JUHZEUCHUYECKUX HEPMOE C YUEnOM
dynKyui niomnocmeii pacnpedenenus KOHUEHMPAUUIl 24306 0N MPAHCHOPMAMOPOE C PAZTULHBIM COCMOAHUEM. Boinonneno
mecmupoeanue O00y4eHHOU cemu Ha He3agucumoil evibopke. IIpoananuzuposanvt 03MONCHOCIMU HENPOHHLIX cemell
pacnosnasamsb pazeueaiowjuecs 0eeKmuvl HA PAHHE CMAOUU UX PA3GUMUA, WAL POCH KOHUEHMPAUUNl 24308 8 UCHPAGHIX
mpancgopmamopax, nocie agapuiinbvlxX 6030€iicmeuii co Cmoponsl Inekmpuueckux cemeii. butin. 16, Tadn. 3, puc. 9.

Kniouesvie cnoséa: NMarHOCTHKA TPaHCPOPMATOPOB, AHAJIN3 PACTBOPEHHBIX B Macje ra3oB, 0COOEHHOCTH Ira30coJep:KaHus,
YPOBHHM KOHLEHTPauuii, HeyeTKHe HefipoHHbIe ceTH, PYHKIUHN NPUHA/JIEKHOCTH, pacnpeneieHne Beiidymnia, o6y4yenue cern,
He4YeTKMii BHIBOJI, OIIMOOYHBIE PelIeH s,

Introduction. One of the ways to increase the
operational reliability of high-voltage electric power
equipment especially that operated outside the normative
service life is to improve existing methods and means of
monitoring for obtaining diagnostic information,
development of mathematical models and algorithms for
assessing the technical condition of electrical equipment.
The most promising, according to the authors, the
direction of such an improvement is the development of
computer systems for technical diagnostics using the
apparatus of fuzzy logic and neural networks, which can
provide an increase in the reliability of recognition and
prediction of the technical condition and resource of the
object.

Analysis of publications. At present, the
mathematical apparatus of fuzzy logic and neural
networks is widely used to detect developing defects and
to recognize their type both by domestic [1-6] and foreign
[7-11] researchers. In most of the published works,
international, national or departmental standards or
techniques for interpreting the results of chromatographic
analysis of dissolved gases in oil (CADG) are used as a
decisive rule. When using the fuzzy logic device, the
membership function type as well as their numerical
characteristics, are determined based on expert estimates

or from existing standards. As a rule, when learning and
testing the developed systems of fuzzy inference or neural
networks, either the results of the CADG are used,
corresponding to the working or defective condition of the
equipment. But at the same time, the peculiarities of the
gas content of oils in serviceable transformers were not
taken into account, which are determined by the features
of the design, operating conditions and a number of other
factors. In addition, despite a rather large number of
publications on the use of neural networks to interpret the
results of CADG, a number of issues remain uninformed.
In particular, issues related to the ability of neural
networks to recognize developing defects at an early stage
of their development, or the growth of gas concentrations
in serviceable transformers, after emergency actions on
the part of electrical networks, have not been considered.
The latter circumstances served as an excuse for writing
this paper.

The goal of the work is the development, training
and testing of fuzzy neural network, for diagnostics of
power transformers based on the results of CADG, and
also analysis of the possibility of this network to
recognize developing defects at an early stage of their
development and growth of gas concentrations in
serviceable transformers as a result of external influences.

© V.E. Bondarenko, O.V. Shutenko
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Initial data for the network training. To train the
network, the results of CADG were used in Donetsk,
Luhansk, Sumy and Kharkiv regions, Ukraine. In total,
the results of observations of 426 transformers with
voltage of 110 and 330 kV, an unpressurized version,
were analyzed. Analyzed transformers differ both in
voltage class, and in nominal power, and in design, and
most importantly — in terms of operation, i.e. by the
values of the load, by the frequency and level of action of
short-circuit currents, by the multiplicity of the effects of
overvoltages, etc. All this leads to the fact that the values
of gas concentrations vary in a fairly wide range of
values. For the convenience of analysis, the values of the
gas concentrations were the concentration levels
recommended in [12] were used to diagnose the state of
high voltage equipment with voltages up to 330 kV.
Values of gas concentrations corresponding to different
levels are given in Table 1. According to [12], if the
values of the gas concentrations correspond to level 1, this
indicates a normal, defect-free state of the equipment. If
the concentration of at least one of the gases corresponds
to level 2, then the decision on the state of the equipment
is taken based on the analysis of the values of the rates of
increase in the sum of the hydrocarbon series gases (the
defect is considered «present» if this rate exceeds 30
ml/day). If the concentration of at least one of the gases
corresponds to level 3, then the presence of a defect
without taking into account the rate of increase in gas
concentrations is predicted.

Table 1
Levels of the state of oil-filled equipment
by values of gas concentrations
Concentration| Gases dissolved in oil
level H2 CH4 C2H6 C2H4 Csz
1 <0.01 | <0.005 | <0.005 | <0.0015 | <0.00005
’ 0.01- | 0.005- | 0.005- | 0.0015- | 0.00005-
0.015 | 0.012 | 0.01 0.01 0.001
3 >0.015 | >0.012 | >0.005 | >0.0015 | >0.001

The performed analysis showed that out of 7393
results of measurements of hydrogen concentrations 5161
(Hy) the value or 69.81% did not exceed the detection
limit of the chromatograph. Another 2106 values
(28.49%) of concentrations did not exceed the value of
the analytical recognition threshold (0.005% by vol.)
regulated in [12]. Only 71 values (0.96%) corresponded to
level 1 (less than 0.01% by vol.). Level 2 (0.01-0.015%
by vol.) corresponded to 26 values (0.35%), and to level 3
(more than 0.015% by vol.) — 29 values (0.39%).

The concentrations of methane (CH4) below the
detection limit by the chromatograph were found in 2,304
oil samples, which is 31.6% of all observations for this
gas; another 3,342 (45.2%) concentrations of methane
were below the analytical recognition threshold (0.0015%
by vol.). 1160 values (15.69 %) corresponded to level 1
(up to 0.005% by vol.), level 2 (0.005-0.012% by vol.) —
367 values (4.96%), and to level 3 (more than 0.012) —
220 values (2.98%).

The ethane concentrations (C,Hg) do not exceed the
detection limit of the chromatograph in 1957 samples
(26.47%), in 4485 oil samples (60.67%), the ethane
concentrations did not exceed the analytical recognition
threshold (0.0015% by vol.). 619 concentrations (8.37%)
corresponded to level 1 (up to 0.005% by vol.), level 2
(0.005-0.01% by vol.) — 153 values (4.96%), and level 3
(more than 0.01 % by vol.) — 179 values (2.42%)).

Of the 7393 ethylene concentrations (C,Hy), 1090
values (14.74%), 3763 (50.90%) were found below the
detection limit by the chromatograph, did not exceed the
analytical recognition threshold (which is 0.0015% by
vol.). It should be noted that for ethylene, the values of
the analytical recognition level coincide with the value of
the upper limit of level 1. Therefore, in the future for
ethylene, all values corresponding to level 1 are assigned
to values not exceeding the analytical recognition
threshold. In 1914 samples, the values of ethylene
concentrations (25.89%) correspond to level 2 (0.0015-
0.01% by vol.), And 626 ethylene values (8.47%)
correspond to level 3 (more than 0.01% by vol.).

The concentrations of acetylene (C,H;) not
exceeding the detection limit by the chromatograph were
found in 4551 oil samples, which is 61.56% of all
observations for this gas. Another 1602 values (21.67%)
of acetylene concentrations were below the analytical
recognition threshold. Due to the fact that for acetylene
the recognition level (0.0003% by vol.) exceeds the upper
limit of level 1 (0.00005% by vol.) acetylene values with
concentrations above the analytical recognition threshold,
but below level 3 are assigned to level 2 (from 0.00005 to
0.001% by vol.). Level 2 corresponded to 982 values
(13.28%), and to level 3 (more than by 0.001% by vol.) —
258 values (3.49%).

