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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 40: THE SCIENTIFIC OPENING OF THE METHOD OF
EXPLOSIVE IMPLOSION FOR THE OBTAINING ABOVE CRITICAL MASS OF
NUCLEAR CHARGE AND UKRAINIAN «TRACK» IN THE «MANHATTAN»
AMERICAN ATOMIC PROJECT

Purpose. Preparation of short scientifically-historical essay about the prominent American scientist-chemist and physicist George
Bogdan Kistiakowsky, having the Ukrainian «rootsy and bringing in a considerable scientific and technical contribution to
development and creation of the first atomic bombs in the USA. Methodology. Scientific methods of collection, analysis and
analytical treatment of the opened scientific and technical information of world level in area of atomic and nuclear physics,
Physics of hyperpessure, applied electrophysics, modern experimental physics, atomic science and technology. Results. The state-
of-the-art review of the state of basic scientific and technical problems, arising up before scientists and engineers at development
and creation within the framework of the «Manhattany» American atomic project of the first standards of atomic bombs of the
USA is resulted. Two basic methods of receipt in the a-bomb of above critical mass of the divided nuclear material of military load
are described: method of «cannon-shoty and method of «explosive implosion». Basic information is resulted about the
declassified scheme and construction decisions, applied scientists and specialists in the first atomic bombs of the USA. Technical
information is indicated about basic ordinary hard chemical explosive matters (EM), atomic bombs of the USA of implosend type
utillized in the first. Originality. Systematization of the scientific and technical materials devoted the basic results of pioneer
nuclear researches in the USA and USSR in the period of 1940-th on a capture above all things for soldiery aims by intranuclear
energy and to the offensive on a planet Earth of nuclear era known from the opened sources is executed. The important role of
the scientific ukrainian origin of G.B. Kistiakowsky in development and creation in the National nuclear center of the USA —
Los-Alamos of laboratory of the first implosend atomic bombs of the USA. The large deposit of the American scientist is marked
in area of physical chemistry, of theory and practice chemical EM G.B. Kistiakowsky in a fight for stopping in the world of race
of armaments and nuclear disarmament. Practical value. Popularization and deepening for students, engineer and technical
specialists and research workers of scientific and technical knowledges in area of nuclear physics, modern experimental physics,
atomic science and technology, extending their scientific range of interests and further development of scientific and technical
progress in human society. References 21, figures 10.

Key words: history of creation in the USA and USSR of the first standards of nuclear weapon, atomic bomb, critical mass of
nuclear explosive, nuclear explosion, methods of «cannon-shot» and «explosive implosion» for an atomic bomb, chemical
explosive matter, scientific achievements, nuclear disarmament.

Ilpugeden Hayuno-ucmopuueckuil o4epK 0 6blOAIOUWLEMCA AMEPUKAHCKOM YyueHOM-Xumuxe u (usuke /[[coposnce bozoane
Kucmsakoeckom, umesuiem yKpaunckue «KOPHU» u GHeCUieM 0ZPOMHBLIL 6KIA0 8 PA3PAOGOMKY U CO30AHUE NEPBbIX AMOMHBIX
00mo CLLA. bnazooapsa e20 HayuHblM 0OCHUNCEHUAM 6 001ACIMU U300PEMEHUS HOBBIX XUMUYECKUX 63DblGUAMbIX 6eUlEeCE U
YCHEWIHOMY PA36UMUI0 UM Memood 63pbleHoll umnaozuu ¢ 1945 200y ovina peanuszoeana Ha nNpaKmuke meopus A0EpHOZO
63pviga. OmmeueHnsl yCUIUA IMO20 YUEHO20 6 NOCTeOHUE OeCAMUTIEMUA €20 JHCUZHU 6 OopbOe 3a npekpauienue 6 Mupe 20HKuU
600pyHcenuil u adeproe pazopyxycenue. buon. 21, puc. 10.

Kniouesvie crnosa: ncropus co3nannsa B CIIIA m CCCP nepBbix 00pa3loB siIepHOro Opy:xKHs, aTOMHasi Oom0a, siiepHbIi
B3PBIB, MeTO/I B3PLIBHOI HMILIO3HH H 60M0a, HAYUHBbIe JOCTHKEHHS, SIePHOE Pa3opy KeHHe.

Introduction. The world history of mastery in the
first half of the 20th century by outstanding scientists and
engineers of the genus of human intranuclear energy and
its further military-strategic use, because of its specificity
and closeness, contains more than one dozen little-known,
interesting and interesting for the general reader scientific
and technical facts. One of such facts in 2015 was
reported by our metropolitan newspaper «Zerkalo Nedeli»
[1, 2]. Tt dealt essentially with Ukraine (then in the early
20th century from the Russian Empire) George Bogdan
(Georgy Bogdanovich) Kistiakowsky, an outstanding
American expert in the field of physical chemistry and
solid explosives, who made a huge contribution to the
creation of the first US atomic bombs and practical
implementation of the theory of nuclear explosion [3].
What exactly did the Ukrainian G.B. Kistiakowsky
(Fig. 1), so valuable and important for the onset of the

atomic era on our planet, do? We will try to follow below
with the use of exclusively open sources and messages
from the World Wide Web in a concentrated form of a
brief scientific and historical essay to trace the milestones
of the life and creative path of this legendary scientist of
the United States, who stood at the very origins of the
creation and creation of the most terrible weapons in the
history of mankind.

1. The beginning of the way. George Kistiakowsky
was born on November 18, 1900 in the family of
Professor of law at Kiev University Bogdan
Aleksandrovich Kistiakowsky and his wife Maria (nee
Berenshtam) [4]. He received his secondary education in
private schools in Kiev. In the autumn of 1918 he joined
the White Army and until the autumn of 1920 participated
in military operations. After the defeat of Wrangel's
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forces in the Crimea, he first came to Turkey, and then to
Germany. In 1921 he entered the University of Berlin on
Chemical Faculty, which he graduated from in 3.5 years.
In 1925, under the scientific guidance of Prof. M.
Bodenstein he successfully defended a Doctoral Thesis at
this University on the topic of the problem of the
decomposition of chlorine oxide with the help of a flux of
light radiation [3]. In 1926, as a scholar of the
International Committee for Education in Physical
Chemistry, he was sent to the Princeton University (USA)
for scientific internship [4].

Fig. 1. Prominent American chemist and physicist George
Bogdan Kistiakowsky (1900-1982), one of the main inventors
and creators of the first atomic bombs of the USA of implosive

type [3]

According to the results of the research, in 1928 he
published his first scientific monograph «Photochemical
Processes» in the United States, which brought the young
scientist to fame in the field of photochemistry. Since
1930, as a Professor, he began teaching chemistry at
Harvard University (Boston, USA), with whom he was
associated for the rest of his life. In 1933 G.B.
Kistiakowsky accepted US citizenship and began to bear a
new name - George Bogdan Kistiakowsky. During the
Second World War he dealt exclusively with military
scientific and technical issues [3, 4]. He had an active
civil position and was an ardent opponent of German
fascism. Therefore, in those war years, this scientist
concentrated all his physical, moral and creative forces on
works directly aimed at the victory over Germany. Since
1941 G. Kistiakowsky became a member of the
Committee on Atomic Energy of the National Academy
of Sciences of the United States. In this Academy of
Sciences of the USA he was elected for scientific merits
in the field of studying chemical explosive matters (EM).
In 1942, he headed the Department for the development
and testing of conventional chemical explosives at the
National Defense Research Committee of the United
States [3, 4].

2. Manhattan Project of the USA. It is known that
the pioneers of the nuclear era on the planet Earth were

the two most powerful countries in the world - the US and
the USSR. For this purpose, their most outstanding
physicists, at first, developed theoretical models of
nuclear-physical processes and nuclear warheads of a new
type of weapons of enormous destructive power. Their
scientists and engineers have conducted numerous
experiments on physical and technical stands to determine
a number of nuclear constants. Historically, in the
practical creation of the first nuclear weapons (at the stage
of work on the production of atomic bombs), large-scale
issues have come to the fore, connected with the
organization in these developed countries of a
fundamentally new type of industry - the nuclear industry,
which requires huge capital investments and completely
new technologies for the production of fissionable nuclear
materials, and other necessary for the realization of the
unprecedented enormous scientific and military tasks of
the accompanying materials of nuclear (super high)
purity [5].

In the United States, to achieve this goal in the
shortest time (with the first persons from the political
leadership of the country and the outstanding physicists of
the world on its territory constantly remembered similar
searches in Germany for the creation of such a
superweapon) after the signing by President Franklin
Roosevelt on January 19, 1942 the American government,
in complete secrecy, launched a decree on the conduct of
work on the creation of an atomic bomb in the United
States by the US «Manhattan» Atomic Project widely
known to many of us [1-6]. Since the autumn of 1942, to
intensify the whole complex of closed works and transfer
them to a practical plane, this scientific and technical
project of a huge military purpose was transferred directly
to the American army. His administrative leader was
appointed Brigadier General of the US Army 46-year-old
Leslie Groves [5-7]. As a scientific supervisor of the
project, from the autumn of 1943, at the request of L.
Groves, a 39-year-old theoretical physicist from the
University of California (Berkeley, USA), Professor
Robert Oppenheimer (1904-1967) [5-8 ]. This scientist-
physicist was simultaneously appointed director of the
new National Nuclear Center of the United States, a
super-secret Los Alamos Scientific Laboratory located in
the desert area of New Mexico, which deals exclusively
with the development and creation of the first atomic
bombs in the USA [5-8]. In the Manhattan project, in fact,
an international team of leading physicists and specialists
from all over the world (naturally except physicists in the
USSR and Germany), including 12 Nobel Prize Laureates
in physics and chemistry, took part [7, 9]. More than 130
thousand people were involved in the work of this project.
All financial costs of the project were written off to the
virtually existing Manhattan engineering district, whose
command was General L. Groves (hence, obviously,
according to the cover secret developed by the US secret
services, and the name of this super-secret project took
place). The incurred monetary costs for the
implementation of this superproject for the period 1942-
1945 amounted to a huge for those times the amount -
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about 2 billion USD (in current prices it is about 63
billion USD) [9]. Note that in 1944, the United States
gross domestic product (GDP) was about 1499 billion
USD [9]. For comparison, it should be noted that during
this period Germany's GDP was about 437 billion USD,
the USSR's GDP was 362 billion USD, Britain's GDP was
346 billion USD and Japan's was 189 billion USD. From
these economic data it is clear that in 1944 the US GDP
exceeded the GDP of Germany, the USSR, Great Britain
and Japan combined. To this, it is necessary to add that
the United States, after the occupation by the German
troops of France in 1940 (before this event, France, with
its world-famous school of nuclear physicists headed by
Frederic Joliot-Curie, occupied the leading position in the
scientific world on the Uranium problem) Concentrate
from the Belgian Congo (countries in Central Africa) in
the volume of about 1200 tons, as well as serious
calculations by the UK on its own nuclear project «Tub
Alloys» (supervisor of the work - Professor of physics
J. Thompson) [9]. Here it is necessary to point out that the
scientific group of J. Thompson, which included the
French nuclear physicists H. Halban and L. Kovarski, the
famous students of F. Joliot-Curie, already in July 1941
sent to the British government deeply developed materials
on the creation of uranium atomic bomb, including the
calculation of the critical mass of its nuclear explosive -
the uranium isotope o,”°U [9]. Given the complex
military situation in Britain (the constant German
bombing and the danger of German invasion) and the
shortage of «financial resources» for expensive scientific
projects on the «foggy Albion», the leaders of the
Western Allies in the anti-Hitler coalition in the war
against Germany, F. Roosevelt and W. Churchill agreed
to those severe the war years about the mutual exchange
of secret information on the atomic superbomb. The
proud British, figuratively speaking, «gritting their teethy
and realizing that by voluntary transfer to the Americans
of their data on the new superweapons, they lose the
«key» to world domination, after all, under pressure from
external and internal circumstances, they were forced to
give the US their developments of own nuclear weapons.

As for the German Atomic Project (the scientific
supervisor of the works is the outstanding German
theoretical physicist, Nobel Prize Laureate in physics for
1932 Werner Heisenberg (1901-1976)), despite her
capture in 1940 at the concentrator in Oolen under the
occupation of 1200 tons of uranium concentrate by
Belgium [9], the shortage of highly qualified specialists
(many hastily left the country) and the extremely
inadequate financing of these works (about USD 10
million [9]) led to the collapse of their obsessive ideas on
mastering the world's first intranuclear energy, the
creation of the first atomic superbomb and victory over
the USSR [7].

Concerning nuclear research of a military nature,
bleached with heavy human and material and technical
losses of the USSR, during this period, for several years,
«to death» by belligerent conventional weapons against
Germany with its considerable own and European

resources, it is necessary to say that the Atomic Project of
the USSR (the scientific supervisor of the work -
Professor Igor Kurchatov (1903-1960), which started with
the instruction of the State Defense Committee of the
USSR No. 2352 of September 28, 1942 «On the
organization of work on uraniumy», due to poor financing
and underestimation by the government of the strategic
importance of this work till 20 August 1945 was carried
out slowly. After this date, and the organization of the
Special Committee of the USSR Council of Ministers
(chairman - Marshal of State Security L.P. Beria, deputy
chairman - People's Commissar of Ammunition Colonel-
General B.L. Vannikov, Colonel-General A.P.
Zavenyagin, members - Academicians of the USSR
Academy of Sciences P.L. Kapitsa and 1.V. Kurchatov)
atomic work in the USSR acquired unprecedented in
scope and intensity [5, 7].

Therefore, taking into account the other political,
economic and scientific-technical data mentioned above
and known to the author in general terms, it is quite
possible to conclude that the United States during the
military period of 1942-1945, in comparison with the
opposing sides-parties of the Second World War, had the
most favorable chances of succeeding first in the
development and creation of the first atomic bombs.
American scientists and experts, as pioneers in the nuclear
arms race, went the hard way: they simultaneously
created two fundamentally different models of atomic
bombs - «uranium» based on the fissile uranium isotope
02U and «plutonium» based on the fissile isotope of
plutonium o4>**Pu [2- 9].

2.1. The «gun shot» method to detonate the
uranium nuclear charge of an atomic bomb. The basic
scheme for constructing a uranium atomic bomb based on
the «gun shot» method was set forth in the English report
of the Thompson Committee, transmitted by the United
States in the autumn of 1941 [9]. Its author was physicist
William Parsons. This scheme provided for the creation
of a critical mass (of the order of 60 kg [9]) in the
neutron-fissioning isotope of uranium 023U with the flow
of an explosive chain nuclear reaction in it [10]. For this
purpose, two cylindrical parts with subcritical masses
were used in the uranium charge: «shell» and «target» [6,
11]. Uranium «shell» (a solid assembly of individual rings
of a cylindrical bar from 90% enriched uranium 92235U)
with a conventional cannon barrel and a smokeless
powder charge at a speed of about 350 m/s was sent
inside a hollow cylindrical uranium «target» (a composite
structure of separate hollow cylinders from enriched to
80% of uranium 4,”°U) [9, 11]. With the full flight of the
uranium «projectile» into the uranium «target», a
supercritical mass of nuclear explosive was formed, in
which a chain nuclear reaction of an explosive nature was
initiated by means of a neutron fuse (external source of
neutrons). For example, in the first American uranium
atomic bomb «Little Boy» with a capacity of TNT
equivalent of about 15 kilotons, exploded in the morning
(at 09:16 am) on August 6, 1945 at an altitude of about
580 meters above the city of Hiroshima, Japan, the
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uranium «shell» of the nuclear charge (160 mm long and
100 mm in diameter) had a mass of about 26 kg (enriched
to 89% of uranium ,”°U), and the uranium target of the
nuclear charge (160 mm in length, 100 mm in internal
diameter and outer 160 mm in diameter) had a mass of
about 38 kg (enriched to 80% of uranium ,>°U) [9, 11].
By the way, the neutron fuse in the first US uranium
atomic bomb «Little Boy» was made on the basis of
beryllium-polonium initiators emitting a neutron flux at
the time of the supercritical mass of the fissioning
uranium isotope 023U in the cylindrical nucleus of the
bomb [9, 11]. To reflect the supercritical mass of the
uranium isotope 0> U in the compressed state to reflect
the neutron flux into the inner region of the bomb and
retain it for the required time (of the order of 500 ns [5])
in order to allow at least 70 chain links of nuclear fission
to occur in it [5], the cylindrical nucleus of this uranium
The bombs were surrounded from the outside by massive
cylindrical shells made of tungsten carbide (for
immediately adjacent to nuclear explosives) and hardened
steel (for the outer shroud) [9, 11]. The total mass of such
shells was about 2300 kg. The cannon barrel, about 2000
mm in length, firmly fixed on a thick carbide sheath,
together with the breech part, had a mass of about 450 kg.
Uranium «projectile» in a cannon barrel of the bomb
developed speeds of up to 300 m/s [9, 11]. As a result, the
first US uranium atomic bomb «Little Boy» with a
diameter of 0.7 m and a length of 3 m had a total weight
of about 4,100 kg [5, 9, 11]. Experimental data from the
US confirmed that when the first uranium atomic bomb
«Little Boy» was blasted, which killed about 170,000
residents and destroyed 62,000 buildings in Hiroshima for
a moment, the energy released by the passage of a chain
in the uranium isotope 02%U nuclear reaction, «inflates»
the nuclear assembly of the bomb at a speed of about
1000 km/s [7, 11]. Therefore, when it undermined, only
up to 1.4% of 64 kg of the critical mass of the U
enriched to not less than 80% of uranium had managed to
react [11].