Thus, on the basis of the analysis, it is established
that, in serviceable transformers of a leaky design, gas
concentrations, upper limit values of level 2, can be
exceeded, which can be interpreted as a defect. The
greatest probability of exceeding the boundary value of
level 2 was found in ethylene, then acetylene, methane,
ethane and least of all hydrogen.

At the same time, the greatest probability of
realization of gas concentrations below the analytical
detection threshold is hydrogen, then acetylene, ethane
and methane. For ethylene, this probability is the lowest.
The maximum number of values with concentrations
above the analytical recognition threshold is C,H, (2540
values or 34.36%). Then follows CH,4 (1747 values or
23.63%), then C,H, (1240 values or 16.77%). The lowest
values with concentrations above the analytical detection
threshold were found in C,Hg (951 or 12.86%) and H2
(126 values or 1.70%).

The received results allow to draw a conclusion that
in serviceable transformers, the concentration values can
correspond to the values characteristic for the defective
state (level 3). As shown by the analysis performed in [13,
14], one of the main reasons for exceeding the gas
concentrations of boundary values, fault-free transformers
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are emergency actions from electrical networks (short
circuits, overvoltages, overloads, etc.).

To train the neural network, the results of CADG
were used for defective equipment, which were obtained
both as a result of cooperation of authors with Ukrainian
energy companies, and from open domestic and foreign
literary sources. The total amount of sampling values was
1103 measurements. The distribution of sample values by
types of defects is given In Table 2. As can be seen from
the table in the sample presented to the analysis, different
types of defect have a different volume of sample values,
i.e. Different probability of their occurrence. The greatest
number of defects is due to overheating in the temperature
range above 700 °C (in the Table is designated as
superheating of high temperatures) and overheating in the
high temperature region, which are accompanied by
electric discharges. The lowest number of observations is
for electric discharges of low energy and overheating,
which turn into an arc discharge. The performed analysis
showed that in defective equipment, the values of gas
concentrations substantially depend on the stage of defect
development, while in the initial stages the concentration
values may not exceed the boundary values corresponding
to level 3 [12], but as the defect develops, the values of
the concentrations increase. Another important factor
affecting the values of the concentrations of individual
gases is the type of defect. As a rule, the maximum values
of concentrations are observed in gases characteristic for
this type of defects. For concomitant gases, the
concentrations are somewhat less. At the same time, the
values of the concentrations of gases that are not
characteristic for this type of defect have values
corresponding to either levels 1 or 2, or they do not
exceed the detection limit of the chromatograph.

Table 2
Distribution of sample values by types of defects
Scope of
No. Defect type the
sample
1 |Partial discharge 115
2 |Partial discharges of high intensity 15
3 |Spark and creeping discharges 81
4 |Low-energy discharges 17
5 |Arc discharge (H,) 67
6 |Arc discharge (C,H,) 43
7 |Discharges of high energy (C,H,) 53
8 |Overheating of low temperatures (CH,) 48
9 |Overheating of low temperatures (C,Hy) 57
10 |Overheating of average temperatures (CHy,) 68
11 |Overheating of average temperatures (C,Hy) 81
12 |Overheating of high temperatures (C,H,) 260
13 Overheating of low temperatures and 35
discharges
14 |Overheating in the arc (CHy) 16
15 |Overheating transitions into discharges (C,Hy) 27
Overheating of high temperatures and
16 | . 120
discharges

Note: the gas with the maximum concentration is shown in
brackets.

Each result of measurements of gas concentrations
was assigned a code corresponding to the concentration
levels from Table 1. The coding of transformer diagnoses
is given in Table 3.

Table 3
The coding of transformer diagnoses
Code Diagnosis
1 Working condition
2 Suspicious condition
3 Defective condition

Fuzzy neural network training. Next, a fuzzy
neural network topology was developed, which is shown
in Fig. 1. The created network has 15 inputs, three inputs
for each of the gases. The number of learning cycles
created by the fuzzy neural network was 300 epochs.

=== -

Fig. 1. Fuzzy neural network topology

Fig. 2 shows the dependence of the learning error on
the number of training cycles.

Training Error

1.235

Erraor

1231

| |
1] 50 100 150 200 250 300
Epochs

Fig 2. Dependence of the learning error of a fuzzy neural
network on the number of training cycles

As can be seen from Fig. 2, the decrease in the
learning error is observed approximately to the middle of
the training interval. Further increase in the number of
training cycles does not lead to an increase in the
reliability of recognition. To reduce the error, the fuzzy
logic apparatus was used.

Stage of fuzzification. At this stage, the input
linguistic variables were identified:

LViyp1: <hydrogen concentration>
LVinp2: <methane concentration>
LVinp3: <ethane concentration>
LVinps: <ethylene concentration>
LViyps: <acetylene concentration>
Further, LV, is divided into several linguistic
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terms LTj; characterizing the peculiarities of the state of a
given variable:
LTy, j=1...n,
where: j is the number of term LViyy;, 7 is the number of
terms into which LV, is divided.
The dividing into term for each of the gases was the

following:
LViyp is divided into three LT

LT;;: < concentration within normal limits — 1>

LT,,: < suspicious concentration — 2>

LT,5: <defective concentration — 3>
LV is divided into three LT

LT,;: < concentration within normal limits — 1>

LT,,: < suspicious concentration — 2>

LT,s: < defective concentration — 3>
LViyps is divided into three LT

LT;;: < concentration within normal limits — 1>

LTs,: < suspicious concentration — 2>

LT;;3: < defective concentration — 3>
LViyp4 is divided into three LT

LT,;: < concentration within normal limits — 1>

LTy,: < suspicious concentration — 2>

LT43: < defective concentration — 3>
LVipps is divided into three LT

LTs;: < concentration within normal limits — 1>

LTs,: < suspicious concentration — 2>

LTs;3: < defective concentration — 3>

The definition of membership functions is quite a

challenge. To ensure that the selected membership
functions and their boundaries most adequately describe
the results of chromatographic analysis, the functions of
the density distribution of gas concentrations for
serviceable and defective states were used [15]. As an
example, Fig. 3, the Weibull theoretical density
distributions are given for methane concentrations
obtained for serviceable transformers (D), serviceable
transformers after emergency actions from electrical
networks (D;,) and transformers in which a defect (D) is
detected.

p(CHy)
0.3

0.2 1

0.1 1

0 T T T T T T T T 1CHy, % vol.
0 0.01 002 0.03 004 0.05 0.06 0.07 0.08 0.09

Fig. 3. Density of theoretical methane distributions
for transformers with different state

As a membership function, it is very convenient to
use a trapezoidal function, the degree of belonging to
which has a maximum value in the middle of the interval
and decreases along its edges. As borders for LT; of all

linguistic variables, the boundaries corresponding to the
functions of the density distribution of gas concentrations
were chosen for transformers with different states (see
Fig. 3). The boundary values for LT, and LTj; of all
linguistic variables were chosen on the basis of the
functions of the distribution densities. Fig. 4 shows the
functions of methane for three linguistic terms. As can be
seen from Fig. 4 membership functions are chosen in such
a way as to take into account both the recommendations
of COY-H EE 46.501:2006, and the operational
experience reflected in the form of density distribution
functions.
Output linguistic variables have the form:
LVu: < Concentrations within normal limits — 1>
LV,u0: < Concentrations above normal — 2>
LVai: < The concentration values correspond to the
presence of a defect — 3>
The dividing into term was the following:
LV 1s divided into two LT
LT,,: <Corresponds — Y>
LT,: <Does not correspond — N>
LV 1s divided into two LT
LT,,: <Corresponds — Y>
LT,,: <Does not correspond — N>
LV, is divided into two LT
LTs;: <Corresponds — Y>
LTs,: <Does not correspond — N>
As the membership functions for each of the terms, a
triangular function was chosen.