2.2. The method of «explosive implosion» to
undermine the plutonium nuclear charge of an atomic
bomb. Undermining the plutonium nuclear bomb of an
atomic bomb based on the weapons-grade isotope of
plutonium o,°Pu (Fig. 2), synthesized and isolated in
1941 by a group of American nuclear scientists led by
Glenn Seaborg (for this important discovery in 1951, he
was awarded the Nobel Prize for chemistry) [5, 12], with
a subcritical mass of up to 6.2 kg using the «gun shot»
method described in subsection 2.1 proved to be
fundamentally impossible [9, 11].

The main reason for this was that the weapons-grade
plutonium o,*°Pu which is currently being produced
commercially in the fuel elements of nuclear reactors in
the long-term irradiation with neutrons of the natural
uranium isotope 0> 8U contained in them [5, 10], is
significantly larger (about 100 times [6, 11]) by the
neutron background (this fissile nuclear material is
strongly «fonite» or «glows»).

| U R T
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Fig. 2. The unique view of two hemispherical blanks cast in a
special metallurgical furnace is silver-white (on the left with a
flat inner part, and on the right with a rounded outer part) of the
subcritical mass of fissile nuclear material from weapons-grade
plutonium o4>*°Pu used in the first US implosive atomic bombs
«Trinity» and «Fat Man» [6]

Because of such a relatively large background
neutron flux, even when the plutonium «projectile»
approaches the plutonium «target» between them, a
chain nuclear reaction starts prematurely, leading to
inefficient separation of intranuclear energy in the zone
of their «meetingy. It is interesting to note the fact that I
remembered for a lifetime the fact of the Soviet period
from my own scientific biography, when at one time the
author, while staying at the secret scientific center of the
USSR at the world level - VNIITPh (Chelyabinsk-70),
now called the Russian Federal Nuclear Center No. 2
(Snezhinsk), it was possible at one of the unique nuclear
installations to see firsthand the controlled course of the
chain nuclear reaction between two vertically
approaching in the open air inside the thick lead
detachable casings by massive uranium discs. Moreover,
this reaction was accompanied by a visually visible
intense sizzling (well, just like an electric corona!) glow
of bluish-blue color in the section of the interdisk air gap
up to 30 mm in length (now one can only guess at the
intensity of neutron radiation in the zone of this air gap).
Then, in order to avoid neutron irradiation, all observing
this impressive nuclear-physical phenomenon were at a
distance of about 10 m from the core behind a thick
(thickness more than 100 mm) leaded glass, providing
our radiation protection. Returning again to the scientific
subject of our nuclear physical examination, we point
out that, from the practical application of such a scheme
of detonation in a nuclear bomb of a plutonium nuclear
charge, one nuclear «fizzle» was obtained [11]. For an
effective nuclear «detonation» of the plutonium charge
in an atomic bomb, using the «cannon shot» method, the
speed of the connection of its (charge) parts should have
been technically unattainable (more than 1 km/s) [11]. It
should not be forgotten that the uranium isotope ,>>U is
better than the isotope of plutonium o,>*’Pu withstanding
strong mechanical loads [11]. By the way, according to
modern data, to improve the stability of physical
properties and increase the compressibility (plasticity),
the isotope of plutonium o,”’Pu is doped with a small
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amount of gallium ;,"°Ga [11]. That is why at the end of
1943 the work on the creation of the plutonium atomic
bomb in the USA was at an impasse. And as it turned
out in the future, it was the plutonium type of nuclear
charge that determined the world's main path for the
creation of all nuclear (atomic and thermonuclear)
weapons. Scientists needed a fundamentally new
technical solution to create and wundermine the
supercritical mass of the nuclear charge of an atomic
bomb from weapons-grade plutonium o,>°Pu [9, 11].

And such a new scientific and technical solution in
the Los Alamos Laboratory of the United States was first
discovered in 1944. Its author was the American physicist
Seth Neddermeyer [9]. He proposed a method of
«explosive implosiony (this term derives from the English
word «implosion» [5, 13]), which involves, by
compressing an explosive wave converging toward the
center of the bomb from the explosive of chemical EM of
plutonium nuclear explosives supercritical mass.
According to this method of detonation of nuclear
explosives from weapons-grade plutonium o~ Pu,
explosive charges from conventional chemical explosives
(for example, from trinitrotoluene (TNT) or hexagen) are
exploded from the outside all along the perimeter of this
fissile nuclear material [5, 9, 11 ]. Numerous charges with
chemical EM are activated by means of a system of
electric detonators, triggered by a single trigger device. It
was one thing to propose an implosive scheme for
detonating the nuclear charge of an atomic bomb (yes,
this was then certainly a revolutionary step in the field of
atomic science and technology), and it is another thing to
implement it practically. There were months of laboratory
tests of such a scheme for building a plutonium atomic
bomb, but there were no acceptable results.

And here, in the spring of 1944, the scientific leader
of the «Manhattan» American Atomic Project R.
Oppenheimer, and draws in full to the creation of an
implosive atomic bomb of the leading US scientist in the
development and testing of conventional chemical EM,
Professor at Harvard University G. Kistiakowsky [9]. It
should be noted that even before the above-mentioned
period, practically since 1943, this American chemist has
already performed some work in the framework of this
superproject. In the spring of 1944, G. Kistiakowsky
became the head of the Department G in the Los Alamos
Laboratory, engaged in EM and responsible for solving
the problem of implosion reduction of plutonium nuclear
charge of an atomic bomb [4, 9]. On the special
importance, the scientific and technical level and the
amount of work performed in this Department can be
indicated by the fact that by the beginning of 1945, in the
submission of G. Kistiakowsky, the collective was tense
and with full dedication to working like-minded people,
including about 600 scientists and engineers [2, 4].

Despite strict secrecy in all countries of the world,
the devices of nuclear munitions, thanks to some
declassified data on the construction of the first US
atomic bombs, we can correctly from the positions of
ultrahigh-pressure physics, nuclear and nuclear physicists

and, as it turned out, electrophysics, to state the basic
principles of their circuit-structural construction and
operation [6, 11]. G. Kistiakowsky and his Department G
had to develop a new spherical explosive shell and
detonation system for its explosion to implosion the
plutonium charge of the bomb, based on solid chemical
EM which would provide a directed and growing to the
center of the bomb, where a spherical charge was placed
from weapons-grade plutonium o,”’Pu with a subcritical
mass, a spherical shock gas-dynamic wave [6]. Estimates
made by G. Kistiakowsky showed that in order to achieve
this goal, it is necessary to use both explosive and slow
brisant chemical explosives in the explosive shell
developed by him at the Los Alamos Laboratory of the
USA. To do this, they created a new «slow» brisant
chemical explosives (mixture of TNT (33%), barium
nitrate (66%) and binder wax (1%)), called «baratol» and
having a stable detonation velocity (propagation velocity
in EM process of chemical decomposition [5, 13]) about
4 km/s [3, 6]. The use of composition B (mixture of
hexagene (60%), TNT (39%), and binder wax (1%)),
which has a detonation velocity of up to 9 km/s, was
suggested as a «fasty brisant chemical explosive in a
plutonium atomic bomb [5, 6]. A «slow» brisant chemical
EM was used in the outer part of a massive explosive
shell, and a «fast» brisant chemical explosive was used in
its inner part adjacent to a spherical massive aluminum
pusher (neutron absorber) [3, 6]. For the completeness of
the complex gas-dynamic problem solved by
G. Kistiakowsky 's team from the chemical-physical field
of explosives, we note that the accuracy of assembling
individual cast brizant lens parts of a spherical explosive
shell was less than 1 mm. In order to avoid
inhomogeneities in the shock wave directed to the inside
of the bomb, special requirements were imposed on the
accuracy of spherical surfaces in individual cast brisant
lens parts weighing up to 100 kg of this explosive shell
with a total mass of up to 2600 kg [6, 11]. A massive
explosive shell with its outer (outer subshell) and internal
(internal subshell) parts together with its massive
spherical aluminum pusher and its massive spherical
uranium body (a neutron reflector made from a natural
uranium isotope of 4,”*U) had to perform a strictly
symmetrical reduction small (up to 100 mm in diameter)
and made in the form of hemispheres of nuclear charge
from weapon plutonium o,”°Pu separated by a thin gold
layer (up to 100 microns thick) u with a subcritical mass
located inside such a spherical nuclear-chemical «puff»
and containing a miniature neutron beryllium-polonium
initiator of a spherical shape inside itself [6, 7, 11].

As a result of scientific research, G. Kistiakowsky
together with his colleagues at the Los Alamos
Laboratory in the USA in February 1945 proposed the
final design of the explosive shell for the first plutonium
atomic bomb forming the spherical shock gas-dynamic
wave growing to its center. The outer and inner subshells
of this explosive shell were made of 32 explosive cast
lenses, 20 of which were hexagonal, and 12 were
pentagonal [6, 11]. These lenses, made by precise casting
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from the molten «slow» and «fast» brisant chemical EM
described above, joined together on the basis of the
manufacturing of the leather shell of all the known
football for us, forming a spherical explosive assembly
with a thickness of up to 420 mm and an outer diameter of
up to 1300 mm [6, 7, 11]. The total weight of such an
explosive shell of a plutonium atomic bomb was about
2500 kg [6, 11]. A hollow aluminum pusher with a boron
content of 5s''B (up to 40%), designed to absorb neutrons
emitted from the plutonium-uranium assembly and to
reduce the pressure drop behind the front of the
detonation wave in the explosive shell (this solution
increased the pressure of the gas-dynamic wave that
passed to the center) diameter of 460 mm had a thickness
of about 115 mm and weighed up to 120 kg [6]. With this
explosive shell design, the hollow uranium body of a
plutonium atomic bomb from a natural uranium isotope
02U designed to reflect and retain neutrons in its center,
with a wall thickness of 70 mm, had an outer diameter of
230 mm and a mass of about 120 kg [6]. The uranium
body and the plutonium charge of the bomb formed its
subcritical system. Therefore, with its up to 20% of the
released intranuclear energy was accounted for by the
fission reactions in the uranium shell of the bomb [6, 7].
Note that during the implosion explosion of the shell of
these brisant chemical EM which creates pressure in the
hundreds of thousands of atmospheres in the central part
of the bomb, a decrease in the diameter of the spherical
plutonium charge (the «core» of the bomb) occurred
2.5 times, which led to an increase to five times taking
into account the mass loss due to the evaporation of
fissionable nuclear material) of the density of weapons-
grade plutonium o4*’Pu and to the appearance in it of a
corresponding decrease in its critical mass, up to five
critical masses [6, 7, 11]. We point out that the initial
diameter of the subcritical spherical parts of the
plutonium charge of the bomb was 90 mm, which ensured
the presence of a subcritical mass of up to 6.2 kg
[6, 7, 11]. To trigger nuclear fission reactions in weapons-
grade plutonium o~ ’Pu with the supercritical mass
obtained, a neutron flux initiating them was needed. For
this purpose, a spherical cavity with a diameter of 25 mm
was made inside the hemispheres of the plutonium charge
to accommodate a neutron initiator containing a hollow
spherical beryllium shell 20 mm in diameter with a wall
thickness of 6 mm, inside of which was a beryllium liner
8 mm in diameter [6, 7, 11]. On the outer surface of the
beryllium liner and the wedge-shaped slits made on the
inner surface of the beryllium shell, first layers of nickel
and gold were deposited, and then a thin layer of
radioactive polonium g,*'’Po with a total mass of up to 11
mg [6, 7, 11]. Thin layers of nickel and gold before
implosive explosion of the shell from chemical EM
protected the hollow sphere and the liner sphere of
beryllium ,’Be from the action of a particles (helium
isotope nuclei ,*He [10]) emitted by the polonium nuclei
«>'%Po. The neutron initiator was activated when a
converging shock gas-dynamic wave was reached from an
implosive explosion outside the chemical EM center of

the plutonium charge of the bomb. At this moment, the
neutron initiator was extremely rapidly destroyed and the
mixing of the polonium g°'°Po atoms with beryllium
JBe. The alpha particles emitted by the nuclei of > °Po
were absorbed in the beryllium ,’Be formed in the center
of the charge of the radioactive mixture, the nuclei of
which began to actively emit neutrons that acted on the
fissionable weapons grade plutonium o~°Pu  with
supercritical mass [6, 7]. As a result, a chain nuclear
reaction of explosive type began to flow in the plutonium
nuclear charge of the bomb.

2.3. Application of electric explosion of thin
conductors for detonation of chemical EM in the first
atomic bombs of the USA. In the first American
plutonium atomic bombs, thin electrically exploding
conductors (EEC) were used to accurately synchronize
the detonation of electric detonators of their explosive
shells (see subsection 2.2) [6, 7, 11]. The electric
explosion of short segments of thin EEC, carried out with
an allowance of up to +10 ns and causing the
simultaneous operation of 32 electric detonators and the
corresponding detonation of all 64 lenses from the
chemical explosives of the outer and inner explosive
subshells of the bomb, was produced by supplying,
through numerous electrical cables, from one charged
high-voltage capacitor bank of a pulse of a large damped
sinusoidal current [6, 15]. The weight of such a starting
electrical device, together with a capacitor bank, was
about 200 kg [6, 7].

3. A great physical experiment of US nuclear
scientists in the Alamogordo desert. Given the colossal
scientific and technological complexity of developing
reliable designs and manufacturing the world's leading
nuclear weapons in the «metal», it can be argued quite
reasonably that this kind of sinister (diabolical) weapons
of mass destruction of everything on our planet is the
result of the world's prior development of science and
technology. And now the paradoxical apotheosis of the
scientific and technical achievements of mankind in the
20th century by the will of the objective process of the
development of our civilization should be the great
physical experiment of American scientists and engineers,
demonstrating for the first time to all the nuclear
explosion in the desert region of the Earth the first
experimental US plutonium atomic bomb «Trinity» and,
accordingly, the release of huge energy reserves, enclosed
in the microcosm of matter.

Undoubtedly, this unique demonstration was not for
everyone, but only for 425 elected scientists and
specialists who arrived on the eve of this historic event at
the US military training ground in the Alamogordo Desert
(New Mexico) where a steel tower (Fig. 3) was installed
and the first prototype of a plutonium atomic bomb, code-
named «Trinity», was prepared for the explosion [7]. We
will point out that in a number of sources this bomb is
also called «Gadget» [14]. We will stop in our narrative
on the first name of this bomb [5, 9].
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Fig. 3. The general view of the epicenter of a future nuclear
explosion with a steel tower up to 30 m high, on top of which
the first American plutonium atomic bomb «Trinity» (US
military probe in the Alamogordo Desert, New Mexico) was
moved there with the help of lifting equipment,

July 15, 1945) [7]

In my opinion, our attention deserves the reigning
atmosphere among the authors-developers of this terrible
from the universal positions and values of the American
atomic bomb, as well as the leading scientists and
specialists gathered at the US proving ground. Many of
them intuitively realized that they were in step or from an
unprecedented  scientific discovery, or from an
unprecedented catastrophe. For example, the Nobel Prize
Laureate in physics for 1938, Enrico Fermi, who worked
at the Los Alamos Laboratory on the creation of the first
US atomic bombs, 5 believed that after the explosion of
this atomic bomb from the present developers in a
reinforced concrete bunker 10 miles away from its
epicenter will not survive anybody [9]. G. Kistiakowsky
argued with R. Oppenheimer for his monthly salary
(USD 700) that the developed implosive explosion
mechanism will work successfully and all will remain
alive [9]. When declaring a 10-second readiness, all those
who were in the team bunker began to pray furiously, as
last time, praying and remembering the words from the
Gospel [9]: «...I believe! Lord, help my unbelief!» At that
moment R. Oppenheimer could not take himself in hand:
he was shaking with nervous tension [9]. Immediately
after the explosion of the bomb and when a huge column
of gas and smoke rose above the desert, on which a
«nuclear mushroom» opened like a parachute (Fig. 4),
R. Oppenheimer, violating the «grave» silence, exclaimed
[8, 9]: «lt's working!». Most of those present with him in
the bunker were simply depressed and overwhelmed by
this grandiose explosion and just remained silent. Then
quickly came to life, G. Kistiakowsky loudly said [9]:
«l am sure that when the end of the world comes, in the
last millisecond of the Earth's existence, mankind will see
exactly what we have just witnessed.

Fig. 4. External view of the «nuclear fungus» from the explosion
of the first experimental plutonium atomic bomb of the United
States «Trinity» (the US military training ground in
Alamogordo, New Mexico, 05:30 am, July 16, 1945) [7]

In Fig. 4, to the left of the «nuclear fungus», winding
«paths» of numerous channels of air electrical discharges
accompanying the first nuclear explosion (NE) in the
history of mankind are clearly visible. The formation of
such electrical discharges in the air atmosphere is
associated with the intensive separation of electric
charges of both polarities in the zone of NE leading to the
emergence of a high-ionized gas medium adjacent to the
«nuclear fungus» of a high-power electromagnetic pulse,
which along with penetrating radiation, light and shock
wave is one of the main striking factors of nuclear
weapons [11].

After the nuclear explosion of July 16, 1945, the first
US experimental implosive atomic bomb «Trinity» with a
plutonium «filling» subcritical mass of up to 6.2 kg with a
trotyl equivalent of about 18 kt from the steel tower (see
Fig. 3), only a part of its melted reinforced concrete base
remained (Fig. 5) [2, 5].