T T T
1 2 3

LA

i} oo o0z 003 04 005 00 007 [alli}
inout vatiable "CHe"

Fig. 4. The membership functions of three linguistic terms for,
linguistic variable content of methane in oil

Stage of calculating the rule. A system with fuzzy
logic should have a rules base, which, in essence, is the
empirical knowledge of the expert about the control
mechanism. To calculate the rules, the fuzzy inputs
received from the fuzzification block and the rules in the
knowledge base are used. In the left part of the rules,
possible situations at the input of the system are sorted,
and on the right-hand side it is indicated which LV
describes the correct reaction of the system. As a decisive
rule, the recognition technique was regulated in [9]. In
short, the rules base can be represented in the form:

Rule 1: IF [H,e1] AND [CH4e1] AND [C,Hge 1] AND
[C,H4e1] AND [C,H,e1] THEN [De 1];
Rule 2: IF [H,e2] AND [CH4e1] AND [C,Hge 1] AND
[C,H4e1] AND [C,H,e1] THEN [De 2];
Rule 3: IF [H,e1] AND [CH4€2] AND [C,Hge 1] AND
[C,H4e1] AND [C,H,e1] THEN [De 2];
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Rule 6: IF [H,e1] AND [CH,e1] AND [C,Hse1] AND
[C,H,e1] AND [C,H,€2] THEN [De 2];
Rule 7: IF [H,€2] AND [CH,e2] AND [C,Hse1] AND
[C,H,e1] AND [C,H,e1] THEN [De 2];

Rule 17: IF [H,e 1] AND [CH,e 1] AND [C,Hse 1] AND
[C,H,e2] AND [C,H,e2] THEN [De 2];
Rule 18: IF [H,e2] AND [CH,c2] AND [C,Hsc2] AND
[C,H,e1] AND [C,H,e 1] THEN [De 2];

Rule 27: IF [H,e 1] AND [CH,e 1] AND [C,Hsc2] AND
[C,H,e2] AND [C,H,€2] THEN [De 2];
Rule 28: IF [H,e2] AND [CH,c2] AND [C,Hsc2] AND
[C,H,e2] AND [C,H,e1] THEN [De 2];

Rule 48: IF [H,el OR H,e2 ] AND [CH4el AND
CH,€2] AND [C,Hgel OR C,Hge2] AND [C,H,u€e3]
AND [C,H,e3] THEN [De 3];

Rule 49: IF [H,e3] AND [CH4e3] AND [C,H¢e3] AND
[C;H4el OR C,Hue2] AND [C,Hel OR CyHye2]
THEN [De 3];

Rule 63: IF [H,el OR H;e2 ] AND [CH4e3] AND
[C2H6€3] AND [C2H4€3] AND [C2H2€3] THEN [DE 3],
Rule 64: IF [H,e3] AND [CH4e3] AND [C,Hce3] AND
[C,H,e3] AND [C,H,€3] THEN [De 3];

Stage of defuzzification. At this stage, the fuzzy
information contained in the form of the authenticity of
the linguistic term is transformed into a clearly defined
meaning. The defuzzification is made according to the
figure obtained by adding all the membership functions of
the terms of the input variable. As a method of
defuzzification, the right modal value method was
adopted, which provides the greatest reliability in
determining the degree of belonging of the output
variables.

Testing of fuzzy neural network. The trained
network was tested on an independent sample (values that
were not used in training). For the convenience of
analysis, the test data was broken according to known
diagnoses into three groups. Test results for serviceable
transformers whose concentration values do not exceed
the values for level 1, from Table 1 are shown in Fig. 5.
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Fig. 5. Results of testing fuzzy neural network for CADG results
of transformers not having defect

As can be seen from Fig. 5, the fuzzy neural network
unambiguously classified the data presented to the
recognition to level 1. Further, the trained neural network
was presented to recognize the values of concentrations of
dissolved gases that correspond to level 2. The test results
are shown in Fig. 6.

Fig. 6 shows that the network accurately, but with
varying degrees of belonging, carried all the results of the
CADG to the level 2 submitted to the input. At the last
stage of the testing for the input of the fuzzy neural
network, the results of CADG were submitted, for
equipment in which defects of various types were
detected. It should be noted that in the sampling network
fed to the input, the concentration of at least one of the
gases corresponded to level 3.
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Fig. 6. Results of testing fuzzy neural network for the results of
CADG transformers, whose gas concentrations correspond to
level 2 (a — initial data, b — test results)

The test results are shown in Fig. 7.

As you can see from the Figure, the fuzzy neural
network correctly recognized the defective condition of
the transformers, too.

Analysis of the possibilities of a fuzzy neural
network. Further, the results of CADG of serviceable
transformers were submitted to the input of the fuzzy
neural network, in which the gas concentrations
corresponded to level 3. The reason for the increase in gas
concentrations was the emergency operation of electrical
networks  (short-circuit, overvoltage, transformer
overloading effects [13, 14]). And violations by
operational personnel in the selection, transportation and
storage of oil samples, as well as during testing. The
results of the network are shown in Fig. 8.

As can be seen from Fig. 8, out of 541 the results of
CADG applied to the input to the defect-free state, the
network classified only 5.
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Fig. 7. Results of testing fuzzy neural network for the results of
CADG defective transformers (a — initial data, b — test results)
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Fig. 8. Results of testing fuzzy neural network for the results of
CADG defect-free transformers, in which gas concentrations
corresponded to level 3 (a — initial data, b — test results)

The analysis performed showed that in these five oil
samples the levels 3 corresponded to the values of only
one of the five gases. The values of the concentrations of
the remaining four did not exceed the detection limit by
the chromatograph (conditionally equal to zero). Such gas
content is not characteristic for a defective state, i.e. In the
training sample, such data were not available, which
probably allowed the network to make this diagnosis.
Another 27 CADG results were attributed to the
suspicious state by the network, i.e. level 2. In these oil
samples, the concentration of only one of the five gases
corresponded to level 3. The concentrations of the
remaining four did not exceed the detection limit by the

chromatograph or corresponded to level 1. All other
results of the CADG presented to recognition were
attributed to state 3 by the network, i.e. mistakenly
recognized as defective, which is error of the first kind
(false alarm).

No less interesting are the results of the operation of
the fuzzy network, with the recognition of the state of the
transformers based on the results of the CADG defective
equipment, which are obtained in the early stages of
defect development, when the gas concentrations do not
exceed the upper limit of level 2. The results of the
operation of the electric network are shown in Fig. 9. As
can be seen from Fig. 9 out of 51 results submitted to the
network input for only 15, the network was diagnosed a
defective condition. For 25 samples of oils, with varying
degrees of belonging, the network was diagnosed with a
suspicious condition (level 2). It is noteworthy that the
results of the CADG transformers of the Nelson River
hydropower station, Northern Canada [16], which were
received for 10 months and 5 days before their damage (1
and 2 results, respectively) were attributed to level 2 by
the network. It should be noted that the expert system
used by the company could not prevent damage to these
transformers. However, according to the results of
CADG, the fuzzy neural network has definitely not
determined the defective state in these transformers, but
only classified the results obtained as a result of the state
of «suspicious concentrations». For 11 results of CADG,
the fuzzy neural network diagnosed the absence of a
defect, which is error of the second kind (missed target).
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Fig. 9. Results of testing fuzzy neural network for the results of
CADG defective transformers, in which the gas concentrations
did not exceed the boundary values of level 2
(a — the initial data, b — the test results)

Analyzing the obtained results, it is necessary to
recognize that the developed and trained neural network
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had to solve the mutually exclusive problem. On the one
hand, in order to recognize the defects of equipment at
an early stage of their development, the membership
function for the defective state must be shifted to the
lower range, on the other hand, to recognize the effect of
emergency operation of the network, the membership
function for the faulty state must be shifted to higher
values. However, even in such a situation, a fuzzy neural
network has successfully coped with the task, especially
considering that an unmistakable recognition of
emergency influences and defects at an early stage of
development, based on the use of only the values of gas
concentrations, is fundamentally impossible. At the
same time, as shown in [6], the use as a criterion for the
development of a defect, the nature of changes in gas
concentrations in time, allows solving this problem with
almost 100% certainty. Thus, the reliability of the
diagnosis of a neural network is significantly influenced
by both the diagnostic features used to make the
diagnosis, and the decision rule.