E2o ot WO e ST O
Fig. 5. Scientific and administrative leaders of the «Manhattan»
US Atomic Project Robert Oppenheimer (left) and Leslie
Groves (right) at the site of the nuclear explosion of the first
implosive plutonium atomic bomb «Trinity» (the US military
range 400 km south of Los Alamos, New Mexico, September
1945) [7]
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From the memories of the witness of the first in the
modern history of mankind to test in the uninhabited
area of the Earth nuclear weapons, the US Army General
T. Farrell [7, 9]: «... This was something unprecedented.
During the explosion, there was a stunningly beautiful
and terrible game of gold, purple, purple, gray and blue
colors. We felt ourselves to be small blasphemous
creatures, swinging at the taming of forces that until
then were subordinate only to the Most High. « In the
radius of 1.5 km from the epicenter of the explosion of
the first implosive plutonium atomic bomb «Trinity»,
the upper layer of sand melted, turning on the surface
into a vitreous substance of greenish color - trinitite (this
name was firstly artificially obtained on Earth substance,
from the name of the American bomb that «gave birth»
to it) [5-7]. The destructive power of the nuclear
explosion carried out by the Americans so influenced
the human psyche that no festive events and even parties
were held for the successful testing of the first
plutonium atomic bomb at the National Nuclear Center
of the USA (Los Alamos) [9].

4. Awe-inspiring atomic bombing of the United
States in 1945 in Japanese cities. April 12, 1945,
Franklin Roosevelt died and Harry Truman became the
new President of the United States. The next day, April
13, 1945, US Secretary of Defense Henry Stimson was
forced to report to the new US President and commander
in chief of the US Army about the «Manhattany
superproject (surprisingly, as Vice-President, Truman did
not know anything about him!) [6, 16]. It was to this US
president's share that fate had the right to make an
important political decision about the first military use of
nuclear weapons. On May 11, 1945, the Pentagon
leadership, with the approval of its commander in chief,
US President G. Truman, made a decision to deploy the
first nuclear weapons attacks on peaceful Japanese cities -
Hiroshima, Kokure and Nagasaki [16]. An obligatory
condition for carrying out atomic bombardment of these
objects was the presence of a clear sky above them (first,
for better aiming at a high altitude of the flight of an
airplane (10-12 km), and, secondly, for photographing the
results of unique bombardments). These bombardments
were to take place on August 4, 1945. However, due to
bad weather, the first of them (a nuclear strike in
Hiroshima city) was postponed to August 6, 1945 [9, 16].
On the tragic consequences of the atomic bombing of
August 6, 1945, Hiroshima, when the first uranium
atomic bomb «Little Boy» was used with a power of TNT
equivalent of about 15 kt, was mentioned above in
Subsection 2.1 and [17]. In August 9, 1945, from the
American B-29 strategic bomber (Fig. 6), to the Japanese
city of Nagasaki, the plutonium atomic bomb «Fat Many
with a capacity of TNT equivalent of about 21 kt, due to
the expansion in all directions at a speed of up to
1000 km/s of its plutonium-uranium assembly, only 20%
of the approximately 6.2 kg of the initial mass of the
charge of weapons-grade plutonium o,~°Pu in it had
reacted (to share the nuclear image) [6, 18].

Fig. 6. The US B-29 strategic bomber used by the United States
in 1945 to inflict eerie nuclear strikes on Japanese peaceful
cities [7, 18]

Due to the fact that the plutonium atomic bomb «Fat
Man» having a length of 3.25 m, a diameter of 1.5 m and
a total weight of up to 4600 kg, was blown up at an
altitude of about 500 m on the outskirts of Nagasaki (the
nuclear strike on the original goal - Kokurye was canceled
due to the large cloudiness above it), the number of dead
inhabitants of this peaceful city immediately after the
nuclear explosion over it of this bomb (Fig. 7) was only
about 90 thousand people [6, 18 ]. The population and the
government of Japan, after these two historical cases of
the first US military use of nuclear weapons with horrific
human losses and devastating consequences, were in an
inexpressible shock. August 14, 1945 (recall that on
August 9, 1945 the USSR declared war on Japan and with
its victorious lightning-fast operations in the Far East
practically compelled the land forces of the Kwantung
Army of Japan with the number of up to 1 million soldiers
and officers to surrender), the Emperor of Japan Hirohito
after visiting the places nuclear bombing of the US
Japanese cities begged for peace and said [9, 18]:
«.. Japan is forced to accept the conditions of the
Potsdam Declaration». After that, on Sept. 2, 1945, on
the American Dbattleship «Missouri»  authorized

representatives of the USSR, the USA and Japan signed
the Act of unconditional surrender and put a «fat point» in
World War I1 [9, 18].

Fig. 7. The unique photograph by a Japanese amateur
photographer who captured the explosion of the American
plutonium atomic bomb «Fat Many for history (11:02 am,
August 9, 1945, Nagasaki, Japan) [7, 18]
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5. Some recent information about the «leakage»
of US atomic secrets in the USSR. All works on the US
«Manhattan» Atomic Project were given the highest
degree of secrecy [5, 6, 9]. The USSR from the very
beginning of these works began to create a branched
reconnaissance network around this superproject [9, 11].
Not only Soviet agents worked for the USSR, but also
American, British and Italian scientists and specialists
involved in the implementation of a number of works on
this project [5, 9]. It is believed that, thanks to the active
efforts of the intelligence agencies, the USSR foreign
intelligence extracted about 12,000 sheets of A4 format
from the US Atomic Project Manhattan with detailed
information on the designs of the first US atomic bombs,
information on the properties of the fissile and other
radioactive materials used in them, and technologies the
production of the fissile isotope of uranium ¢,*°U and the
fissile isotope of plutonium 042°Pu [5]. Therefore,
certainly, not without reason, in the 1950s, trials took
place in the USA against the spouses Julius and Ethel
Rosenberg, David Greenglass (brother of E. Rozenberg)
and Donald MacLeod, who gave the secret information
about the US Atomic Project Manhattan [9] to the USSR.
The United States established that an important agent
recruited by the Soviet secret services was the English
theoretical physicist Klaus Fuchs, who in September 1944
had become a direct participant in the development and
creation of the first American atomic bombs [5, 9]. Over
time, new names have sprung to the troubled «surface» of
espionage in favor of the USSR: John Kernkross (from
the famous «Cambridge Five») and Ted Hall, who
«merged» US atomic secrets with Soviet intelligence [9].
Recently (in the spring of 2007) Russian President
V.V. Putin appropriated the title of the Hero of Russia
(posthumously) to the Soviet patriot-chemist Georges
Koval, who graduated from the D.I. Mendeleyev Moscow
Institute of Chemical Technology after the war who
worked legally in the United States from the 1940s in the
specialty and transmitted to the USSR valuable
information about the activities in the closed nuclear cities
of the USA Oak Ridge and Hanford on the production of
fissile isotopes of uranium 0 U and plutonium
o”°Pu [5, 9].

It is generally believed that it was the data of G.
Koval who helped the scientific leader of the Atomic
Project of the USSR Academician of the USSR Academy
of Sciences 1.V. Kurchatov in the beginning of 1945 to
take a strategically correct decision on the development
and creation in the USSR of the first plutonium atomic
bomb under the working code name «First Lightningy
[9, 11]. At that time, the USSR was not able to «pull» the
creation of two types of atomic bomb (uranium and
plutonium) at once. Further events in the world nuclear
arms race confirmed the full truth of such a responsible
decision of a strong-willed and wise Soviet nuclear
physicist. On August 29, 1949 (at 10:05 am) at the
Semipalatinsk nuclear test site (Southeast Kazakhstan),
the USSR successfully carried out in the desert area of its
territory a test of the first Soviet plutonium atomic bomb

with a capacity of about 22 kt in TNT equivalent (Fig. 8).
By and large, the Soviet plutonium atomic bomb under
the final code name PJIC-1 (this abbreviation according to
the cover story of the Soviet special services came from
the phrase «Stalin's Jet Propulsion» [19]) was in general a
certain modification of our American nuclear plutonium
atomic bomb by our nuclear physicists «Fat Man» [5, 20].
Having rechecked in the scientific laboratories the data
obtained by the Soviet foreign intelligence on the
construction of the first atomic bombs of the United
States and convinced of their reliability, the political
leadership of the Soviet country, in the person of its
leader, Chairman of the USSR Council of Ministers 1.V.
Stalin and the scientific and administrative leadership of
the Atomic Project of the USSR (represented by L.P.
Beria and I.V. Kurchatov) in a narrow circle took a
strictly closed decision on following the creation of the
first Soviet atomic bomb by the already approved nuclear
physicists and specialists in conventional EM by the US
way of [19-21].

I
& v 1

Fig. 8. External view of the first plutonium atomic bomb of the
USSR, code-named PJIC-1, with power of up to 22 kt in TNT
developed and created under the guidance of Yulij Borisovich

Khariton, Academician of the USSR Academy of Sciences

(1904-1996), who is sitting with a full-scale mock-up of the
bomb (museum of the VNIIEPh now called the Russian Federal
Nuclear Center No. 1, Arzamas-16, now called Sarov city, 1984,
RF) [, 16]

For the Soviet Union, then, it was vital to ensure our
own security by any means «gaining» time and quickly
ending the US monopoly in the field of nuclear weapons.
Therefore, more than 70 years after the beginning of the
unprecedented in the USSR unprecedented in financial
costs and the military-industrial epic for the creation of its
own atomic bomb, the above-mentioned strategic decision
of the USSR in the field of Soviet nuclear research and
the production in the shortest possible time of the first
atomic bomb samples.

6. Scientific, educational and political activities of
G. Kistiakowsky after the «Manhattan» US atomic
project. Immediately after the successful completion of
the work at the Los Alamos Laboratory for the creation of
the first atomic bombs of the United States,
G. Kistiakowsky returned to the teaching and research
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work at Harvard University (Fig. 9) [2-4]. From 1947 to
1950 he was Head of the Department of Chemistry at this
University in the United States. In the period 1953-1958
G. Kistiakowsky was a member of the US Defense
Intelligence Agency Advisory Committee on Ballistic
Missiles [2-4]. In 1957 he, as a well-known scientist in
the field of physical chemistry and an extremely well-
proven manager in the execution of the most important
work on the Atomic Project, received an invitation from
the US President D. Eisenhower (Fig. 10) to join the
President's Council on Science and Technology. In this
work, he did not stay long in the «shadow» and already in
1959 he headed this Council in the administration of the
US president. In the period 1959-1961 G. Kistiakowsky
also headed the Office of the President of the US Office
of Science and Technology Policy. While in the White
House, this scientist actively pursued and introduced into
the consciousness of the country's political elite the policy
of nuclear disarmament [2, 3, 9].

— -l"* }
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Fig. 9. Professor of Harvard University G. Kistiakowsky after
the successful completion of research in the Los Alamos
Laboratory of the United States on the atomic problem again for
his favorite scientific and pedagogical work [3]

Fig. 10. US President D. Eisenhower (right) and his special
assistant on science and technology G. Kistiakowsky (left)
(Washington, White House, 1958) [3, 4]

Being in the post of adviser to the US president on
science and technology until 1961, G. Kistiakowsky
carried out consultations of the first person of the
American state on coordination among various
institutions of the country of a complex of scientific
research and training of scientific personnel. In 1965, for
scientific merit, he was elected Vice-President of the
National Academy of Sciences of the United States. This
honorable position he held until 1972 [9].

After retiring, G. Kistiakowsky actively joined in the
fight against the proliferation of nuclear weapons in the
world. In 1977 he headed the American Council for the
Preservation of Life [3, 4]. It is believed that G.
Kistiakowsky was in the United States one of the most
successful Ukrainian scientists. At one time his main
scientific developments in the field of physical chemistry
and chemical EM were compared with the famous
inventions of the Swedish engineer and businessman
Alfred Nobel (1833-1896) [3-5, 12]. For outstanding
scientific achievements, G. Kistiakowsky in the USA was
awarded the Willard Gibbs Prize (1960), the National
Scientific Medal of the USA (1967), the Priestly Medal
(1972) and the Franklin Medal (1972) [2-4]. In 1982, his
documents were prepared for the Nobel Peace Prize [9].
The famous American chemist and physicist (this famous
native from the Ukraine), who achieved significant results
in the development of physical chemistry, in the theory
and practice of chemical EM, in the development and
creation of the first nuclear weapons and in the struggle
for world peace, died on December 7, 1982 [2-4, 9].

Conclusions. American physicist and chemist
George Bogdan Kistiakowsky (1900-1982) of Ukrainian
origin left behind a notable scientific «trace» not only in
the field of physical chemistry in the development of new
chemical explosives, but also in the field of ultra-high-
pressure physics and nuclear physics in the development
and creation in the war period 1942-1945 in the USA
within the framework of the «Manhattan»US Atomic
Project Manhattan» of the first atomic bombs of the
implosive type based on the isotope of plutonium o, **Pu.
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INVESTIGATION OF THERMAL PROCESSES IN A LINEAR PULSE-INDUCTION
ELECTROMECHANICAL CONVERTER OF CYCLIC ACTION

Purpose. Investigation of the influence of the intensity of cooling of active elements and the period of succession of power pulses
on the thermal processes of linear pulse-induction electromechanical converter (LPIEC) operating in a cyclic mode.
Methodology. The electromechanical and energy processes of LPIEC, which arise during the direct course of the working cycle,
are investigated. It is shown that by the end of the operating cycle, a significant part of the energy is stored in the capacitive
energy storage device, and is also converted into thermal energy of the armature and inductor. With a significant number of
operating cycles, an unacceptably high temperature rise of LPIEC active elements occurs. To solve this problem, intensive
cooling of the winding of the inductor, the movable armature or both of them, as well as an increase in the pulse repetition period
are used. It has been experimentally established that when the LPIEC is operating in a cyclic mode, the inductor winding with a
steel frame blown with air is heated more slowly than the winding with an insulating frame. The experimental dependences with
an accuracy of 6 % coincide with the calculated results. A constructive scheme of the LPIEC of cyclic action with intensive
cooling of the stationary winding of the inductor has been developed. Results. A mathematical model of the LPIEC of cyclic
action is developed, taking into account a complex of interrelated electromechanical and thermal processes. The solutions of its
equations are represented in a recurrent form. The electromechanical and energy processes of LPIEC, which arise during the
direct course of the working cycle, are investigated. It is shown that for a considerable number of operating cycles, unacceptably
high temperature excesses of active elements of the LPIEC are observed. It is shown that intensive cooling of the winding of the
inductor, the movable armature or both of them, and also the increase in the pulse repetition period ensure the temperature
stabilization of the LPIEC. Measurements of the temperature on the surface of the winding of the inductor LPIEC during cyclic
operation are carried out. A constructive scheme of the LPIEC of cyclic action with intensive cooling of the stationary winding of
the inductor has been developed. Originality. A mathematical model of the LPIEC of cyclic action is developed, taking into
account a complex of interrelated electromechanical and thermal processes. The solutions of its equations are represented in a
recurrent form. It is shown that by the end of the working cycle a significant part of the energy is converted into thermal energy
of the armature and inductor. It is determined that for a significant number of operating cycles, unacceptably high temperature
excesses of active elements of the LPIEC are observed. It is shown that intense cooling of active elements, as well as an increase
in the pulse repetition period, ensure the temperature stabilization of the LPIEC. A design scheme of the LPIEC with intensive
cooling of the stationary winding of the inductor has been developed. Practical value. It is shown that by thermal cooling of at
least one of the active elements and by increasing the pulse repetition period, the temperature stabilization of the LPIEC is
ensured. A constructive scheme of the LPIEC of cyclic action with intensive cooling of the stationary winding of the inductor has
been developed. References 13, tables 1, figures 12.

Key words: linear pulse-induction electromechanical converter, cyclic action, thermal state, mathematical model,
electromechanical and energy processes, intensive cooling, experimental studies, constructive scheme.

Pazpabomana mamemamuueckan mMoo0eib JUHEHHO20 UMNYIbCHO-UHOYKUUOHHOZO0 IJIEKMPOMEXAHUYECKO20 npeodpazoeamens
(IHHDII) wyuxnuueckozo Oelicmeus, CUCHeMA YPAGHEHUNl KOMOPOU  yuumolédem KOMNIEKC 63AUMOCEA3AHHBIX
INEKMPOMAZHUMHBIX, INEKMPOMEXAHUYECKUX U MENnnosblx npoyeccos. Pewenus smux ypasnenuii npeocmaenenvl 6
pexyppenmnom euoe. Hccnedosanvt npoyeccor IHUIII, npomekarowgue npu npamom xode paoouezo yukna. Illokazano, umo x
KOHYY padoyezo UUKNA 3HAYUMENbHAA YACMb IHEPIUU COXPAHACHICA 6 EeMKOCHMHOM HaKonumene IHePUU, 4 MaKdice
npeodpasyemcsa 6 mennogylo 3nep2uio AKopa u unoykmopa. Ilpu 3nauumenvHom uucie pabouyux UYUKI08 NPOUCXOOUM
Hedonycmumulii Hazpee akmueHvlx nemenmos JIHUDIII. Jlna pewenus moit npoodnemvl UCNOALIYEMCA UHMEHCUBHOE
oxax@cOeHue 00MOmMKU UHOYKMOPA, NOOBGUNCHO20 AKOPA WU UX 000UX, @ MAKIice yeeauieHue nepuooda c1e008anus UMnYIbCo8.
Yemanoeneno, umo npu pabome JIMHDIII ¢ yuknuueckom pexcume IKCHEPUMEHMATIbHBIE 3AGUCUMOCHU MEMNEPAMypol
Hazpeea o00mMomKu uHOyKmopa c mounocmvlo 00 6 % cosenadarom c¢ pacuemuvimu pesynomamamu. Pazpabomana
koncmpykmuenaa cxema JIMUIII yuxknuueckozo delicmeus ¢ UHMEHCUBHBIM 600AHBIM OXIIAMHCOEHUEM OOMOMKU UHOYKMOPA.
bu6n. 13, tabn. 1, puc. 12.

Kniouesvie cnosa: IMHeHbIH HMITYJIbCHO-HHAYKIMOHHBII 3/1IeKTPOMeXaHHYeCKHii Ipeodpa3oBare/ib, HMKINYECKOe JelicTBHE,
TelnJoBoe COCTOSIHME, MaTeMaTH4yecKasi MoOjellb, JJIeKTPOMeXaHHYecKHe M IHepreTHYecKkHe IMpolecchbl, MHTEHCHBHOE
OXJIa’K/IeHH e, IKCIIEPHMEHTATbHbIE UCC/IeI0BAHNS, KOHCTPYKTHBHAS cXeMa.

Introduction. Linear pulse-induction In many technical systems, the LPIEC must provide

electromechanical converters (LPIEC) are used in many
branches of science, engineering and technology. They
are used for cleaning technological equipment and
bunkers from the remains of bulk cargo, testing critical
products and devices for impact, processing and forming
of metal structures. Such converters are used in the
mining industry and geological exploration, in mechanical
engineering with magnetic pulse welding, stamping,
perforation, in various measuring instruments,
electromechanical accelerators, etc. [1-4].

a continuous sequence of power pulses with a specified
period of travel. In such a converter, a short period of the
load (active mode of operation) is realized in each
working cycle, at which intense current pulses are excited
in the active elements (inductor and armature), and the
armature moves straight with the actuator, and a
prolonged pause (passive mode work). During the passive
mode, the armature moves backward with actuator under
the action, for example, of a return spring, and the

© V.F. Bolyukh, L.S. Schukin
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ensuing resting mode of the armature, at which the
capacitive energy storage (CES) device is charged.
Although this regime resembles repeatedly with a short
turn-on time for traditional electric machines, it has
significant features [5, 6]. This is due to the fact that the
impulse load is so short that the temperature rise in the
active elements of the LPIEC occurs practically in
adiabatic conditions.

In the cyclical mode of operation, they are subject to
investigation:

e permissible excess temperatures of active elements
for a given number of operating cycles;

e the power pulse repetition period, in the passive
mode of which the active elements of the LPIEC are
cooled to a given thermal state;

e allowable number of cycles for a given pulse
repetition period and cooling intensity.

In LPIEC, in a forward motion, a stationary inductor
driven from a CES, by means of a pulsed magnetic field,
induces currents in an electrically conductive armature,
which, under the action of electrodynamic forces,
provides a rapid movement of actuator in a forward
motion, which exerts, for example, impact force on the
object. In the reverse course, the armature with the
actuator returns to its original position in the zone of
maximum magnetic coupling with the inductor, followed
by a pause, during which the charge of the CES is
performed for the subsequent operating cycle. Thus, in the
considered converters with the return-post motion of the
armature with actuator, complex spatio-temporal,
dependent from each other impulse electrical, magnetic,
mechanical and thermal processes [7].

Since pulsed current loads in LPIEC repeatedly
exceed similar indicators of electromechanical devices of
continuous action, in a cyclic mode of operation a special
role is assumed by thermal processes that to a large extent
determine the conditions and operating time of the
converter. In turn, the thermal state of the LPIEC
essentially depends on [6]:

e parameters and constructive performance of the
inductor, armature and CES;

e the shape of the winding current of the inductor,
determined by the electronic excitation circuit;

o the pulse repetition rate (period);

¢ the nature of the movement of the armature;

e intensity of cooling of active elements.

However, up to now, these thermal processes have
not been practically studied, which can be explained by
the complex and interrelated nature of processes of
different physical nature, which, moreover, depend on the
constructive performance, purpose and conditions of the
LPIEC operation. Particularly topical is the question of
the effect of the cooling intensity of the active elements of
the transducer and the duration of the pulse repetition
period on their thermal state.

The goal of the paper is investigations of the
influence of the intensity of cooling of active elements
and the period of the succession of power pulses on the
thermal state of the LPIEC in a cyclic mode of operation.

Design of LPIEC. As the object of research, the
LPIEC of cyclic action is chosen, the actuator of which

contains a spring-loaded punch making power pulses
along the test plate installed below (Fig. 1) [7].

e ———— e —
Fig. 1. General view of the LPIEC of cyclic action

The LPIEC operates in an environment with natural
cooling. The electronic circuit of excitation of the
inductor provides a series of unipolar current pulses,
which allows to save some of the energy in the CES by
the end of the working cycle [5].

The LPIEC of the coaxial configuration contains a
fixed inductor with a two-layer winding of the disk shape,
which is wound with a rectangular copper busbar, is
epoxy resin and is laid either in a thick-walled insulating
(fiberglass) or in a thin-walled (1 mm) steel frame [§]
(Fig. 2). The feature of the steel frame is that through it, it
is possible to provide intensive air or water cooling of the
winding of the inductor.

Fig. 2. LPIEC inductors with glass-textolite (a)
and steel (b) frames

Coaxially with the inductor there is a copper disk
armature, which is connected to the power disk, which
ensures the movement of the striker towards the target
object. Thus, the actuator consists of a power disk and
striker, which are made of stainless non-magnetic steel.

To the power disk, return springs are connected,
ensuring a tight clamping of the armature to the inductor
before and after the force pulse. The main parameters of
the LPIEC are presented in Table 1.

Mathematical model of LPIEC. The mathematical
model of the LPIEC of cyclic action should promptly
calculate the complex of interrelated electromagnetic,
electromechanical and thermal processes in each
operational cycle, take into account the variable magnetic
coupling between the armature and the inductor winding
during a forward stroke, the change in the resistance of
the winding of the inductor and the armature due to
heating by impulse currents, acting on the armature, the
cooling conditions and the thermal interaction of the
active elements. It should be taken into account that there
are insignificant temperature gradients along the cross-
section of active elements [6]. Field methods of
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calculation are expedient for applying to the investigation
of LPIEC processes under a single operating regime
[9, 10].

Table 1
LPIEC parameters
Designation Symbol| Value
Outer diameter of inductor winding, mm D, 100
Inner diameter of inductor winding, mm D, 10

Height of inductor winding, mm hy 10

Outer diameter of armature, mm Dy 100
Inner diameter of armature, mm D, 10
Height of armature, mm hy 2.5
Insulation thickness between inductor winding

and armature, mm AZy 0.5
Number of turns of inductor winding wy 42
Turn section of the inductor winding, mm?’ axb |1.8x4.8
Coefficient of elasticity of return spring, kN/m| K, 25.0
Actuator mass, kg m, 0.35
CES capacitance, uF C 3000
CES charging voltage, V Uy 310

In the cyclic mode of operation, it is advisable to use
the LPIEC chain model with lumped parameters [11], and
solve the equations in a recurrent form assuming all the
parameters on the interval Ar=¢,,;—¢;, are unchanged
[12].

Electromagnetic processes arising in the LPIEC at
the connection to the CES can be described by the
following system of equations:

t
) diy 17, diy
R(T)+Ry| i+ L —+—|jdt+ M —+
[Ri(T)+ Ry ]y 1y C{ﬁ 12(2) s

()

+v(1)is My

t
L.,
20, E.([lldl—Uo,

3 d12 dll . dM12
Ro(Ty) iy + L 22+ Mo () iy 2212 0, (2
2 (1) iy + Ly i 21(2) I V() ra ()

where n = 1, 2 are the indexes of the inductor and the
armature, respectively; R,, L, T, i, are the active
resistance, inductance, temperature and current of the n-th
element, respectively; C is the capacitance of the CES
charged to the voltage Uy; M ,(z) = M;(z) is the mutual
inductance between the inductor and the armature moved
along the axis z with velocity v.
We indicate
Ry =Ri(T) + Ro; Ry = Ry (Tr); M = M 5(2) = M5y(2) .
The system of equations (1) - (2) after a series of
transformations is reduced to the equation:
3, 2. .
a3d—?+a2d—2+alﬂ+aoi1=0, (3
dt dt dt

~

where
2
dM Ly HfdM
a3 =0; ay =y —2Mv—; ay=RiRy +—=—Vv'| —| ;
3 2= e =R TS (dz]
R

ag :FZ; v=LLy-M?* y=RlL,+LR,.

If the discriminant of its characteristic equation is
less than zero, then all the roots are real and the solution
for the currents after a series of transformations is
represented in a recurrent form [5]

2 277! . 2 2
. | dM . (Ve (dM
ip(tge1) =06 {1 R (le ) } ﬂln(fk) TRRy (72 ) }X

X (a1x2x3 +onx1x3 + a3x1x2)+ [Qn - vfm dézwj[al ()C2 + X3)+

“)
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A, dM
+ay(x +x3)+ a3 +x2)]+[An - va dzj(“l +a, +a3)},
n

where m=2,latn=1,2;
8 = x1xp (0ry —x1 )+ x103 (¥ —x3 )+ 32303 (x5 — x5 ) ;
oy = (x3 - X )exp(xlAt) ; 0y = (x1 - X3 )exp(szt) ;
a3 = () —x1 Jexp(x3 A1) ;

X, = {Z(ag - 3a1a3)0'5 cos2z(p-1)/3+¢]- az}/3a3 ;

p=123;
G = arccos| \as —3611(13 4,501612613 —aj —13.5a0a3 s
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u, is the CES voltage.

If the discriminant of the characteristic equation for
equation (3) is greater than zero, then one of its roots is
real x; = d, and the other two are complex conjugate
X253 = f £ jg, and the solution for the currents takes the
form:
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Mechanical processes in the LPIEC in the general
case can be described by the following equation:

O, =i,(t;)+

n

M d
il(t)iz(t)E(Z) = (g +m, )7:+ KpAz(t) + Krv(?) + ©

+0.1257, 8, D3, (1),
where m,, m, are the masses of the armature and the
actuator, respectively; Kp is the coefficient of elasticity of
the return spring; Az(?) is the value of the displacement of
the armature with the actuator; Ky is the coefficient of the
dynamic friction; y, is the density of the medium of the
displacement; £, is the coefficient of the aerodynamic
resistance; D,,, is the outer diameter of the actuator.

On the basis of equation (6), the value of the
displacement of the armature with actuator can be
represented in the form of a recurrence relation [5]:

2
Ae(tysy) = ety (1) A+ 8- A2 (my +my), (7
where v(z;,) = v(t)+9- At/(m, +m,) is the velocity of the
armature with actuator;

d
9=i (rk)iz(md—]‘f(z) ~ Kphz(ty) — Kpv(ty) -

—0.12577,, B, D3V (t1.).

Thermal processes are largely determined by the
period of operation of the LPIEC during the working
cycle. So, in the absence of armature movement which
occurs either before the start of the direct stroke or after
the return stroke, there is thermal contact between the
active elements through the insulating liner. The
temperatures of the n-th active elements of the LPIEC can
be described here by the recurrence relation [6]:

1. 1
Tyt = T2+ (- O o R, (02 - D3 )+
+0.257T) Dy H ytry + Ty (1) A (T)d {0,250, Dy H , + (8)

L
+ /161 (T)da >

A 0,25D,, 0.7, + »a(T) ;
c, Ty, d H

a n
A7) is the heat transfer coefficient of the insulating
gasket; d, is the gasket thickness; D,,, D,, is the outer and
inner diameters of the active elements, respectively; az, is
the heat exchange coefficient of the n-th active element;
¢, 1s the specific heat of the n-th active element.

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

where &= exp{—

. 1

Ty (ta1) = Ty )+ (1= 2T + 4724, (6 Ry (T, etz
12 AR

><Den]_ln (Den_DinT :|7

where y = exp{f 0.25AtD,,,a 1, c,fl(Tn)y,;l }

Initial conditions of the system of equations (1) — (9):
T,(0) = T, — the temperature of the n-th active element;
i,(0) = 0 — the current of the n-th active element;

Az(0) = Az, — the initial axial distance between the
armature and the inductor winding;

u.(0) = U, — the CES voltage;

v(0) = 0 — the armature velocity.

Functioning of LPIEC at natural -cooling.
Electromechanical processes of LPIEC in the direct
course of a working cycle with natural cooling
(a7,=20 W-m™K") are shown in Fig. 3. The current
density in the winding of the inductor j; is in the form of a
polar pulse with a longer fade front compared to the rise
front. The maximum value of the induced current density
of the armature j, of opposite polarity is more than 2
times greater than the current density of the inductor
winding. Since the induced current of the armature decays
faster, then after 0.8 ms it changes its polarity, increasing
until the current in the coil of the inductor stops. After
that, the armature current gradually decays. Due to this
pattern of current pulses, the electrodynamic force
initially has the character of repulsion, and after 0.8 ms,
the character of the slight attraction between the armature
and the inductor. After the specified time, the resultant
force f,, acting on the armature, becomes inhibitory. The
subsequent change in the braking force is due to the
elastic deformation of the return spring. Under the action
of these forces, the armature with the actuator
accomplishes the displacement Az with a velocity v,
which after 0.8 ms decreases under the action of the
resultant braking force f.

>

600 0.05£, H
7

m/
400 AR = -
2 %
{(X/}’h A/mm oﬂgauob{ oupaco

200

0 ¢
-200
U,V
-400
Jas A/mm’
-600
0 1.0 2.0 t,ms 3.0

Fig. 3. LPIEC electromechanical characteristics

Let's consider power processes at a direct course of a
working cycle of LPIEC. The following energy
components take place:

W1 = [if )Ry (T)de ~ losses in the inductor;
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Wy = Jzzz (t)R, (T, )dt —losses in the armature;

2
Winag = 0.5 Lyin(t) + M(2)-iy(t) i (f) — magnetic
n=l1
energy;

Wiin = 0,5(my + ma)v2 (t) —kinetic energy;

W.=0,5- C~u§ () — CES energy;

Wy =05-K pA22 (t) —compressed spring energy.
LPIEC efficiency is estimated by the expression [5]

(ma + m/e)v2 + KPA22

clug -u?)

at the end of the direct stroke of the working cycle.

Fig. 4 shows the relative values (marked *) of the
energy components during the direct stroke of the LPIEC
work cycle.

7 =100 % (10)

100 T

80 |

60 {7

40-%5 . §

20 //é

0 1.0 2.0 t,ms 3.0

Fig. 4. Relative values of the energetic components at the direct
stroke of the LPIEC work cycle

As follows from the presented results, by the end of
the working cycle, a significant part of the energy is
converted into the thermal energy of the armature
(W ,=26.8 %) and the inductor (W',;=28.7 %). This
explains the low efficiency of the LPIEC, which at the
end of the direct stroke is #=19.5 %. Note that a
significant part of the energy is stored in the CES
(W =36.7 %).

Thermal energy leads to an increase in the
temperature rise of the inductor 6, and the armature 6,. In
this case, it should be taken into account that in the active
mode with the forward motion of the armature with
actuator there is no thermal connection between the
armature and the inductor. And in the passive mode, after
the anchor, under the action of the return spring, takes its
initial position, thermal interaction occurs between the
active elements of the LPIEC. This thermal interaction is
particularly manifested in the cyclic operation of the
LPIEC.

Fig. 5 shows the temperature rise of the inductor
winding 8, and the armature 6, during operation of the

LPIEC with natural cooling in the cyclic operation mode.
The first four operating cycles with the pulse repetition
period 7;,,=1 s are considered. This figure shows the
short (5 ms) active mode of the LPIEC operation, in
which the armature moves in a straight line, and a long
(995 ms) passive mode of operation, in which the
armature is mainly in thermal contact with the winding of
the inductor.

In the active mode of the LPIEC operation, the
temperature rise of the inductor &, and the armature 6, is
increasing. In this case, the temperature rise of the
inductor 6, is less than that of the armature 6, in the initial
operating cycles. In the passive mode, due to thermal
contact, there is an increase in the temperature rise of the
winding of the inductor and a decrease in the temperature
rise of the armature. And with the increase in the number
of working cycles, this regularity manifests itself more
strongly because of the increasing difference between the
temperatures of the armature and the winding of the
inductor.

With a significant number of operating cycles,
unacceptably high temperature excesses occur at which
the epoxy resin of the winding of the inductor is softened:
after 400 cycles, the excess of the temperature of the
winding of the inductor is §;=110 °C, and after 800 cycles
— 60,=170 ° C. In this case, the excess temperatures of the
winding of the inductor and the armature are practically
equalized.

0,C
R 5ms | 5ms! 5 ms | 5ms |
I I 1 I
25 I 1 ! /_\
. I | | I ™~
I | /_l\elz I
I I ) |
2.0 : ; S
I
I I [ I \
\ . | !
1.5 7 I T [
I 1 l I
I ( 1 ] I
I | | I
1.0 I | | f
| 1 el I
{ I — | I
0.5 1 1 1 1
I f—"'/ | I
I | | I
i I I | I
0 1 1 1 1

0 1 2 3 s 4
Fig. 5. The excess of the temperatures of the inductor winding 6,
and the armature 6, during cyclic operation (7j,,=1 s)

Ways to reduce the heating of LPIEC. One of the
ways to solve the problem of unacceptably high heating,
which is especially important for the epoxy-coiled
inductor winding, is the intensive cooling of it or the
anchor.