In addition, the reliability of the diagnosis, which
puts the neural network, is substantially limited by the
peculiarities of the CADG method. This was clearly
demonstrated by the example of recognition of a
condition caused by an emergency response from the
power grid or personnel errors. Since both the
development of the defect, and the effect of abnormally
high currents, voltages or temperatures, due to emergency
operation of the network, lead to an increase in gas
concentrations, then on the basis of an analysis of only the
values of gas concentrations, it is not possible to
determine the cause of gas evolution. Therefore, to expect
an error-free diagnosis from the neural network would be
extremely improper.

Conclusions:

1. A fuzzy neural network has been designed, trained
and tested to interpret the results of CADG. In contrast to
similar investigations, when training a neural network, the
functions of belonging to linguistic terms were chosen
taking into account the functions of the density
distribution of gas concentrations for transformers with
different states, which allowed to take into account both
the peculiarities of the gas content of oils characteristic
for non-hermetically sealed transformers and the
operating conditions of this equipment.

2. Based on the results of the network check on an
independent sample, it was found that the greatest
difficulty in diagnosing by the boundary gas
concentration criterion is the results of CADG obtained
for serviceable transformers in which the concentrations
of dissolved gases in the oil exceed their boundary values,
as well as for defective transformers on early stage of
defect development.

3. The performed analysis showed that the reliability
of recognition of fuzzy neural networks has limitations
that are determined by the features of the CADG

method, the diagnostic features used and the chosen
decision-making rule.
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DETERMINATION OF DIRECTION TO RECONSTRUCTION
OF GROUNDING SYSTEM

Purpose. In paper the most efficient and economical way for bringing the grounding system of power facilities into compliance
with requirements of normative parameters was determined. Methodology. The determination was based on the comparison of the
calculated values of touch voltage and length of additional electrodes for reconstruction of grounding system by two ways. To
calculate the software based on the method of point current source which located in the three-layer soil, method guidance
potential, Gauss method and the method of ordinary least squares was used. Results. For three possible cases amount of material
and labor costs for the reconstruction and modernization of the grounding system while maintaining the equipotent grounding
system and allowable touch voltage was defined. Originality. For the first time the effectiveness the reconstruction of grounding
system for requirements of touch voltage, not to her of resistance, both in terms of electrical safety and in terms of material and
labor costs proved. Practical value. The implementation of results saves a national scale funds for modernization and
reconstruction of existing grounding systems of power facilities. References 3, tables 8, figures 6.

Key words: grounding system, electrical safety, reconstruction, material and labour costs.

Ha ocnosanuu pacuemmnozo 3IKCREpUMEHMA RPOAHANUIUPOGAHBL 603MOMNCHbBIE CAYUAU HECOOMBEMCMEUA 3A3EMAAIOUUX
YCMPOICME HOPMAMUGHBIM MPEOOBAHUAM U CROCOOBL UX PEKOHCIMPYKUUU RO MPEOOBAHUAM K HANPANCEHUIO NPUKOCHOBEHUA U
conpomugnenuto. Onpedenena Ipdhexmuenocms yYKA3AHHLIX HARPAGICHUI PEKOHCHMIDYKUUU KAK C MOYKU  3PEHUs

INeKMpPoHe3onacHocmu, max u MamepuaibHo-mpyoossix sampam. bubn. 3, Tadsn. 8, puc. 6.
Kniouesvie crosa: 3a3emiisiioniee yCTpoiicTBO, 3JIeKTPO0e30NaCHOCTb, PEKOHCTPYKIHUS, MATePHATBLHO-TPYA0BbIE 3aTPAThI.

Introduction. Substations (SS) operated in Ukraine,
most were designed for the requirements of the
permissible value of resistance of grounding device (GD).
Since these energy facilities were built over 30 years ago,
it has undergone significant changes GD influenced
corrosion processes, replacement and reconstruction of
high-voltage equipment and so on. Therefore, at this time
you need to choose the best option of GD modernization
according to one of its normalized parameters (NP). To
bring the current GD in line with current regulations [1]
uses electromagnetic diagnostics (EMD) of the state of
GD [2] which aims to determine the NP of GD and
development of recommendations on reconstruction and
modernization of GD.

Reconstruction of GD of electrical installation for
voltage above 1 kV in power grids with dull grounded
neutral, as well as the design can be done in two ways [2]:
according to the requirements of the GD allowable
resistance values or the permissible touch voltage.
Existing investigations [3] have repeatedly noted that in
some cases of GD realization according to its resistance
can not guarantee the electrical safety of staff and provide
a valid value of touch voltage. But this time estimate
material and labor costs, taking into account the values of
NP to select the optimal arrangement direction of GD is
not performed.

The goal of the work is determining the optimal
direction of reconstruction and modernization of electrical
grounding device of electrical installations of voltage
above 1 kV working in a network with dull grounded
neutral.

Materials of investigation. We consider two
methods of reconstruction of existing grounding device:
the first one — the requirements for its resistance, the
second one — the requirements to touch voltage. Analysis
of the development of recommendations by these two
ways to perform the reconstruction of GD we carry out on
the example of electrical substation of voltage class of

110 (150) kV. It was considered three options:

l)before the reconstruction of exceeding the
permissible touch voltage observed in 50% of the
equipment after the reconstruction of both the first and
second contact means voltage does not exceed the
permissible value;

2)before the reconstruction of exceeding the
permissible touch voltage observed on all equipment to
ensure acceptable touch voltage in the reconstruction of
both the first and second insulating layer methods used in
the field of surgical equipment maintenance;

3)before the reconstruction of contact voltage and
impedance GD do not exceed the allowable values and
during the reconstruction of the first and second method
required only made constructive recommendations.

We consider these options in detail:

1) After the reconstruction of two ways of contact
voltage does not exceed the permissible value.

We execute analysis on the example of existing
substation, the results of which EMD state GD are shown
in Fig. 1, 2. This thick solid black line marked grounding
located underground. The real name of the research
facility is changed to conditional — SS No. 1.

Initial data for determining NP of GD were: real
circuit GD SS No. 11, in use, the electrical characteristics
(ECH) of ground (electrical resistivity (ER) I layer —
42.65 Q-m, II layer — 25.37 Q'm and thickness of the first
layer — 0.82 m), the value of current single-phase short
circuit (SC) — 1.957 kKA. It should be noted that the
implementation of reconstruction GD exceeding the
allowable contact voltage (65 V at the time of operation
of reserve protection with more than 1.0) was observed in
50% of the equipment where possible operational
switching (namely: BI T-1, BI T-2, S T-1, S T-2 and SC-
1), while the resistance value GD does not exceed the
allowable value of 0.5 Q).
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Fig. 2. Circuit of the GD of the SS No. 1 complied with the
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According to the item 1.7.106 of the Standard [1] the
distance between the transverse horizontal grounding

(HG) for GD performed the requirements for its
resistance, it is recommended to take upward from the
periphery to the center grounding grid. In this case, the
first and following distance from the periphery should not
exceed respectively 4.0; 5.0; 6.0; 7.5; 9.0; 11.0; 13.5;
16.0; 20.0 m. The depth should be laying HG (0.5 — 0.7)
m. Fig. 1 shows the GD of the substation with introduced
recommendations necessary to bring embodiment of the
GD to the requirements of its resistance R; (additional
HG are indicated by dotted line).

According to the item 1.7.105 of the above standard
for GD performed according to the requirements to touch
voltage U, we must place the longitudinal and transverse
HG to perform protective potential equalization
considering permissible touch voltage value and
convenience joining grounded equipment, laying depth
must be not less than 0.3 m. Thus, in comparison with
GD, meet the requirements for its resistance requirements
for a design less stringent.

Fig. 2 shows GD with recommendations necessary
to bring it into compliance with the allowable voltage to
ground. Calculation of parameters was performed using
mathematical tools developed in [4]. Compare the value
(see Table 1) and a voltage variation of contact for both
versions of the GD. From Table 1 it follows that the
voltage of touch with the first mode of implementation
will be somewhat less important, but in both cases touch
voltage does not exceed the permissible value of 65 V,
and variations in the voltage of contact is approximately
the same for both cases, i.e. in the first and in the second
case will be equipotential grounding grid.