Consider the effect on the thermal state of the
LPIEC of intense water (a7,=2 kW-m>K") cooling of
one or both active elements. Fig. 6 shows the dynamics of
temperature rise in the winding of the inductor and the
armature during intensive cooling of the inductor (cooling
mode I), the armature (cooling mode II) and their
co-cooling (cooling mode III) for the first 4 cycles with
the pulse repetition period 75,,=1 s.
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Fig. 6. The excess of the temperatures of the inductor winding 6,
and the armature ¢, during cyclic operation (7},,=1 s) in cooling
modes I, II and III

When cooling mode 1 is used, the excess of the
temperature of the inductor winding 6; decreases by 12 %
in the first 4 cycles, while the temperature of the armature
6, does not practically change. In the cooling mode II, the
armature temperature is reduced by 61 %, while the
inductor winding is only 12 % lower. In cooling mode III,
the smallest excess occurs both in the winding of the
inductor (23 %) and in the armature (62 %). In this case,
in the passive mode, the temperature rise of the armature
6, decreases substantially, and 6, of the winding of the
inductor practically does not change. The heating of the
active elements changes markedly during the long
operation of the LPIEC. Fig. 7 shows the dynamics of
temperature excesses of active elements of the LPIEC
during operation for 100 s (7,,=1 s).
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Fig. 7. The excess of the temperatures of the inductor winding 6,
(thin lines) and the armature 6, (thick lines) during cyclic
operation (7;,,=1 s) in cooling modes I, IT and III

As follows from the presented dependencies,
intensive cooling of at least one of the active elements
practically prevents inadmissible heating of both
elements. Excess of the temperatures of the active
elements reach certain values, after which they practically
do not change. Thus, intensive cooling of one of the
active elements of the LPIEC reduces the heating
temperature of the other element. So for 100 working
cycles, when cooling mode I is used, the temperature rise
of the armature is 6, = 10.4 °C, and in the cooling mode II
— the temperature of the inductor winding 8, = 7.5 °C is
exceeded.

Another way to reduce the heating of active
elements of the LPIEC is to increase the pulse repetition
period, at which the passive period increases, and hence
the interaction time of the inductor and armature.

Fig. 8 shows the dynamics of temperature excesses
of active elements of the LPIEC for four initial operating
cycles with a follow-up period of T7;,,=5 s. With an
increase in the pulse repetition period, there is a
noticeable decrease in the excess of the temperatures of
the active elements.
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Fig. 8. The excess of the temperatures of the inductor winding 6,
(thin lines) and the armature &, (thick lines) during cyclic
operation (77,,=5 s) with natural cooling (0) and in cooling
modes I, IT and III

At the pulse repetition period 7;,,=5 s there is a
significant decrease in the temperature rise of the
armature 6, in the passive mode of the LPIEC operation,
including with natural cooling (0). The excess of the
temperature of the inductor winding ¢, in the passive
mode of operation of the LPIEC occurs only with natural
cooling (0). In cooling modes I, II and III, the temperature
rise of the inductor winding 6, also decreases.

Fig. 9 shows the dynamics of the relative excess of
the temperatures of the inductor 91* and the armature 92*
with the natural and intensive cooling of the inductor, the
armature and both of them, depending on the value of T},
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per 100 pulses. The values of the excess temperatures are
normalized by the corresponding values at 7;,,=1 s. As
follows from the presented values, an increase in the pulse
repetition period 7, leads to a decrease in the
temperature excesses of both the inductor 8, and the
armature 6, under any cooling method. However, when
working with natural cooling of the temperature rise of
the winding of the inductor and the armature, the impulses
decrease practically linearly and insignificantly with an
increase in the pulse repetition period. So, at 7},,=5 s in
comparison with 7},,,=1 s the temperature rise of inductor
6, decreases by 23 %, and 6, of armature — by 28 %.

With intensive cooling of at least one of the active
elements of the LPIEC, with a similar increase in the
pulse repetition period, the excess of the temperatures of
the active elements decreases by 80-90 %. It should be
noted that the strongest decrease (by 67-77 %) of
temperature elevations occurs with an increase in Tj,,
from 1 s to 2 s. With a further increase in the pulse
repetition period, the decrease in temperature excesses
occurs much more slowly.
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Fig. 9. The dynamics of the relative excesses of the temperatures
of the winding of the inductor 8, (thin lines) and the armature
6," (thick lines) with natural cooling (0) and in cooling modes I,
IT and III per 100 pulses depending on T},

Thus, intensive cooling of one of the active elements
of the LPIEC allows to significantly reduce the
temperature excess of both active elements.

Experimental research. To test the main theoretical
results, an experimental setup was made, shown in
Fig. 10,a.

The experimental sample of LPIEC contains a
stationary inductor with a two-layer winding of disk
shape, which is wound with a rectangular copper busbar,
is encased in epoxy resin and is laid either in a thick-
walled glass-fiber-reinforced frame or in a thin-walled
steel frame with the possibility of intensive cooling

(Fig. 2).

Intensive cooling was created by a directional flow
of cold air onto the steel frame. Temperature
measurements were made on the surface of the winding of
the inductor LPIEC during cyclic operation with the pulse
repetition period 7j,,=1 s. The winding temperature was
measured with a thermocouple of the M 890G. During
measurements, the sensor with the thermocouple was
installed in the most heat-stretched area - in the middle of
the open side of the winding.

Fig. 10. Experimental installation for LPIEC research with
a thin-walled steel framework (a) and temperature measurement
process (b)

It was found that the winding of the inductor with
the steel frame blown by air, is heated weaker than the
winding with the insulating frame (Fig. 11). We note that
during 270 s the temperature of the winding with the
insulating frame increased so that its epoxy resin
softened. It was found that the experimental dependences
with an accuracy of 6 % coincide with the calculated
results.
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Fig. 11. Experimental temperature dependences on the surface
of the inductor winding with the insulating (1) and steel (2)
LPIEC frames while working at T, = 1's
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Constructive scheme of LPIEC with intensive
water cooling of the inductor winding. Since the use of
intensive water cooling for a movable armature is
associated with a number of design difficulties, this
cooling is advisable to apply only to the stationary
winding of the inductor. Proceeding from this, a
constructive scheme of the LPIEC of cyclic action was
developed which is shown in Fig. 12 [13].

In the LPIEC of cyclic action upon excitation of the
winding 1 of the inductor from the CES, the magnetic
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field induces currents in the electrically conducting
armature 2, eddy currents. The electrodynamic force that
arises between them moves the armature 2 together with
the impact disc 3 and the striker 4. The guide part of the
striker is connected to a flat piston 5 located inside the
cooling chamber 6 with water. Arranged on a flat piston 5
one-way valves 7 with a straight armature stroke freely
pass water. In this case, the return spring 8 and the
resilient waterproofing bellows 9 surrounding it are
stretched. The cooling chamber 6 is located in the
insulating housing 10.

11

—_
o
//

Fig. 12. Constructive scheme of LPIEC of cyclic
actions with intensive water cooling of the inductor winding

After the direct stroke under the action of the spring
8, the armature 2 with the striker 4 is reversed, and the
one-way valves 7 are closed. The piston 5 pushes water
which is squeezed out of the chamber 6. It enters the inlet
end 11 of the tube wound in the form of a disk 12, passes
through its inner channel and through the outlet end 13
enters the chamber 6. The water circulating in the tube 12
removes heat energy separated in the winding 1,
preventing heating of both active elements, since a
thermal interaction takes place between them in the
passive mode of operation of the LPIEC. The heat of the
heated water is drawn from the cooling chamber 6 to the
surrounding space through the radiators 14 mounted on its
outer side. The guide sleeve 15 serves as a technological
framework for the winding 1 of the inductor and protects
the waterproofing bellows 9 from mechanical influences.
Since the piston 5 is subjected to the action of a resistance
force caused mainly by the hydraulic resistance of the
water in the internal channel 13 of the multi-turn tube 12,
the smooth movement of the striker 4 towards the
winding 1 of the inductor occurs. Thus, an unstressed
contact of the armature 2 with the winding 1 of the
inductor is effected.
Conclusions.
1. A mathematical model of the LPIEC of cyclic action
is developed taking into account a complex of interrelated

electromagnetic,  electromechanical and  thermal
processes.
2. Electromagnetic, electromechanical and energy

processes of LPIEC are investigated which arise during
the direct course of the working cycle. It is shown that by

the end of the working cycle a significant part of the
energy is converted into thermal energy of the armature
(26.8 %) and the inductor (28.7 %).

3. At a significant number of working cycles with
pulse repetition period of Tj;,,=1 s, unacceptably high
temperature excesses of active elements of the LPIEC are
observed.

4. One of the ways to solve the problem of heating the
winding of the inductor is to intensively cool it, the
movable armature or both of them. In this case, the excess
of the temperatures of the active elements reach certain
values, after which they practically do not change.

5. The increase in the pulse repetition period leads to
decrease in the temperature excesses of the active
elements of the LPIEC. With an increase in this period,
with natural cooling, the excess of the temperatures of the
active elements decrease practically linearly and
insignificantly. With intensive cooling of at least one of
the active elements, the excess of the temperatures of the
active elements is reduced by 80-90 %.

6. Temperature measurements were made on the
surface of the winding of the inductor LPIEC during
cyclic operation with pulse repetition period T;,,=1 s. It is
established that the winding of the inductor with the steel
frame, blown by air, heats up more slowly than the
winding with the insulating frame. The experimental
dependences with an accuracy of 6 % coincide with the
calculated results.

7. The constructive scheme of the LPIEC of cyclic
action with intensive water cooling of the inductor
winding was developed.
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E.V. Yagup

AN ACTIVE POWER FILTER AT OPERATION ON THE UNBALANCED AND
NONLINEAR LOADS WITH CONTROL BY OPTIMIZATION ALGORITHM

Purpose is to develop a method for controlling a power active filter based on search optimization using software of Mathlab
package and applying this method for balancing and compensating for all components of reactive power in a three-phase system
feeding unbalanced linear and nonlinear loads simultaneously. Methodology consists in the development of a visual model of the
power supply system that supplies unbalanced and non-linear loads, to the connection points of which a power active filter on
IGBT transistors is connected according to a parallel type scheme. We propose an algorithm for calculating the chosen
optimization criterion using a visual model, linking the visual model with an optimizing program, and performing a search engine
optimization process using an embedded program that implements the deformable polyhedron algorithm. Results lead to an
optimal mode, which is characterized by the amplitudes of the control signals of the power active filter control system determined
by the search, as well as the initial value of the voltage on the filter energy exchange capacitor. Originality lies in the fact that the
proposed method of controlling the operation of the power filter makes it possible to dispense with the construction of a relatively
complex filter control system based on Clark's mathematical transformations. Practical value lies in the fact that finding a quasi-
steady-state optimal mode of the power supply system with a power active filter is performed automatically in the process of
search optimization with a simplified control system. The above principles can be implemented in the microprocessor control
system for power active filters. References 9, figures 4.

Key words: search optimization, visual model, three-phase power supply system, reactive power, power active filter.

Cmampa noceéauwiena ucciedo6anuto mpexgasnoii Yemvlpexnpoeoonoil cucmemsl INeKMPOCHAOICEHUA, RumMarouiei
Hecummempuunyio mpexgazuyro u oonogazuyio neauneinyro nazpysxu. Cunogoii akmusenolii punbmp npeocmaesnsiem coooi
yemuipexnieyueeoit mocmoegoii uneepmop na IGBT mpanzucmopax. Hneepmop numaemcs om yHepzo00mMenno20 KonoeHcamopa
U UHIICEKIMupyem Koppekmupylouwjue moxku uepes dygepnvie peakmopol. B omauuue om knaccuueckoii cucmemsl ynpaeienus,
O0CHO8aHHOIU Ha npeodpa3zosanuax Knapk ona nanpasjcenuii u mokos, 6 paccmampueaemom 6apuanme npeoioHceHo ynpasnenue
UCMOYHUKAMU IMATIOHHBIX CUZHATI06, ANPUOPU UMEIOWUMU CUHYCOUOATILHYIO (DOPMY U COBRAOAIOWUMU C (Pa3amu RUMAIOUUX
UCMOYHUKO8 INleKmpuuecKoil Inepzuu. Onpedenenue HeoOX00UMBIX AMRAUMYO IMAIOHHBIX CUZHATI08 COCMABTIAEN CYUHOCMb
3a0auu  nouckoeoii onmumuzayuu. ORMUMUZAUUA OCYULECMENIACHICA MEMOOOM OephopMUPYeMoz0 MHO20ZPAHHUKA C
UCNOIb306AHUEM BU3YATILHOU MOOENU CUCHEMbL IJIEKIMPOCHADNCEHUA C CUN0GLIM aKmuenvlm uavmpom. Ilo 3asepuwenuu
ONMUMUAUUU CUCHEMA NPUXOOUm K ORMUMATLHOMY DedCUMY, XAPAKMEPU3VIOUEeMycs ROAHOU KomMneHcayuei 6cex
COCMABNAIOWUX PeaKmMUHoil mowHocmu. buotn. 9, puc. 4.

Kniouesvie cnosa: mouckoBasi ONTHMHU3aNMsl, BH3yaJdbHasi MoAeJb, Tpex(da3Hasi cUCTeMa 3JIeKTPOCHAOKEeHHsI, PeaKTHBHAsI
MOIIHOCTb, CHJIOBOW aKTUBHBIH GUIBLTP.

Introduction. Unbalanced and nonlinear loads in
three-phase power supply systems give rise to a number
of problems associated, ultimately, with reactive power.
Circulation of reactive power in the system in turn leads
to an increase in the currents in the power lines, an
increase in irreversible heat losses in the wires,
overheating and premature failure of the insulation of
electrical devices [1]. In this regard, the issues of
balancing and compensation of reactive power in power
supply systems represent a great and unflagging interest
in recent decades. A number of works in this area are
related to research on the physical nature of reactive
power and mathematical interpretations of its behavior,
depending on the causes of its appearance [2]. In this
respect, a departure from the traditional ideas that
emerged in the 20-50th of the last century and the
identification of the weaknesses of these theories [3, 4] is
characteristic. The need to apply new theories based, in
particular, on the use of the concept of instantaneous
power, is dictated by the development of control systems
for power active filters [4-8], which can fundamentally
solve the problems associated with asymmetry and
nonsinusoidality of voltages and currents in three-phase
power supply systems. Power circuits of active filters are
built on the basis of three-phase inverters on IGBT
transistors with an energy-exchange capacitor charged
through shunt back diodes. The generated corrective
currents through the buffer reactors are injected into the

power supply system at the load connection points for the
case of a parallel active filter. The responsible element of
the power active filter is the transistor control system
which is an intelligent device containing rather complex
computational blocks realized with the help of
microcontrollers. The tradition of designing control
systems based on the use of Clark transformations and the
theory of instantanecous power has already been
established [5-7]. At the same time, there are still attempts
to apply other approaches for controlling power active
filters, in particular, based on the application of search
engine optimization algorithms [9]. These algorithms
presuppose finding a quasi-steady-state mode of the
power supply system with an active filter using software
optimization tools, thereby making it possible to eliminate
these traditional transformations and obtain optimal
solutions for the desired mode.

The goal of the work is to apply search
optimization methods to find a quasi-steady-state mode of
the three-phase power supply system with a power active
filter of parallel type while simultaneously feeding a
three-phase asymmetrical active-inductive load and a
nonlinear valve load.

The main material of investigations. 4 visual
model of the power supply system under investigation is
shown in Fig. 1.

© E.V. Yagup
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Fig. 1. A visual model of the system under investigation

Here, the supplying three-phase symmetric network
of infinite power is represented by voltage sources
Sources having a normalized amplitude of 100 V and a
frequency of 50 Hz. Power transmission lines, unlike [2],
are not included in the load, but are considered separately
and, therefore, are not covered by a power active filter.
They are represented by active-inductive elements
L., resistor resistances of which are assumed to be equal
to 0.1 Q, and inductance 0.001 H. The resistance and
inductance of the neutral wire Ly are three times higher
than the corresponding values of the transmission line
parameters. The three-phase unbalanced linear load RL-
Load according to the star circuit connected to the neutral
wire has the following phase parameters: R,=1.5 Q,
L,~0.025 H, R,=1.0 Q, L,=0.01 H, R=2.0 Q, L=0.04 H.
The non-linear load is represented by a single-phase
bridge rectifier Universal Bridge. It is connected to phase
B at the point of connection of the linear load and to the
neutral wire, so the rectifier is fed by phase voltage. The
load of the rectifier is controlled by a constant current
source of fixed value /=20 A. The power block of the
active filter is represented as an inverter by four shoulders
of IGBT transistors, each of which is shunted by a reverse
diode. Through the reverse diodes, the energy-exchange
capacitor Cy is charged, which actually feeds the active

filter, for which it is necessary to ensure the charge of this
capacitor to a voltage exceeding the amplitude of the line
voltage of the network at the connection points of the
loads. To these points, correcting currents taken from the
diagonals of the inverter bridges are fed through the
buffer reactors L,. These currents should provide
sinusoidal currents in the transmission lines that coincide
in phase with the phase voltages of the respective power
supplies.

The control system of the active filter is built
according to the relay principle. It is implemented with
the help of four relay elements Relay, with the outputs of
which the signals are divided into two channels using the
elements of comparison with zero. The resulting pairs of
impulse signals are fed to the transistors of the upper and
lower arms of the corresponding phase. In this way,
pulse-width modulation is implemented, thanks to which
the correcting currents of the active filter are formed. To
generate signals using the relay principle, currents in
power lines and neutral conductors are taken with current
meters. Further, from the received signals, reference
signals are subtracted, the shape of which must be
repeated as a result of the action of the correcting filter
currents in the load lines and in the neutral wire.
Therefore, the reference signals [y, I, I, for the phases
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A, B, C are respectively given in the form of a three-
phase symmetric system of sinusoids similar to sinusoids
of supply voltages of the power supply system. Since the
neutral wire must be completely unloaded, the reference
signal for it is given by a zero-constant source. Under
such conditions, only the amplitude of the reference
signals, which ensures this regime, remains unknown for
reaching the quasi-steady state.

Unbalanced mode with the power filter off is
characterized by non-sinusoidality and non-linearity of
currents and voltages in the system and overloading of the
neutral current wire. In Fig. 2 three currents in the
transmission lines (upper diagrams) and current in the
neutral wire are shown. It is seen that the current in phase
B, which is loaded with a rectifier, reaches an amplitude
of 40 A, and the current in the neutral wire is 25 A, which
is twice the amplitudes of the linear currents of phases A
and C. All currents have pronounced non-sinusoidal shape
which means the presence in the system of currents of
higher harmonics and reactive power distortions.

40
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Fig. 2. Currents at the unbalanced mode

Optimization of the mode is carried out when the
power filter is connected by Mathlab software using the
presented visual model. The optimization is based on the
requirement of specifying such a single value of the
amplitudes of the reference signals for the phases at
which a quasi-steady-state regime takes place in the
system. It is characterized by the establishment of
periodic currents and voltages on all elements of the
system. In particular, the voltage on the energy-exchange
capacitor must represent the sum of the constant and the
variable components. The constant component of the
voltage across the capacitor, as indicated above, must
exceed the amplitude of the line voltage. The voltage
pulsations on the capacitor, representing the alternating
component, depend on the load and capacitance of the
energy-exchange capacitor. From the point of view of the
efficiency of the filter, we can assume that this
capacitance is infinite, and in this case plays the role of a
voltage source. In this case, ripple will be absent.

However, in practice the capacity of the energy-exchange
capacitor is finite (in the model its value is assumed equal
to 600 pF). With a finite value of capacitance of the
capacitor, the voltage on it reflects the difference between
the amplitude of the reference signal and the optimum
value. When this value is exceeded, excess energy enters
the system and the voltage on the energy-exchange
capacitor tends to increase, reaching in the asymptotics a
certain very large value corresponding to the balance of
active powers. If the amplitude of the reference signal is
insufficient, the voltage on the energy-exchange capacitor
tends to decrease due to the lack of energy entering the
system, reaching zero in the asymptotics which does not
at all correspond to the normal operating conditions of the
power active filter. Thus, the voltage on the energy-
exchange capacitor of the filter, provided that its capacity
is finite, is an indicator of the achievement of the optimal
compensated regime in the system.

The optimization software is taken from the standard
Matlab library, where there are such non-linear
optimization programs as fminsearch() that implements
the deformable polyhedron algorithm, and fminunc()
using the conjugate gradient method. Both programs are
easily interchangeable with changing the name by which
they are called, the arguments for both functions can be
the same. As the optimization variables, the amplitude of
the reference signal of the control system and the initial
voltage on the energy-exchange capacitor are used. The
objective function is formed from discrete voltage values
on the energy-exchange capacitor. These values are
output at the run interval of the visual model for five
periods of the supply voltage with a sampling interval
equal to the period of the supply voltage. To form the
objective function, the differences of adjacent discrete
values are compiled, from which the spherical metric is
formed. In addition, the condition for achieving discrete
values of a given level (it was assumed to be 400 V) was
also introduced. Thus, when the model is run, discrete
values are transferred to the working area of Matlab,
where they are picked up by an additional function that
executes the visual model and then calculates the value of
the objective function, which is then passed to the parent
program that calls the optimization function. Fig. 1 shows
the state of the model after reaching the minimum, where
you can see the value of the objective function in the form
of the global constant N,=0.99248, which sufficiently
accurately determines the compensated mode in the
system. The amplitudes of the reference signals in this
case were [,,=12.369 A. From this value, 4.243 A are
incident on the supply of an asymmetric linear load, as
shown in [10], and the remaining fraction of 8.126 A is
due to the supply of a nonlinear load to the rectifier. The
fairness of this distribution is illustrated by a simple
estimate of the fraction of active power consumed by the
rectifier. Fig. 3 shows the current diagrams in the lines of
the neutral wire in the compensated mode (similar to the
diagrams in Fig. 2). It is seen that the amplitudes of the
linear currents are equalized, and their phases coincide
with the phases of the supply voltages. The current in the
neutral wire is almost gone. This indicates a complete
balancing and balancing of the mode in the power supply
system.
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Fig. 4 shows the voltage diagram on the energy-
exchange capacitor. It starts with the voltage at the zero
moment V,.=401.562 V found during the search
optimization and forms a vector of discrete quantities
V.=[400.099,399.878,399.885,399.356,399.179] that
testify to the provision of a given stable voltage on the
energy-exchange capacitor within the specified error.

40 ! ! ! ! ! ! ! !

I 1 1 1 1 1 1 1 1
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Fig. 3. Current at the balanced mode
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Fig. 4. Voltage on the capacitor

Conclusions. The research carried out shows that
the proposed algorithm for active filter control based on
the application of search optimization in conjunction with
the visual model of the power supply system makes it
possible to determine the quasi-steady state of the system
and to reach the optimal mode of full compensation of all
components of reactive power when feeding asymmetrical
linear and nonlinear loads. It is possible to form the target
function from the discrete voltage values on the energy-
exchange capacitor, and use the amplitude of the
reference sinusoidal signal for the proposed control

How to cite this article:

system and the initial value of the voltage on the energy-
exchange condenser as optimization variables. An
introduction to the expression for the objective function of
the voltage stabilization parameter on the energy-
exchange capacitor also allows to set the proper level of
the voltage over the capacitor above the amplitude of the
line voltage of the network, thus providing the necessary
direction of the energy flow from the filter to the network.
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A TECHNIQUE FOR EXPERIMENTAL DATA PROCESSING AT MODELING THE
DISPERSION OF THE BIOLOGICAL TISSUE IMPEDANCE USING THE FRICKE
EQUIVALENT CIRCUIT

Purpose. Modeling the dispersion of the biological tissue impedance of vegetable and animal origin using the Fricke equivalent
circuit; development of a technique for experimental data processing to determine the approximation coefficients of the
dispersion of the biological tissue impedance for this equivalent circuit; study of the features of the equivalent circuit at modeling
the dispersion of the impedance, resistance, and reactance; the definition of the firequency domain in which using of the
equivalent circuit is correct; revealing and generalization of the main regularities of dissipation of biological tissue impedance of
vegetable and animal origin. Methodology. The technique is based on the scientific provisions of theoretical electrical
engineering — the theory of the electromagnetic field in nonlinear media in modeling the dispersion of the biological tissue
impedance. Results. The electric circuit of the Fricke equivalent circuit allows modeling the dependences of the impedance
module of biological tissues, active and reactive components of impedance with acceptable accuracy for practical purposes in the
frequency domain from 10° to 10° Hz. The equation of impedance of the Fricke equivalent circuit for biological tissues makes it
possible to approximate the frequency dependences of the impedance modulus, active and reactive parts of the total resistance
only by using the approximation coefficients corresponding to each part. The developed method for determining the values of the
approximation coefficients of the impedance equation for the Fricke equivalent circuit for biological tissues allows to determine
these values with high accuracy for various biological tissues. It is shown that the frequency dependences of the active component
of the total resistance for tissues of vegetable and animal origin are similar. Originality. The developed technique operates with
the normalized values of the impedance modulus of the Fricke equivalent circuit, the active and reactive components of the
impedance as a function of frequency, which allows a comparative analysis of the dependencies of these parameters of various
biological tissues of plant and animal origin. Practical value. The approximate dependences of the absolute impedance modulus,
active and reactive components of the impedance allow modeling processes occurring in biological tissues with the passage of a
current of different frequency. Dependence of the impedance of biological tissue can be applied to the design of diagnostic and
control equipment to determine the properties of tissues of animal and vegetable origin, including developing more effective
medical equipment. References 15, tables 3, figures 16.

Key words: biological tissue, electrical properties, simulation, impedance dispersion, Fricke substitution scheme, technique,
approximation coefficients.

Pazpabomana memoouxa o0padomku IKCHEPUMEHMATILHBIX OAHHBLIX O OnpedeneHus Korhguuuenmos annpoxcumayuu
UMREOaHCca OUON0ZUYECKUX MKAHel PACMUMENbHO20 U JHCUBOMHO20 NPOUCXOMNCOEHUS NPU MOOeTUPOSAHUU Oucnepcuu
umneoanca ¢ nomoupto cxemut 3ameuienuns Opuxe. Ilposeden ananusz ceoiicme cxemol 3ameugenusn Ppuke, ee 603moxicHocmel u
ocobennocmeil npu moodenupogsanuu oucnepcuu umneoanca, pezucmanca u peakmanca. Ilokazano, umo npu nopmuposanuu
oucnepcuu aKmueHvle COCMAGNAIOWUE UMREOAHCA 071 MKAHEll PACIMUMENbHO20 U HCUBOMHO20 NPOUCXONHCOEHU NOOOOHDI.
Bu6n. 15, tabn. 3, puc. 16.

Kniouesvie cnosa: 0moJorHYecKasi TKaHb, JJIeKTPHYECKHE CBOICTBA, MOJAEIHPOBaHHWE, JAUCHEPCHS HMIIEAAHCa, CXeMa
3amemeHust @puxe, MeTOANKA, KO (PUIHMEHTHI ANMPOKCHMAIHH.

Introduction. The dispersion, that is, the frequency
dependence, of the impedance (total or complex
resistance) and its components - resistance (active
resistance) and reactance (reactive resistance) of
biological tissues is important in the study of the effect of
electric current on them. This applies to electrical safety,
diagnosis and treatment of humans and animals,
monitoring the quality of agricultural products. Now this
issue has become very relevant in connection with the
creation of special surgical equipment for welding live
tissues by currents of high frequency [1].

The goal of the paper is simulation of dispersion of
the impedance of biological tissues of plant and animal
origin using the Fricke substitution scheme [2, 3];
creation of a technique for processing experimental data
to determine the coefficients of approximation of the
dispersion of the impedance of biological tissues for the
Fricke substitution scheme; the study of the features of
this substitution circuit in modeling the variance of

impedance, resistances, and reactance; the determination
of the frequency range in which the use of the
replacement circuit is correct; identification and
generalization of the main regularities of dispersion of the
impedance of biological tissues of plant and animal
origin.

The studies are based on experimental data from
different authors. The examples of data processing
presented in the article are presented in a form that is
intended for use in the MathCAD package [4].

The results of solving this problem are relevant for
specialists who create diagnostic and control
instrumentation for determining the properties of tissues
of animal and plant origin. Also they will be in demand
when creating medical equipment for welding live tissues.

Structure of biological tissue. Biological tissue
consists of cells and intercellular substance. The cells
themselves are complex formations, consisting of many
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elements found in a protein substance bounded by cellular
membranes (see Fig. 1).

From the point of view of electrical engineering, we
will be interested in the change in the impedance of
biological tissue from the frequency while passing
through it an alternating electric current (AC) which is
supplied to the tissue by electrodes with area S spaced
from each other at a distance /.

4
: ,,/4
S S
1
°o ~ o
AC

Fig. 1. The structure of a biological tissue consisting of
cells 1 bounded by the cell membranes 2 and the intercellular
substance 3 (when measuring the impedance, it is placed
between the two electrodes 4)

The electromagnetic properties of biological tissues
are determined by the characteristics of the organic
material filled with electrolyte. In biological tissues, the
electrolyte is an intercellular substance and cellular
contents [5, 6]. Due to the presence of membranes and
films that have capacitance, cell resistance is mainly
capacitive in nature.

When measuring the electrical parameters of
biological tissues at the boundary between the measuring
electrodes and the tissue (electrolyte) when an electric
current passes, a double electric layer appears, also having
a capacitive character. The double electric layer is
approximately described by Stern adsorption theory [7].
The effect of the double electric layer is particularly
pronounced with constant current and low frequencies. It
is here that the greatest error is introduced into the
measurement of the electrical parameters of biological
tissues. With increasing frequency, the effect of the
double electrical layer decreases.

To reduce the influence of the double electrical
layer, when measuring the electrical parameters of
biological tissues, as a rule, two pairs of electrodes are
used. One pair is supplied with an electric current, and the
measurements are made by another pair of electrodes [8].

Dielectric permeability of biological tissue. The
permittivity € [9, 10] (here and below the underlining
indicates the complex value) of the biological tissue
contains the real &' and the imaginary part &", both of
which depend on the frequency fi &(f) = €'(f) — j€"(f),
where j = J-lis the imaginary unit. Fig. 2 shows a
typical dependence of the dielectric permeability modulus
lg| of the biologic tissue (in this case, muscle [3, 5, 6]) of

the frequency in the frequency range from 10" o 10" Hz.
Dependence has three characteristic areas a, f, y.

lgl, €'

108|
105
10!
10°
102 ™

10| :
Y90 10 100 107 10° 10" fHz
Fig. 2. Dependence of the dielectric permeability module [¢] of

biological tissue [3, 5, 6] and the largest calculated values of its
real part €" on the frequency f

The presence of ranges of sites is due to [5, 6]:

« o: (f < 10° Hz) - the flow of current through the
intercellular substance, when the resistance of cells for
low-frequency current is still high and the dielectric
constant is determined by the polarization of intracellular
compartments and the inertia of the motion of molecules
with a large molecular mass at resonance phenomena, and
phenomena in a double electric layer;

* B: (10° T'y < f'< 10® Hz) - current flow through the
intercellular substance, cellular membranes and cellular
contents and reflects the relaxation polarization of polar
macromolecules, and is determined by their effective radii
and viscosity of the medium, as well as the dielectric
losses in the cell membranes - tangent the dielectric loss
angle tgd = €"/¢' serving as a quantitative measure of the
relative contribution of the electrically conductive and
dielectric properties of the medium when the
electromagnetic field interacts with it [5, 10]. Note that
the values of tgd, €' u €" only partially simulate the
reaction of the tissue to the passage of the electromagnetic
field through it and do not reflect all the physical
processes taking place in the tissue;

«v: (f> 10® Hz) - phenomena of resonance of water
molecules of intercellular substance and cellular contents,
and orientational polarization of water molecules.

The boundaries of the ranges a, B, y and the values
g| can differ from those shown in Fig. 2, depending on the
type of biological tissue.

One of the methods of modeling in electrical
engineering is the creation of electrical circuits of
substitution [11]. In modeling the electrical processes in
biological tissue, we will adhere to this method.

Fricke electrical circuit for the replacement of
biological tissues. When modeling the dispersion of the
impedance of biological tissues, the substitution scheme
[2] (Fig. 3) proposed in the early 20s of the 20th century
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by the Danish-American physicist Hugo Fricke (1892-
1972) is often used. The circuit simulates electrical
processes in biological tissue at frequencies from 10" o
10° Hz, that is, in sections a (with the exception of very
low frequencies) and B.

f D
LM .llc

T

—]

|
N
Ry |
I

| I |
Fig. 3. Fricke electrical circuit for the replacement
of biological tissue

The replacement circuit contains: Cy — the
frequency-dependent equivalent electrical capacitance of
cell membranes; frequency independent equivalent active
resistances (resistances) of cell contents R, and of
intercellular substance Ry.

If we consider the resistivities and capacitances with
dimensionality, respectively, [(2'm] and [F/m], then the
elements of the substitution circuit in Fig. 3 should be
considered as specific.

In the simplest case shown in Fig. 1, the relationship
between the specific total electrical resistance and the
total electrical resistance (impedances) has the form:

Z(h) = Zf)Sit;
the relationship between the active resistivities and the
active electrical resistances:
Ry.o(f) = RS/ Ry of) = Ror S/
the equivalent specific electrical capacitance of cell
membranes Cy ), is determined from the expression:
Cu(f) = Cu()-1/S.

The specific electric capacitances directly
proportional to the product of the dielectric constant gy =
8.854-10"% F/m and the real part & of the complex
relative dielectric permeability g:

Cord) = CulD IS = e ().

The total electrical resistance of the Fricke
substitution scheme as a function of frequency is:
1
R, R.

+
Gy (f)

Dividing the right and left parts of formula (1) by
the resistance Ry, we obtain the expression for the
impedance Z«(f) = Z(f)/R, of the substitution scheme in
dimensionless form (the values denoted by the asterisk
"*" are dimensionless) when normalized to unity [12 ] in
the low-frequency range:

1
1+
g 1
7+ -
Ry, j2mf-Cy, (f)'Ro
We introduce dimensionless coefficients a;, a, and
a; and a power function:

Ro/RC: ai, (3)

R (1) A
X(/) (f] “@o @

Here X is the reactive resistance (reactance):

x(f)=[2-71-C (] )
fo 1s the base frequency, which can be assumed equal to 1
Hz. It is introduced because the exponentiation of a
dimensional quantity fin the irrational power of a, is not
correct. We denote the ratio f/ fy by the dimensionless
quantity fs.