Table 1
Values of U, V Deviations of U,Ofrom
Equipment; - - mean value, % -
name G]? with G]? with GD with GD with
requirementsrequirementsjrequirementsjrequirements
for Rg for U, for Rg for U,

SS 11 BS 26.1 38.3 12.8 9.9
SS1BS 23.5 33.8 1.6 -2.9
BIT-2 22.0 324 -4.9 -7.0

ST-2 21.1 27.5 —8.8 -21.1
SCT-2 20.6 31.6 —-10.9 -9.3
SCT-1 21.2 34.2 -8.3 —-1.8

right LT 25.6 39.8 12.4 2.8

left LI 26.6 37.1 -19.6 -13.9

When performing the first method of reconstruction
GD material and labor costs (see Table 2) will be
significantly higher (more than five times).

Table 2
GD with GD with
Name and type of works requirements | requirements
for R for U,
Laying additional HG
in soil of 3 group, m 349 66
Laying additional HG 151 33
in soil of 5 group, m
Fulfillment of | amount 9 2
punctures under
roads or pass on
the asphalt- length, 60 10
concrete m
massive
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2) For permissible touch voltage in the
reconstruction of both the first and the second
insulating layer methods used in the field of surgical
equipment maintenance.

We execute analysis on the example of existing
substation, the results of which EMD state GD are shown
in Fig. 3, 4. This thick solid black line marked grounding
located underground. The real name of the research object
changed to conditional — SS No. 2.

Nel'

1 Nol"

)

Initial data for determining NP GD were: real circuit
GD SS No. 2, in use, ECH ground (ER layer I — 33 QO'm,
IT layer — 4.6 Q-'m and thickness of the first layer — 1.97
m, the value of current single-phase circuit — 10.784 kA.
It should be noted that the implementation of
reconstruction GD exceeding the allowable contact
voltage (65 V at the time of operation of reserve
protection 0.1 s) was observed on all equipment where
possible rapid switching, although the resistance value of
GD does not exceed the permissible 0.5 Q.

Fig. 3 shows the GD of the substation with introduced
recommendations necessary to bring embodiment of the
GD to the requirements of its resistance GD (additional HG
are indicated by dotted line).

Fig. 4 shows the GD with the recommendations
necessary to bring it into compliance with the allowable
voltage to ground.

We compare the value and variation (see Table 3) of
touch voltage for both versions of the GD.

From Table 3 we can see that the voltage of contact
for both methods of reconstruction exceeds the
permissible value of 65 V. Therefore the use of the
insulating layer required for the reconstruction of both
methods in the field of equipment maintenance, thus
reducing to acceptable U,.
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Fig. 4. Circuit of the GD of the SS No. 2 complied with the
permissible touch voltage value

Table 3
Values of U, V Deviations of U,Ofrom
Equipment - - mgan value, % -
name Gl? with Gl? with GD with L GD with
requirementsrequirementsrequirementsfrequirements|

for R; for U, for Rg for U,
ILI ph. A 195.5 208.5 16.2 8.4
1LI ph. B 137.4 198.4 —18.3 3.2

1LI ph. C 134.5 155.8 -20.1 -19.0
2LIph. A 152.7 217.3 -9.3 13.0
2LI ph. B 191.9 185.9 14.0 -3.3
2LI ph. C 196.6 214.0 16.8 11.3
3LI 173.4 189.1 3.0 -1.7
4L1 180.8 200.7 7.4 4.4
SLI 127.5 174.2 —24.2 -9.4
6LI 185.7 203.4 10.4 5.8
7LI 155.7 168.3 -7.5 —12.5
8LI 171.3 198.8 1.8 34
9LI 190.2 201.9 13.0 5.0
10LI 162.7 175.8 -3.3 -8.6

Variations in the contact pressure will be roughly the
same for both cases.
In this case, when performing the first reconstruction
GD way of material and labor costs for the construction of
additional HG (see Table 4) will be significantly higher

(more than

Six times).

For

improvement

include

operational service in both cases used without metal
reinforcement plate with a total impedance of 3500 Q.

3) Touch voltage does not exceed the permissible
values, and during reconstruction included only the
necessary constructive recommendations.

We execute analysis execute on the example of

existing substations, the results of which EMD state GD
are shown in Fig. 5, 6. This thick solid black line marked
grounding located underground. The real name of the
research object changed to conditional — SS No. 3.
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Table 4

GD with GD with
Name and type of works requirements | requirements
for Rg for U,
L_aym_g additional HG 199 3
in soil of 3 group, m
Laying additional HG
S 78 12
in soil of 5 group, m
Fulfillment of | Amount 8 1
punctures
under roads or
pass on the length, 63 3
asphalt- m
concrete
massive
Number of places of
stacking plates 16 16
without reinforcement with
the area of 1 m?, pieces
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Fig. 5. Circuit of the GD of the SS No. 3 complied with the
permissible resistance value

Initial data for determining the NP were: the real
circuit of GD SS No. 3 (see Fig. 5), which is in operation,
ECH ground (ER I layer — 12.1 Q'm, II layer — 15.1 Q'm,
the first layer thickness — 1.15 m), the value of current
single-phase circuit — 3.798 kA. It should be noted that the
implementation of reconstruction touch voltage does not
exceed the permissible value (65 in operation at the time of
backup protect more than 1.0 s) on all equipment. GD
resistance value was also lower than the allowable 0.5 Q.

Fig. 5 shows the GD of the substation with introduced
recommendations necessary to bring embodiment of the
GD to the requirements of its resistance GD (additional HG
are indicated by dotted line).

Fig. 6 shows GD with recommendations necessary
to bring it into compliance with the allowable voltage to
ground. As seen from the circuit, GD installation requires
only vertical grounding connections and lightning at SCB.
We compare the value and variation U, (see Table 5) for
both versions of the GD.
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Fig. 6. Circuit of the GD of the SS No. 3 complied with the
permissible touch voltage value

Table 5

Values of U, V Deviations of U,Ofrom
Equipment - - m@an value, % -
name GDwith | GDwith | GD with L GD with
requirementsrequirementsrequirementsfrequirements|
for R; for U, for R; for U,
LI-Slav-0 26.2 35.1 13.7 14.3
SS-1-1 23.9 28.2 3.8 -8.1
LI-PP-0 21.7 37.9 -5.8 23.5
SS-1-2 25.2 28.5 9.4 -7.2
SS-2-1 18.7 30.2 —18.8 -1.6
SS-2-2 22.5 24.3 -2.3 -20.8

From Table 5 follows that of contact voltage as in
the first and in the second mode of execution does not
exceed the permissible value of 65 V. Also, variations in
the U, will be approximately the same for both cases. In
this case, when performing the first reconstruction GD
way of material and labor costs for the construction of
additional HG (see Table 6) will be almost 8 times higher.

It should be noted that the reconstruction of the GD
by requirements for R; reduces resistance value GD only
3-6% compared to GD reconstruction the requirements to
touch voltage (see Table 7).
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Table 6

GD with GD with
Name and type of works requirements | requirements
for Rg for U,
L_aym_g additional HG 11 38
in soil of 3 group, m
Laylng additional HG 125 16
in soil of 5 group, m
Fulfillment of | Amount 5 -
punctures
under roads or
pass on the length,
28 -
asphalt- m
concrete
massive
Table 7
. | Rgbefore GD | R after GD reconstruction, Q: |
Substation . - - - -
name | " econstruction, |with requirements with requirements|
Q for R; for U,
SS No. 1 0.309 0.235 0.251
SS No. 2 0.088 0.083 0.087
SS No. 3 0.133 0.119 0.123

According to the Standard JICTY b J[.1.1-1-2013,
the analysis of the cost of reconstruction of GD in two
directions for the object (see Table 8) to the cost of
construction of HG in the soil of different groups, and
arranging the insulating layer in the event necessary, on-
site equipment maintenance.

Table 8
Cost of the GD reconstruction,
. thousand UAH:
Substation name - -
with requirements for Rg with requirements

for U,

SS No. 1 42.504 8.915

SS No. 2 29.423 4.640

SS No. 3 45.781 5.168
Thus, cost-effectiveness of reconstruction and

modernization of existing power facilities GD with
requirement for allowable contact voltage is proven.
Conclusions.

1. Implementation of the GD with requirements for its
resistance does not guarantee electrical safety of the
electrical maintenance personnel in case of emergency,
i.e. the resistance value of the GD does not allow one to
judge the suitability of the GD for further use.

2. Reconstruction of existing GD should be carried out
according to the requirements to touch voltage that will

How to cite this article:

ensure electrical safety of service personnel and reliability
of operating the equipment in all modes of electrical
installations.

3. Implementation of modernization and reconstruction
of the GD in the direction of providing acceptable touch
voltage has high economic efficiency: the average savings
in the reconstruction of power facilities of voltage classes
of 110 kV and 150 kV is about 33 thousand UAH for each
object.

The authors during the period 2015 — 2016 have
developed recommendations for modernization and
reconstruction of the GD as required for touch voltage of
10 substations of the voltage class of 150 kV and 20
substations of voltage class 110 kV. That said
introduction of the indicated direction of reconstruction
allowed even for a fairly small number of substations
saving more than 1 million UAH for Ukrainian energy
sector.
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DESIGN OF THE THREE-LEVEL MULTICRITERIAL STRATEGY OF HYBRID
MARINE POWER PLANT CONTROL FOR A COMBINED PROPULSION COMPLEX

Purpose. Efficiency of hybrid ships power plants (SPP) combined propulsion complexes (CPC) by various criteria for energy
management systems strategies. Methodology. Based on the classification system topologies SPP CPC for mechanical, electrical
and hybrid types of motors schematic diagrams of management strategies for the criterion of minimum power consumption are
defined. Changing the technical component of the traditional approach to building hybrid ships electric power systems (SEPS)
SPP CPC the principle of modifying the structure of SEPS is applied with the integration of additional static alternative power
source as dynamic reserve, which allowed to meet modern requirements for energy efficiency, levels of vibration, noise and
degradation effects produced to SPP CPC, in all areas of the energy for the transfer of power from energy to propellers. Modeling
of power transmission of energy to propellers in MatLab/Simulink is conducted, using blocks of optimization library and
definition of identity markers. Results. Major advantages and disadvantages SPP CPC depending on the topology of energy
distribution systems are determined. According to the chosen structure system electricity characteristics were obtained in the
process of power transmission SPP CPC and power systems and their control strategies in terms of increased efficiency and
eliminate these drawbacks. And finally, mathematical apparatus for research in terms of the development of methods for
designing and managing SPP hybrid CPC to reduced fuel consumption, emissions into the environment and improving
maintainability, flexibility and comfort level are improved. Originality. The methodology for improving SPP CPC implementation
by developing methods of identification markers mutually influencing processes in SPP CPC and the development of
implementing these methods of settlement and information systems. Practical value. The method enables iterative optimization
parameters SPP CPC, it can be used as a means of intelligent design, which is the result of the application of improved
performance SPP CPC. References 49, table 1, figures 12.

Key words: ship power plants, combined propulsion complexes, energy management system, control strategy.

Ha ocnosanuu cucmemuoii Knaccugukayuu mononozuil cyooewvix nepzemuueckux ycmanogok (CIY) komoéunuposanuvix
nponynvcusnux komniaexcoeé (KIIK) ovinu cucmemamusupoganvl ocnoeénvle npeumyuiecmea u neoocmamku CIY KIIK ¢
3a6UCUMOCIU OM INONONIOZUN CUCIEMbl YRPAGIEHUA pacnpedenenuem Inepzuu. boinu nonyuenvt xapakmepucmuku npoyeccos
nepeoauu mownocmu ¢ C3Y KIIK u cucmemax snepzocnadyicenus, u ux cmpamezuii KOHMPOAsA ¢ MOYKU 3PEHUA NOBLIULEHUA
Iphexkmusnocmu u ycmpanenun ykazaHHuix He0OCMAmMKOG. YcosepuieHcmeosan MamemMamuyuecKuii annapam ons npoeeoenus
UCCNe006anull ¢ MOYKU 3PEHUA pa3padomKu Memooo8 npoeKkmuposanus u ynpaeienus cuopuonvimu CIY KIIK c
COKpauieHuem nompeoieHus MONIuea, 6vl0POCO8 6 OKpyIHCAowyl cpedy U NOGHIUIEHUU PEeMOHMONPUZOOHOCIIU,
MaHneepennocmu u ypoeéua Komgopma. Pazpabomannviii memoo oOaem 603MOMCHOCHb UMEPAUUOHHOU ORMUMUIAUUU
napamempos CIY KIIK, umo no3eonaem ucnonv3oeamsy e20 KAk CpeoCmeo UHMENIEKMYanabHoz0 NPOEeKMUPOSAHU,
Pe3yIbmamom npuMeHeHUs KOmopozo AGNACMCA ycosepuieHCmeosannvle kcnayamayuonnsie xapakmepucmuxu CIY KIIK.
bu6n. 49 Tabn. 1, puc. 12.

Kniouegvie cnosa: cynoBasi JHepreTHdeckasi YCTaHOBKA,
ynpasJieHHsl JHepronoTpedjeHneM, CTpaTerust ynpapJeHus.

Introduction.

Minimizing the additional costs of changing the
operating mode of ship power plant (SPP) combined
propulsive complex (CPC) is achieved by providing
stable power of SPP and the loadof middle-rotating diesel
generators (MRDG) wunder perturbation of the
environment through optimal in terms of minimum
criteria consumed power management options in the SPP
CPC. In order summarized forgiveness performance SPP
CPC with various of architecture-Circuit decision
structures, the wuse of this or other intellectual
management strategies based to determining the
effectiveness of setting governmental regulators MRDG
and frequency converters (FC) feeding rowing electric
motors (REM) of under-steering device (USD) in terms of
compliance with the appropriate level of specific fuel
consumption (SFC) depending on the load on propellers
and MRDG (Fig. 1).

Despite the diversity of structures SPP CPC they
may be grouped by similar advantages and disadvantages
(Table 1) analyzing what can be concluded that the main
drawbacks of modern-these hybrid SPP CPC in terms of
management efficiency and ensure operational modes, is

KOMOMHHPOBAHHBINH MPONYJbLCHBHOH KOMILICKC,

cucTeMa

the inability to adjust MRDG speed-intensive in
accordance with the load on propellers and the need for
alternative sources of energy (ASE).

Problem definition. On the first stage it is necessary
to categorized topology of SPP CPC by mechanical,
electrical or hybrid types of engines and power topology
(thermal, electrochemical and hybrid).

Then, considering the processes at SPP CPC power
systems and their control strategies, increase capacity and
eliminate the disadvantages of these systems and their
respective controls. Finally need to develop mathematical
tools for research in terms of the development of methods
for designing and managing SPP CPC hybrid with
reduced fuel consumption, emissions into the
environment and improving maintainability, flexibility
and comfort level.

Investigations are conducted under the state budget
research work «Concept of technology and ways of
improvement of ship power plants of combined
propulsive complexes» of the National University
«Odessa Maritime Academy» (state registration number
01140U000340).

© V.V. Budashko
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Fig. 1. Dependence of the specific fuel consumption of the load
on MRDG and characteristics of propellers: 1-4 - MRDG
characteristics; 1 — barrage; 2 — loading; 3 — loading with
increased load rating; 4 — loading with sequential turbocharging;
5-6 — characteristics of propellers; 5 — calculated; 6 — on free
water; 7 — testing
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The goal of the paper is the increase of hybrid SPP
CPC efficiency by combining criteria of control strategies
of energy distribution.

Methods of investigations.

Hybrid SPP CPC with ASE using maximum
efficiency of direct mechanical drive power and flexibility
of a combination of combustion engine and the heat
energy accumulated ASE is the most promising. At low
power propulsive electric drive designed to bring vehicles
in motion, REM provides the necessary power and excess
capacity heat engine can be used as an auxiliary power
supply from the shaft generator. Such SPP CPC typical
architecture is shown in Fig. 2 [41, 42].