As a result, we write the expression for the Fricke
substitution circuit (1) normalized per unit impedance in
the form of an approximation function:

Z*(f*aapaz»%): 11
1 1
a  J S a
With this form of writing, we obtain
ZH0,a1,az,a3) = 1; Z«{o,a1,a,a3) = 1/(1 + a;) at any
values of a;, where i is the index number at the coefficient
a,i=1,2,3.

Approximate dimensionless coefficients «@;, a, and
a; will be found from experimental data.

We have considered the case when in expressions
(1) - (4) resistances have the dimension [Q], and the
capacitances - [F]. If the experimental data are obtained
for specific resistances and capacitances with dimension
of [Q'm] and [F/m], then the elements of the substitution
circuit in Fig. 3 will be specific.

In the analysis, the values can be applied either in
[Q] and [F], or in [Qm] and [F/m], since using the
specific values in expression (2) instead of absolute
values, / and S are shortened, and the result remains the
former.

When passing from dimensionless to dimension in
expression (6), it is necessary to multiply Z«(f,a1,a,,a;3) by
R, when calculating absolute resistances in [Q2], or by R
when calculating resistivities in [Q-m]. The values of Ry
and R,, for obtaining the minimum error must be
determined at frequency of up to 50 Hz.

We explain the choice of the power function in
expression (4) in determining the ratio of the quantities

Since the complex dielectric permeability & contains
also the imaginary part €", its modulus is determined from

the expression: |g| = J(s')z +(g")2 from which it follows

that the condition €' < [¢| is always satisfied. In this
connection, the values of €'(f) which can be determined by

(f/f,)" -a, (in the logarithmic

scale, it is the straight line €' in Fig. 2), should lie below
the values of the curve |g|. In this case, the expression (4)
corresponds to a given power function.

Frequency dependences of the impedance of
biological tissues. The publications [6, 13] contain
information on the frequency dependences of the

2-m-f-C, (f)~R0 =

(6)

1+

the power function
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impedance module |Z| the active and reactive component
of the impedance - the specific resistivity R, and the
specific reactance X; of plant tissues - apple, carrot and
potato in the frequency range from 25 Hz to 1 MHz.
Frequency dependences of the active resistance R of
biological tissues of animal origin (rat) - liver, heart,
kidney, breast and thyroid gland in the frequency range
from 0.5...1.5 kHz to 1.0...1.5 MHz are given in [14 ].

Fig. 4 by points shows the experimental values of
the electrical resistances of apple, carrot and potato on the
frequency [6, 13], the lines show the approximations
obtained with the Ispline and interp functions of the
MathCAD package, and Fig. 5 - experimental values of
active electrical resistances on the frequency [14]: liver,
heart (along the fibers), kidney, breast, thyroid gland.

Minimizing the root-mean-square deviations to
find the values of the impedance approximation
coefficients for the Fricke replacement circuit. To find
the coefficients «;, the approximation function of the
impedance of the Fricke substitution circuit (6), we use
the genfit function of the MathCAD package
implementing the numerical Levenberg-Marquardt
method [15]. For this function, a vector V(f,ai,as,a;3) is
formed from equation (6) and the equations of its partial
derivatives with respect to the required coefficients a;.

|Z]. R,,Q-m

s Mgs
12

-
—

My

0 = = :
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£ I..\"'"‘- -
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-2 ‘ AR
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3 4 5 6
10 100 110 1x10 1x10 1x10° £, Hz
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Fig. 4. Frequency dependences of experimental values of
electrical resistances of biological tissues of plant origin [6, 13]:
(a) - modulus of total resistivity |Z,(f)| (digits without a stroke),
active Ry(f) (digits with a stroke) and (b) - reactive X,(f) (digits
with two strokes) - impedance components, respectively, for
tissues: 1, 1', 1" - apple, 2, 2', 2" - carrots and 3, 3', 3" — potatoes

With the known experimental dependences of the
Z*' = |ZY|/RS.0 or |Z*| = |Z|/R07 R: = RS/RS.O or

resistances:

R« = R/Ry; X« = X{/R ¢ or X« = X/R, on the frequency f for
a biological tissue, for example for apple, carrot or potato
(Fig. 4), it is possible to compose the vectors V, V;, or
Vy, respectively, for the impedance modulus, active and
reactive components of impedance, see Annex.
We define an arbitrary vector of values of the
frequencies for valuation by unity
S =107, (7
where # is the index at the frequency f+ which determines
the ordinal number of the number in the vector f, for
example, n = 1...6 (note that the more terms in 7, the more
accurate the approximation dependence).
At given some initial values to the coefficients a;,
minimization using the function genfit, written as:
az; = genfit(fs,|Z+|,a1,a2,a3,V 7);
ag; = genfit(f«,R+,a1,a,,a3,Vy);
ay;= genﬁt(f*,)(*,al,az,a3,VX),
occurs when determining the values of the coefficients
az;, ag; v ay; which in the best way approximate the
approximation curves

|ZAf9)| = |Z:(fxaz1,az2,az3)];
R*(f*) = Re[Z*(ﬂ":aR,lyaR,ZsaR,3)];

Xu(fs) = Im[Z«(fr,ax1,ax2,ax3)]
(using formula (6)) to the corresponding experimental
values normalized to unity.

RQ
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Fig. 5. Frequency dependences of experimental values of active
electrical resistances R(f) of biological tissues of animal origin
(rat) [14]: 1 - liver; 2 - hearts (along the fibers); 3 - kidney;

4 - the breast; 5 - thyroid gland

For biological tissues of plant origin - apples, carrots
and potatoes [6, 13] in Fig. 6, 8, and 10, the experimental
and calculated values of the frequency dependences of the
impedance modulus |Z«(f:)] of the Fricke replacement
circuit, the active R«(f+) and the reactive X«(f) impedance
components are presented. For biological tissues of
animal origin - liver, heart, kidney, breast and thyroid
gland [14] in Fig. 12 the frequency dependences of the
values of the active components R+«(f:) of the impedance
of the Fricke substitution scheme are plotted for tissues:
1 - liver; 2 - heart (along the fibers); 3 - the kidney;
4 - breast; 5 - thyroid gland.
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Fig. 6. The frequency dependences of the impedance modulus
|Z«(f+)| of the Fricke substitution scheme, the active R«(f+) and
the reactive X+«(f+) impedance components for the apple tissue.
Thickened dashed curves - experimental values [6, 13], thin
solid curves - calculated values

From the consideration of the graphs it can be seen
that the calculated curves along their entire length
coincide with the experimental values.

In Fig. 7, 9 and 11 graphs are presented of the
frequency dependences of the relative deviations Az, Ag
and Ay [%] of the calculated values of the quantities
Z{f+)|, R«(f) and X«f+), respectively, on their
experimental values for tissues of plant origin, and in Fig.
13 graphs of frequency dependences of relative deviations
Ar [%] of calculated values of R«(fs) from their
experimental values for tissues of animal origin.

v
- 10 al 1 L L
10 100 ‘i:n<103 1:-:104 ‘|>-:1l'J5 ‘Iz-c‘l(.)6 e
Fig. 7. Frequency dependences of relative deviations Az, Az and
Ay of the calculated values of the quantities, respectively,

|Zf+)], R+(f+) and X«(f+) from their experimental values for
the apple tissue

In the frequency range widely used in the analysis of
the impedance of biological tissues [3] in the range

/= 10...10° Hz for apple, the deviations |A| do not
exceed 1.9%, for carrots 2.3%, for potatoes -2.5%, for the
liver 3.0%, for the heart 1.8%, for the kidney -2.0%, for
the breast 1.0 %, for thyroid gland 1.5%. This is an
acceptable for practical purposes coincidence of
calculated values with experimental data in the specified
frequency range.
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Fig. 8. Carrot tissue (the designations correspond to Fig. 6)

Table 1 shows the values of the coefficients a; and
the largest deviation |A| of the calculated values of |Z«|, R«
and X« from their experimental values in the frequency
range f+ = 10°...10° for biological tissues of plant origin:
apple, carrot and potato, and Table 2 presents the values
of the coefficients a; and the largest deviation |A| of the
calculated values of R+ from their experimental values for
biological tissues of animal origin: liver, heart (along the
fibers), kidney, breast and thyroid gland. Table 3 shows
the calculated values of R, and R, for various biological
tissues of plant and animal origin.

For tissues of plant origin, the estimated values of
R;owere roughly determined from the graphs in Fig. 4,a
by interpolating the experimental Ry(f) curves from 25 Hz
to small frequency values.

With the R, values obtained, the approximation
curves |Z«(f+)|, R«(fx) and X«(f+) have a small deviation
from the experimental curves. Although it should be
understood here that the R, values obtained for tissues of
plant origin may deviate somewhat from the real values of
R, at a low frequency because of the effect of the double
electrical layer in the near-electrode regions. It is also
possible to change the resistance of cell membranes with
a close arrangement of cells and the difficult passage of
current through the intercellular substance because of the
presence of small conductors of small bridges between the
cell membranes that touch each other. This issue requires
further research.

When choosing the calculated values of Ry of
biological tissues of animal origin, difficulties arose
because the experimental values of the curves in Fig. 5
were presented with minimum frequencies of 0.5...1.5
kHz, and it was not possible to correctly interpolate the
dependences of R(f) on the ordinate axis to determine R
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Fig. 9. Carrot tissue (the designations correspond to Fig. 7)
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Fig. 10. Potato tissue (the designations correspond to Fig. 6)
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Fig. 11. Potato tissue (the designations correspond to Fig. 7)

10 100

~3 :
1x10

values at low frequencies. Therefore, the calculated
values of R, are taken very approximately and such that
the approximation curves Rx«(f) coincide with the
experimental curves in the entire range of available
experimental data. Thus, the calculated values of Ry of
tissues of animal origin in Table 3 may differ from the
actual values. But in determining the values of R(f) in the
frequency range 10°...10° Hz from the approximate
dependences R«(f) obtained, taking into account the values
of Ry, the result obtained coincides with the data in Fig. 4,

which is proved by the obtained dependences of A in
Fig. 13.

R.
06
0.4
\:fs 34
-N
0
1x103 1x10* 1x10° 1x108 £+

Fig. 12. Frequency dependences of the active components R«(f+)
values of impedance Z«(f+) of the Fricke substitution scheme for
tissues: 1 - liver; 2 - heart (along the fibers); 3 - kidney;

4 - breast; 5 - thyroid gland. Thickened dashed curves -
experimental values [14], thin solid curves - calculated values

Ap, %

1x10°

1x10%

Fig. 13. Frequency dependences of relative deviations Ay of
calculated values of R«(f+) values from their experimental values
for tissues: 1 - liver; 2 - heart (along the fibers);

3 - kidney; 4 - breast; 5 - thyroid gland

1x10° 7.
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Table 1

The coefficients a; and the largest deviation |A| of the calculated
values of |Z«|, R+ and X+ from their experimental values in the
frequency range f» = 10°...10° for various biological tissues of

plant origin

Coefficients for |Z|

Tissue az | dzo dzs |A‘, %
Apple 11.2 0.588 7.413:10° 1.9
Carrot 444.0 0.570 7.395-10° 2.1
Potato 262 | 0.740 | 1.556:10° 2.5

Coefficients for R«

Tissue [25:31 [25:%} [2):%] |A‘, %
Apple 11.7 0.536 9.131:10~° 1.4
Carrot 4433 0.506 9.369-10° 2.2
Potato 28.1 | 0.710 | 1.775-10° 1.7

Coefficients for X«

Tissue (2541 [25'%} [25'&] |A‘, %
Apple 1.646 0.681 1.748-10°° 1.6
Carrot 1.911 0.665 1476107 2.3
Potato 3.200 0.760 8.684:10°° 2.2

Table 2
The coefficients a; and the largest deviation A of the calculated
values of R: from their experimental values in the frequency
range R- for various biological tissues of animal origin

Coefficients for R«
Tissue ag, aga ag; |A], %
Liver 9.265 | 0.339 | 0.062 3.0
Heart 4,084 | 0.330 | 0.109 1.8
Kidney 3.679 | 0.286 | 0.095 2.0
Breast 3.899 | 0.285 | 0.107 1.0
Thyroid 2.701 0.344 | 0.051 1.5
gland
Table 3

The calculated values of Ry and R, for various biological
tissues of plant and animal origin

Tissue |
Ry, Q'm
Apple 10.50
Carrot 6.30
Potato 4.95
Ry, Q
Liver 1100
Heart 2200
Kidney 800
Breast 1000
Thyroid gland 650

After finding the unknown variables a;, ag; da ay; it
is possible to determine the values of the total resistivity
of the Fricke replacement circuit, the active and reactive
components of the total resistivity in absolute values as a
function of frequency:

|Z.s(f)| =Ryo Z*(ﬂ,az,lﬂz,z,az,a)|;
R(f) = R Re[Z:(fr,ar 1,ar 2,08, 3)];
Xdf) = Ry o Im[Zs(fr,ax1,0x2,0x3)],

and for tissues of animal origin - the active component of
the impedance:

R(f) = RyRe[Z«(fwag 1,ar 2,08 3)].

Having pairs of dependences of the quantities
|Z«(f+)|, R«(f+) or X«(f+ we can determine the third value by
the formulas:

1Z.(1)

= {[R* (ﬁ9aR,1’aR,2’aRv3 )]2 *

+[X*(ﬁ,ax,l,anz,aXﬁ)T};; (8)
R ()=

2
Z. (f*aaz,paz,zaaz,3 )| -

—[X*(f*,ax,],axvz,axj)]2};; 9)
X.(£)-|

2
Z. (f*: Az1587,5507 3 )| -

0| =

—[R*(ﬁ,ax,pax,z,a“)f} ) (10)

In Fig. 14, the approximation dependences of the
active components R« of the total impedances of the
Fricke substitution scheme for biological tissues [6, 13] of
plant and the animal [14] origin on the frequency f« are
jointly presented at unitized values. It can be seen that the
behavior of the curves for tissues of plant and animal
origin is similar.

Using the approximation coefficients az;, ag; or
ax; in the impedance expression for the Fricke
replacement circuit for all the dependences |Z«(f%)|,
R.(f+) and X:(f). We show that using the approximation
coefficients az; to construct the curves R«(fx) u X«(f+), as
well as the coefficients ag; for constructing the curves
|Z«f+)| and Xi(f+), and the coefficients ay; for the
construction of the curves |Z«(f+)| and R«(f+) does not lead
to coincidence of calculated and experimental data. We
show this by the example of the approximation
coefficients az;, ag; and ay; for apple.

R.
1

08

06

0.4

0.2

10 100 1x10°  1x10° £+
Fig. 14. The normalized per unit approximated frequency
dependences of the values of the active components R«(f+) of the
impedance of the Fricke substitution scheme for biological
tissues of plant [6, 13] and the animal [14] origin: 1 - /iver;

2 - heart (along the fibers); 3 - kidney; 4 - breast; 5 - thyroid
gland; 1' - apple; 2'- carrots; 3' - potatoes

3 1x1l]4

1x10

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.5 33



We use the formula (6). We take the values of az;
from Table 1 for the apple. In Fig. 15 by thin solid lines
we build dependencies

\ZzAf)| = |Z:(frsaz,1,022,023)];
Rzs(f+) = Re[Z«(fraz1,az2,a23)];
Xz(f+) = Im[Z(fr,az1,0z2,a23)],
and by thickened dashed lines - their experimental values
|Z:(f+)|, R+(f+) and X«(f+). Let's see how the obtained curves
are correlated with the experimental data.

It can be seen that the curves |Zz«(f+)| and |Z«(f+)|
practically coincided, since the approximation coefficients
az; were calculated precisely from the experimental
values of this curve. The curves of the dependence Rz«(f+)
fall below the experimental values R«(fx), as well as the
curves of the dependencies Xz«(f+) of the experimental
values X«(f+).

Now take the values of ag; for the apple and also
substitute them in the formula (6). In Fig. 15 by thin
dotted lines we construct the dependencies:

|Zrf+) [= |Zfv.ar1.ar2.ar3)];
Rp«(fs) =Re[Z«(fx,ar 1,ar2.ar3)];
Xplf+) = Im[Zx(f+,ag 1,ar 2,ar 3)]-

In this case, the curve Rg«(f+) coincided with the
curve R«(f+), the curve |Zz«(f+)| passed above the curve
with the experimental values of |Z«(f+)|, and the curve
Xg+(f+) passed below the curve with the experimental
values of X«(fx).

If we take the values of ay; for the apple, then in Fig.
15 by thin dot-dash lines we can build dependencies

|Zx(f4)| = |Z+(frax1,ax2,ax3)];

Ry«(f+) = Re[Z«(fwax 1,ax2,ax3)];
XX*(ﬁ) = lm[Z*(f*,aX 1 ,a)gz,a)(_g)] .

|Z.|, R., X,

0.5}

~05
10 100 110" 1x10°  1x10° £,

Fig. 15. The frequency dependences of the impedance modulus
|Z+ of the Fricke substitution scheme, the active R+ and the
reactive X» impedance components for the apple tissue.
Thickened dashed curves are the experimental values of |Zs], R«
and X+ thin solid curves - calculated values for the coefficients
ag; - the curves |Zz+|, Rz« and X7»; fine dotted curves - calculated
values for the coefficients ag; - curves |Zg+|, Rg+ and Xg«; thin
dash-dotted curves - calculated values for the coefficients
ay; - the curves |Zy+|, Ry« and Xy=

1x10°

Xdfs) = Im[Zufra1,a2,a5)]

The curve Xy«(f+) coincided with the curve X«(f+), the
curves |Zy«(f+)| and Rx«(f+), especially at high frequencies,
have significantly exceeded the corresponding curves of
the experimental values |Z:(f+)| and R«(f+).