Note that MRDG equipped with automatic start-up,
such as PMR (Power Management Relay) inside PMS
(Power Management System) during the period of
expectations are in «hot standby». This means that at least
provides constant heating of the engine (for single HSPP
liquid-cooled). Power station with automatic start-up can
take the load after a few seconds after power failure at the
main distribution board (MDB) it does not need
additional time to warm the engine. In addition, there is
no need to manually perform switching MDB - all
necessary switching performed automatically and during
MRDG carried automatic maintenance frequency output
voltage and speed diesel. For particularly difficult
conditions, special HSPP MRDG can work in this mode
when the engine is constant, but the generator load is not
connected or minimum. In this mode, fuel consumption,
though not very big, but is also available. Remember that
when switching to emergency mode, guaranteed job
batteries. Therefore, during normal operation HSPP
necessary to provide and charging batteries, in which also
consumes fuel. It is clear that the total fuel consumption
for the two partially loaded MRDG significantly higher
than in other MRDG working under similar voltage.

2500 kVA

) 2025 KvA K

)
\\t“\_.,/.-'
1T
11
]
Bow Stern Shaft Booster Azimuth Booster Shaft Stern Bow
Thruster Thruster Generator Motor Thruster Motor Generator Thruster Thruster
1500 kW 1500 kW 5335 kWA 3000 kW 1200 kW 3000 kW 5335 kVA 1500 kW 1500 kW

Fig. 2. One-linear circuit of the hybrid SPP CPC of the multipurpose vehicles with auxiliary USD of L—Drive type
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Advantages and disadvantages of motors and feeding systems techniques of SPP CPC

Table 1

Technique Advantages Disadvantages Source
. . . Fig. 1
Low power loss at the design power Low efficiency at partial and peak loads 1. 2]
Low CO,and NO, emissions at the High NO, emission while reducing the 3. 4]
Electromechanical CPC design power load ’
Low reservation [5]
Low loss of power conversion Increased noise [6]
Overloading diesel motors [7, 8]
. The constancy of rotational speed of
The overload capacity [9, 10]
MRDG
Disel electrical propulsion complex Consistency of load with MRDG Losses at the design power [11]
(DEPC) High prospects _ . . [12]
i _— The risk of permanent instability of the _
Reduction of NO, emission at low speed Fig. 2
. . load power
Potentially low noise [13]
Low power loss at the design power . [14]
The constancy of rotational speed of i
The overload capacity MRDG 16],
Hybrid DEPC Matching of load and REM at low- (7]
power .
Difficulty of the system iE
Potentially low noise of REM 19]’
. . . (20,
) . . Independence from air quality The limited power
Hybrid DEPC with alternative sources of 21]
energy (ASE) Reduction of emission in air Danger [22]
High efficiency and low noise Failure to modernize [23]
o . Independence from air quality The limited power
Hybrid ship electric power system . B [24,
Reducing of emission in air and low
(HSPP) ) Danger 25]
noise
) The constancy of rotational speed of [26,
Load balancing
MRDG 27]
Zero noise and emission Difficulty of the system [28]
Storing regenerated energy The hazard of batteries maintenance [29]
The efficiency of backup power Batteries cost [30]
DEPC with HSPP Ability to pulse power ON The need for control of each bathery [31]
Reduced fuel consumption and emission|The possibility of failure in consequence | [32,
into the atmosphere recharging batteries 33]
. . Fig. 3
Absense of NO, increase while . o )
] ) Difficulty monitoring of batteries [34,
increasing the load
35]
REM variable rotation speed and load  |Difficulty of the system [36]
Optimal REM load The cost and loss in power electronics [37]
) Reducing noise and vibration of the The increase in NO, due to the variable
DEPC with AC HSPP and system of [38]
motor power
energy storage (SES) - - -
Reduced fuel consumption and CO, The need for energy conservation while [39]
emission reducing power
Ability to pulse power ON Complexity control [40]
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Changing the technical component of the traditional
approach to building hybrid HSPP SPP CPC suitable for
use in many types of vehicles, based on the principle of
modifying the structure of the HSPP many practical cases,
operational modes, which work main MRDG can be
carried out with loads of up to 80% of the nominal value,
and dynamic reserve of energy provided from additional
static ASE.

This approach is known, but its technical
implementation to date has been virtually impossible
because of the lack of highly static energy, which

Tertiary control:

markedly exceeds the technical and operational
characteristics of classic batteries and provides a high
degree of reserve and peak load electricity.

It is proposed to use in the hybrid HSPP SPP CPC
additional of ASE which consists with electric double—
layer capacitor — (EDLC).

Flowchart of classical control strategy of the hybrid
SPP CPC based on the shown in Fig. 2 EDLC using the
criterion of minimum power consumption is shown in
Fig. 3.

Load sharing: ECMS optimisation

Energy Management System (EMS)

Secundary control:

Y~

VP. VP,

Start/stop
Frequency control
Voltage control

Power Management System (PMS)

Protection
i , Primary control: L
lm lgﬂ lﬁq l“» Y lhiﬁ

Speed Speed N . Voltage
control AVR control AVR Switch §.1gnals control

n + + fuel + |4 + i, n + * fuel + V + L J,
Diesel Diesel .
‘ 1(,?(,\ Generator ‘ “'?('\ Generator Battery — Pom?r
engine engine converter

Ay v, iy

Ayv.is

Electrical Power Plant: V,

++ugﬂ

Fig. 3. Flowchart of control of hybrid SPP CPC by criterion of minimum power consumption: AVR - automatic voltage regulation;
X — setpoint; P — power; f— frequency of voltage; V' — voltage; n — rotational speed of MRDG; i,,. — generators excitation current;
I — current of MRDG

The core of monitoring and and control of the joint
HSPP SPP CPC with EDLC as a dynamic source of
power is the evaluation module of voltage EDLC and the
degree of excess charge. Because the relationship between
voltage and current value EDLC degree charge is
approximately linear, therefore, the detection accuracy of
the voltage on the capacitor will directly determine the
accuracy of the information about the state of EDLC.

The energy discharge capacitor modules in the SPP
CPC features disturbing forces parameterization actions
are determined by the equations (1) and (2), provided of
all the USD in the coordinate plane direct regulation since
given by equation (3) to assess the integration of the total
area all modules EDLC surface galvanic curve during
discharge or charge:

y&@:%mzﬂ+%rm@, "

Fs(t)=15(t) -ty +Zsp -s(0),
where Zgz is the impedance of the converter from the
electric side, [Q2]; Zsy, is the impedance of the converter
from the mechanical side, [Q2]; z is the time constant of

the electromechanical transformation, [s]; #z is the time
constant of the mechanical-electrical transformation, [s]

Us(Z) =I5(t) Zsg +15p - Vs (1),

Fg(Z)=1I5(t) tyg + Zgys - 05(1), )
dvs(t _ t —
U504y 550+ g [s (o) = Fs(2),
€0
where FS(Z) = (FSI(ZI): Fsz(Zz)a FS3(Z3)9 Fs4(Z4)» S
Fg(Z"))" ™0, complex impedance is defined by

(mcS + mncS) :
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matrices of active and inductive components of the
equivalent circuit complex load Z" = R"™ +
+ piL"; Thawingy 1s the thruster matrix of configuration
parameters of devices, where (i = 0...k) is the number of
the corresponding configuration regarding Table 1 and
selected technique of the SPP CPC [43, 44].

UEDLCfmin
j U (t)dt

UEDLCfmax
Equation (3) permits to calculate the power charger
needed to ensure the required level of charge EDLC for a
particular operating mode SPP CPC during dynamic
loading. Whence all capacity capacitor modules will be
determined by the formula:

3)

Eiysoc(®) = Igprc

2E;ys0C

CinyEDLC = 7 4)
(UEDLC_max)
Power capacitors of EDLC of hybrid DEPC are
formed in the modules by determining the necessary
energy charge/discharge capacity calculated in chargers.
Considering the large number of power devices, high-
voltage and high-power lines between modules and HSPP
SPP CPC, electromagnetic environment is complicated.
The program operation monitoring system should consist
of two parts: a control system (CS) and integrated control
unit monitoring capacity. The integrated control unit will

be responsible for tracking and signal processing modules
of EDLC, for example, the total capacity voltage level of
the charging and discharge currents about ambient
temperature and so on. CS will monitor algorithms and
data storage in EDLC modules, system status monitoring
and control, power management devices and schemes of
the man-machine interface.

To exchange information in various control devices
as a communication center in SPP CPC it is planned to
use the metwork in order to send commands to the
monitoring unit of EDLC modules on the system bus and
receive data downloads. Each unit monitoring modules
EDLC responsible for: receiving a signal state of one
EDLC by voltage and temperature.

To select the number and capacity of EDLC
according to the type and characteristics of SPP CPC
operating mode at the start according to the components
of complex impedance matrix parameters determine the
active and inductive components integrated load
equivalent circuit Z" = R™ + pjL™ (Fig. 4). And for the
value of the stop mode direct control point forward
coefficients matrix configuration parameters of thruster
devices Ty, Where (i = 0...k) is the number of the
configuration.

Im(Z), Ohm
120 ===~ oTTTTTATTTrAT H R AR I S HE H
" : : :
------- L S R e L L LE L L LRy | s=s=s==q
100 A v . . .
: :
- b eeedeeem--- J: ------- dewmm-- o4
o [
fj
0 i 6 :
ReEZ]thm -----------------------------
: : : : : : : : ' Rc’(z;'],.l.’)hm
20 40 60 80 100 120 140 160 180 200

Fig. 4. Parameters for determining integrated load of capacitance of EDLC for a particular operating mode of the SPP CPC: the
degree of charge of EDLC (State—of-Charge — SOC)

For example, for the circuit of the SPP CPC (Fig. 2)
[45, 46] on the ship are two main classic screw the left
and right sides of the stern of the ship; two feed tunnel
USD; one azimuthal USD that slides out from the hull in
the bow of the vessel, which can be rotated to any angle
oy (Fig. 8) relative to centreline of the ship; two bow
tunnel USD (ur > — the main focuses of classic screws;
urs 4 — the focuses of feeding tunnel USD; urs — focus of
support azimuth USD, uz; — the focuses of nasal USD):

1 1 0 0
0 0 1 1

coso. 45 0 0

1[5

Iy =l =lp3 —lry lre 17
where /7; (i = 1...7) is the arm strength or distance from
the application of USD to focus this effort 17 vector
projection onto the plane of the ship.

Then, according to the type of EDLC we calculate
frequency response (FR) (Fig. 5) and the initial
parameters of the charge/discharge of the prescribed
limits of SOC (Fig. 6).

T,

matrix = Sina 45 1

lTssin(lAs
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Fig. 6. Charge/discharge parameters of the selected EDLC in the prescribed limits of SOC

And, finally, the calculated effectiveness of the
proposed configuration of SPP CPC handheld dynamic
type EDLC power supply for a particular operating
mode (Fig. 7), taking into account situational factors set
of the operating mode SPP CPC of the particular ship,
single-line diagram of which is presented in Fig. 2.
These factors are taken into account in the task of
solving local problems identifying operational mode,
each of which corresponds to a composition of effective
variables [47, 48].

Results of investigations. Based on the proposed
method we improved the control strategy of SPP CPC by
criterion of minimum power consumption by introducing
criterion for maximum alternative energy and regulating
the degree battery of SES using ASE to minimize fuel
consumption.

Compliance with other criteria such as noise,
vibration, emission into the environment or maintenance
of MRDG (see Table 1) is primarily dependent on the

operating point of MRDG (Fig. 1) and ASE (Fig. 7) and is
determined by adjusting the control system of distribution
electricity (Fig. 3).

Thus, similar to the cost function depending on the
mode of MRDG can be obtained on these criteria, as well
as the overall optimal power of SPP CPC can be
determined from the weighted cost function on several
criteria.

Improvement strategies criterion for obtaining the
maximum alternative energy and regulating the degree
battery of SES using ASE is a promising approach to
improve SPP CPC compared with many features for
future developments [49].

Ultimately, further research must move by
combining management strategies in terms of integrated
approach. Block diagram of one embodiment of improved
management strategies integrated system with hybrid
DEPC and joint HSPP is shown in Fig. 8.
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Fig. 8. Block diagram of the control strategy of SPP CPC by criterion of maximum regulation and alternative energy of the battery
charge of the SES: AVR — automatic voltage regulation; VPP — variable pitch propeller; FPP — fixed pitch propeller; X, - setpoint; 7
— focus (torque); F' — force of push the propeller; f— frequency of voltage; V' — voltage; n — rotational speed of MRDG; i, —
generators excitation current; i — current; Ty — resulting force vector projection onto the plane of the ship; a4 — angle of rotation
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Fig. 9 - 12 show obtained dependences of modeling  from the main MRDG. SES of the hybrid DEPC plug for
processes in hybrid power transmission DEPC. charging batteries and is preparing for a possible
Simulations are conducted in MatLab/Simulink. Since the  breakdown of the ship.
beginning of the transient (¢ = 0 s), the load is powered
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On the 40th second the vessel is de-energized and
the system of power switches with power MRDG on
ASE. This request excesses capacity provided by the DC
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link, which

increases slowly.
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Fig. 9. Energy characteristics of SES: 1 — maximum current value corresponding to 400 A;
2 — maximum voltage value corresponding to 48 V; 3 —maximum level of charge corresponds to 100%
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Fig. 10. Energy characteristics of EDLC: 1 — maximum voltage value corresponds to 180 V; 2 — maximum current value corresponds
to 270 A; 3 — the maximum voltage in relation to the EDLC circuit voltage corresponding to value of 1; 4 — maximum temperature of

EDLC corresponds to
value of 50 °C
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Fig. 11. Dependencies of voltage and current in the DC link: 1 — maximum voltage value corresponds to 450 V; 2 — maximum
current value corresponds to 1150 A
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At ¢t = 45 s the voltage on the DC link has reached
the lowest level (280 V) and SES is connected to its bus
and feeds up to 450 V, the voltage at which on the 47th
second increases to the required level and Sneh limits the
capacity gradually to zero. EDLC provides the necessary
power their needs and continue to fuel the bus DC link,
which connected on the 55th second customers operating
in emergency mode. On the 62nd second SES is turned on
supporting bus voltage DC to 450 V to help EDLC to
provide additional load power loading.

After the 80th seconds the power of EDLC reaches
the maximum value that the set point is limited to 10 kW
maximum output voltage of the converter DC/AC.
Therefore, the required power load their needs provided
Sneh, whose maximum power is reached at 1 = 120 s
(20 kW) and load power is provided via the bus of the DC
link.

On the 130th second request of power load is
reduced below capacity on which EDLC designed. Due to
the fact that EDLC low inherent dynamic characteristics
during transient additional power consumers is switched
to the DC link.

The results of investigations of processes of power
transmission in hybrid SPP CPC give reason to believe
that the solution of the problem of increase of efficiency
of last ones is possible by combining the classic control
strategy of power distribution with strategy to control the
degree of charge of alternative power sources. The set of
proposed strategies allows to design flexible multipurpose
electric power systems that are integrated into hybrid SPP
CPC as an integral component.

Taking into account that the degree of adjustment of
charge of EDLC is insignificant in relation to the
consumption of reactive power, and voltage and power
converters with low harmonic creates a problem of
recovery of electric power we can say that reactive power
compensation occurs mainly due to the transfer of MRDG
to the compensator mode by corresponding adjustment of
PID compensators regulators.

Conclusions. In the paper a scientific and applied
problem of SPP CPC improvement by developing an

integrated three-level multicriterial control strategy of
energy distribution is solved.

The proposed method meets the modern
requirements for energy efficiency, levels of vibration,
noise and degradation effects imposed on the SPP CPC in
all areas of the energy process of the transfer of power
from energy to propellers. This allows parameterization of
propulsive and power characteristics of SPP CPC
depending on changes in operating modes, hydrodynamic
characteristics and environmental conditions.

What is important is the possibility of iterative
optimization of SPP CPC parameters that allows to use
the method developed as a means of intelligent design
which results in enhanced performance of SPP CPC.
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