Thus, the coefficients ay;, ag; and ay; can be used
only to approximate the corresponding curves |Z«(f+)|,
R«(fx) m X«(f+) by the values of which they were obtained
and for which the calculated curves coincide with the
experimental curves.

Hence, having the values of the approximation
coefficients ap; in the impedance expression of the Fricke
substitution circuit (6) for the experimental dependences

Rs(fs) = Re[Z«(fr,ar 1,ar 2, 3)]
of tissues of animal nature [14], see Table 2,
impossible to obtain dependencies
|ZAf)| = |ZAfar 1,ar 208 3)];
Xu(fs) = Im[Z«(fs,ar 1,ar 2,ar 3)]-

This is the main drawback of the Fricke substitution
scheme.

Finding the common coefficients «; in the
impedance expression of the Fricke replacement
circuit for all the dependences |Z:(f+)|, R«(f+) and X.(f>).
Let us verify the possibility of finding the coefficients ai
in the expression for the total complex resistance (6) of
the Fricke substitution circuit, which simultaneously
satisfy all the dependences |Z:«(f+)|, R«(f+) and Xx«(f+) for
each particular tissue. In this case, by one dependence
|ZAf+)| = |Z+(f+,a1,a2,a3)| it would be possible to obtain the
dependences  R«(fs) = Re[Z«f+a1,a2,03)] and
To do this, we use the
minimization of the root-mean-square deviations of the
function F(ay,a,,as) written as:

F(al,az,a3)=

:Z“Z* (f*nsavazvas )|_ Z. (f*nsaz,paz,zvaz,s )|}2 +
Z{Re[Z Jens @150y, 0, ]

n

2
—Re|: (fn’aRl’aRZ’aR3 }+

+Z{Im[ (foray, 05,0, }

n

—Im[ (fn’aXl’aXZ’aX3 }2 (1n

here the values of the vector f%, are given from the
expression (7), and the values az;, ag;, ayx; - from Table 1.

Minimization of the function F(a;) — min can be
performed by the numerical method of conjugate
gradients [15] with respect to the variables a; (in the
MathCAD package is the Minimize function) for some
initial values of the variables a;.

As an example, let's take an apple. As a result of
minimization, the following coefficients were obtained: a;
= 691; a, = 0.784; a; = 1.144-10°. Based on these
coefficients in Fig. 16 we build by solid curves for the
curves of the calculated dependences of the quantities

IZf)] = |Zf+a1,a2,a3)];
R(f+) = Re[Z:(fva1,a2,a3)];
X*(f*) = Im[Z*(ﬂ,al,az,@)].

it is
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Fig. 16. The frequency dependences of the impedance modulus
|Z+ of the Fricke substitution scheme, the active R+ and the
reactive X+ impedance components for the apple tissue. Dotted
curves - experimental values, solid curves - calculated values

It can be seen that all these curves diverge from the
corresponding experimental curves shown in the figure by
dashed lines.

This shows that for the Fricke substitution scheme
there are no common values of the approximation
coefficients a; that would simultaneously satisfy all the
curves |Z«(f+)|, R«f+) = Re[Z«f+)] and X«(fx) = Im[Z«(f+)]
for each specific biological tissue.

Therefore, to approximate the curves |Z«(f+),
Re[Z«f+)] and Im[Z«(f+)], only the corresponding
coefficients az;, ap; U ay; at which the values of
calculated and experimental data coincide, should be
used. This is a consequence of the fact that the Fricke
scheme does not reflect all the properties of biological
tissues.

Therefore, the next stage of research should be
devoted to the modernization of the Fricke substitution
scheme with the introduction of elements in the scheme
that take into account the effect of cell membranes and
dielectric losses in cell membranes (the dielectric loss
tangent tgd) in order to obtain common values of the
approximation coefficients a; that would simultaneously
satisfy all the curves |Z«(f+)|, R«(f+) and X«(f+) for each
specific biological tissue.

The developed technique allows modeling processes
occurring in biological tissues when currents of different
frequency pass through them, and also with greater
efficiency to develop diagnostic and control equipment
for determining the electrical properties of tissues of plant
and living origin, including developing more efficient
medical equipment. Dependencies of R«(f+) can be applied
in calculations of thermal processes occurring when
welding live tissues of animal origin with special medical
welding power sources.

Annex. The V, Vi and Vy vectors for the
impedance, active and reactive impedance components
are:

v, (f*,al,az,%) =

0Z.(fortr.a.
|Z*(f*’“l’“zr“s)|’| B (fai: )

B

T

b

|aZ* (f*,al,az,a3)| |8Z* (f*’al’aZ’a3)|
| Oa, |’| Oas |
Vi (ﬁ,al,az,a3)=

ag* (ﬁ’a17a27a3)
Oa, ’

Re[g*(ﬁ,a,,az,%)], Re{

T
Re|:6§*(f*,al,a2,a3)}’ R{@Z* (ﬁ,al,az,a3)”‘ :
Oa, Oa,

V)( (f*sal:azaa3) =

0Z. (ﬁsapaz»a})
0Oa, ’

:th[g*(ﬂ,al,az,a3 )}, Im{

T

E

In{aZ* (ﬂ=a13023a3):|’ Im{aZ* (ﬂsalsa23a3):|

a, Oa,

here 0 is the differential sign; T is the vector transpose
symbol.

Transforming the right-hand sides of the vectors,
taking into account formula (6), we obtain expressions for
determining the coefficients a; in terms of the vectors V7,
V&, and Vy written in explicit form:

VZ (ﬂaalna29a3):

\/[af+(l+al)~<a3 e )ZT +(aiay- 1)

F(f*,al,az,a})

B

(1+3-a,+3-a12+a13)-(a3~ﬁ“2)4—
—a13~[(1+a1)-(a3-f*“z)z—al}
) Ff(ﬁ,al,az,a3)-\/172(ﬂ,al,az,a3)
(2+a)-a (ay-£%) In(f)
Ez(ﬁ,al,az,a3)~ Fz(f*val’az’%),
(2+a)a -ay- f7°
Ez (f*,al,az,a3)
a,z+(1-|—a,)-(a3-_]‘,'f2 )2
Fi(f*,al,az,%)
[0y ] i} o5
Flz(f*,al,az,a3)

2~(1—|—al)-al3 ~<a3 i )2 ~1n(ﬂ)
) F (fsa1,0,,a5)

1)

>

VR (ﬁ9a19a29a3):

B

>

B
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T

2-(1+a))-a -a,- f2°
Fiz(f,,,al,ap%)

al2 e S

Fl(.f*»al»azaas),
2-q -(1+a,)-(a3 - )3
) Fiz(ﬂ,al,az,cg)
& ay f e [0+ a) a2 T n( )
B Ez(ﬁ,al,az,a3)
a’ - .- -{alz —[(l-i-al)-a3 -f*”ET}
Ez(ﬂ,al,az,a3)

>

Vy (ﬂsalsaz’aa):

>

T

where functions

E(/;,al,az,%):alz+|:(1+a1).a3 - fi ]2;
2
)i tsa) o]
_|_(alz"13'f*‘aZ )2’

In some cases, expressions written in explicit form
are more convenient to use.

Conclusions.

The electric substitution Fricke circuit makes it
possible to model the dependences of the impedance
module of biological tissues, the active and reactive
components of the impedance with acceptable accuracy
for practical purposes in the frequency range from 10° up
to 10° Hz.

The expression of the impedance of the Fricke
substitution scheme for biological tissues makes it
possible to approximate the frequency dependences of the
impedance modulus, the active and reactive components
of the impedance only by using the approximation
coefficients corresponding to each component.

The developed technique for  processing
experimental data in modeling the dispersion of the
impedance of biological tissues using the Fricke
substitution scheme for biological tissues allows these
values to be determined with high accuracy.

The developed technique operates with normalized
to unity values of the impedance modulus of the Fricke
substitution circuit, the active and reactive components of
the impedance depending on the frequency, which makes
it possible to perform a comparative analysis of the
parameters of various biological tissues of plant and
animal origin.

It is shown that the frequency dependences of the
active component of the total resistance for tissues of
plant and animal origin are similar.

The approximation coefficients in the impedance
equation can only be used to approximate the impedance,
resistance and reactance curves corresponding to them by
the values of which they were obtained which is the main
drawback of the Fricke substitution scheme.

For the Fricke substitution scheme, there are no
common values of the approximation coefficients which
would correspond simultaneously to three dependences -
the impedance module, the active and reactive component
of the impedance. Therefore, the Fricke substitution
scheme does not fully reflect all the characteristics of
biological tissues and needs modernization.

Dependencies of the impedance of biological tissue
can be used in the design of diagnostic, measuring and
control equipment to determine the properties of tissues of
animal and plant origin. Also they will be in demand
when creating medical equipment for welding live tissues.
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V.M. Mikhailov, K.V. Chunikhin

ON ELECTROSTATIC ANALOGY OF MAGNETOSTATIC FIELD
IN INHOMOGENEOUS MAGNETIZED MEDIUM

Purpose. The application in electrostatic analogy of magnetostatics for inhomogeneous magnetized media of two known
magnetization models. Methodology. A comparison of basic equations and formulas of electrostatic and magnetostatic field in
immoveable isotropic inhomogeneous polarized medium for dipole model and the magnetization model by molecular currents is
made. The value-analogues for dipole model of magnetization are established. Results. We have shown that the using of dipole
model of magnetization is correct. There is not even formal analogy with electrostatic field in the case of using the magnetization
model by molecular currents. The relation between the magnetizations for various models is obtained. It allows us to justify the
using magnetization by molecular currents in electrostatic analogy. Originality. The magnetization for dipole model is introduced
and the possibility of using magnetization by molecular currents in the formulas for calculating potential magnetostatic field in
magnetized medium is substantiated. Practical value. The results allow to obtain correct formulation and solution of the problem
of magnetostatic field calculation in inhomogeneous magnetized medium. References 5, tables 1.

Key words: magnetostatics, magnetized medium, electrostatic analogy, dipole model, magnetization by molecular currents.

Coenan ananu3 npumeHenun 31eKMpoCMAMUYECKON AHANI0ZUU 6 MAZHUMOCIMAMUKE HeOOHOPOOHBIX HAMAZHUYUBAIOU{UXCA
cped Ha 0CHOGe OUNONLHOU MOOeNU U MOOENU HAMAZHUYUBAHUA MONEKYAAPHLIMU moKamu. [lokazano, umo KoppeKmuuvim
AGNAEMCA UCNONB308AHUE OUNOILHOU MoOenu namazHuvueanus. Ilonyueno coomuowenue mexcoy HAMAZHUYEHHOCMAMU
0nA  pasnuyHLIX Mmooeneil, NOACHAIOU|ee RPUMEHEHUE & INEeKMPOCMAMUYECKOl aHAN02UU HAMAZHUYEHHOCmU
MoneKyaapuoimu moxamu. bubn. 5, tabn. 1.

Knrwouegvie cio6a: MarHUTOCTATHKA, HAMATHUYMBAIOIIASICH CpPela, JIEKTPOCTATHYECKAsl AHAJIOTHs, JUIOJIBHAS MOJelb,

MO.]'IEKyJ'lﬂle:-Iﬁ TOK HAMAarHHYUMBaHUSA, HAMATrHUYC€HHOCTb.

Introduction. The use of fictitious magnetic charges
for the calculation of magnetostatic fields in magnetized
media is associated with the development of ideas about
the nature of magnetic phenomena and is based on the
electrostatic analogy of the polarization of dielectrics and
magnets [1]. This analogy is based on the formation of
magnetic dipoles, like electric dipoles, but consisting of
two point fictitious magnetic charges (hereinafter — the
dipole model of magnetization). The electrostatic analogy
was used, in particular, by G.A. Greenberg [2] and
K. Simonyi [3].

Subsequently it turned out that magnetization occurs
due to the flow of molecular (microscopic) currents inside
the magnets (such a model will be called the
magnetization model by molecular currents), and the
electrostatic analogy is far from the nature of magnetism
[1, 4]. Despite the formal nature, the electrostatic analogy,
when correctly used, is very effective [1-4].

To different models of magnetization we put in

Je o -
magnetization by dipoles; J - magnetization by
molecular currents. In some books and articles, the
authors describe the magnetostatic field of magnetized

bodies with the help of the scalar potential ¢, which
corresponds to the dipole model, and the magnetization

correspondence  various  magnetizations:

J is used in the formulas for determining ¢,,. A possible
reason for this is the analogy proposed in the textbook [1]

between the polarization of the dielectric P and ,uoj (1o

is the magnetic constant), but the latter requires a
theoretical justification.

The relevance of this paper is that the application of
the electrostatic analogy for the formulation and testing of
numerical algorithms for solving magnetostatic problems
of magnetized bodies leads to difficulties associated with
a lack of clarity in well-known publications.

The goal of the work is analysis of the correctness
of the application in the electrostatic analogy of
magnetostatics of inhomogeneous magnetizing media of
two known models of magnetization.

Basic equations and formulas of electrostatic
analogy. We consider the electrostatic and magnetostatic
field in a stationary isotropic inhomogeneous polarized
medium. The basic equations of these fields and formulas are
presented in Table 1 [1-4]. The analogues in the case of the

dipole model of magnetization are: E and H, D and B
are the intensities, as well as the induction of the electric and

magnetic fields; and; P and J¢ ; pe and p,, are the volume
densities of the polarization electric and fictitious magnetic

charges; pS' and p;! are the volume densities of external [2]

electric and fictitious magnetic charges; & u uo, & is the
electric constant; p and p,,, are the moments of electric

and magnetic dipoles; +¢q and +m are the point electric and
fictitious magnetic charges located in the dipoles at distance /.

In the formulas for determining P and J¢ the quantity AV
is a sufficiently small volume of the polarizable medium, over
which the sums of the corresponding dipole moments are
averaged. The field of magnetic dipoles is potential, its scalar
potential ¢,, is analogous to the potential of the electrostatic
field . A consequence of the formality of the analogy in

question is that magnetic flux density B becomes an
auxiliary vector. In the formulas for calculating ¢,, and ¢, the
following designations are accepted: in the case of dipoles
distributed in a volume V, the quantity dV), is the elementary
volume centered at the point M € V; in the case of surface
fictitious magnetic charges distributed on the boundary
surface S, the quantity dS), is the elementary area centered at
the point M € S; 7y is the distance between the point with
the current coordinates M and the observation point Q.
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Table 1

Basic equations and formulas for analogous fields calculation

. Magnetostatic field
Electrostatic field (dipole magnetization model)
st st
divE =Pe y Pe_ divg =Pm  Pm_
=) &o Ho Ho
divP=—-p, divJ® =—p,,
D=cgb+ P B= g +J°
divD = p}’ divB = p3!
- 1 - 1
P=— ]_5 J¢ = _Z ﬁme
AV T AV T
p=ql Pme =ml
Ez—gradgo f[z—grad(pm
1 =~ 1 ~e 1
0l0)=—[| P(M).gradyy —— lav)y onl(Q)=——| /(M) grady —— |V
L&Y v ”MQ T v }”MQ
1 1 1
9(0)= o(M)——dSy ¢m(Q)=—fUm(M) dSy
471'80 5 I’MQ 47Z',LIO S ”MQ
For the interface of two different homogeneous B=rotd;
media 1 and 2 in the absence of external sources and - ~ 1
assuming that the normal to the boundary is directed to A(Q)zﬂj. Jm (M )—dVM ,
the medium 1, from the equations of the first row of ar 1% Mo

Table 1, 1 the boundary conditions [2] for the electrostatic
field follow —

o
Eyy—Eyy =—*%, (1)
€0
and for the magnetostatic field —
o
Hln_Han_m’ @)
Ho

where o,, o, are the surface densities of polarization
electric and fictitious magnetic charges at the interface,
and

O-e:PZn_Plnoo-m:JSn_Jlen' (3)
In the boundary conditions (1) and (2), as well as in
formulas (3), the indices 1n and 2n have normal
projections of the corresponding vectors in media 1 and 2.
Analysis of the application of the model of
magnetization by molecular currents. First, let us cite
in the same sense order, as for the dipole model (see
Table 1), the basic equations and magnetostatic formulas
for magnetized media based on the model of
magnetization by molecular currents [1, 4]:
rot B = ,uo(jm +0°);

rotJ = jm ;
B =l +7); )

divB=0;

-1 L
J_A_Vgpm 5

P = bySni

where qu is the density of molecular magnetizing

currents; 6% is the density of external conductive
currents; p,, is the magnetic moment of the molecular

magnetizing current i,; s is the area of a microscopic
circle bounded by the current i, flow path; n is the

normal to the microscopic circle in its center; ;I(Q) is the

vector potential of the magnetic field created by the
molecular magnetizing currents.

Comparison of the basic equations and formulas of
the electrostatic field of the polarizable media (see Table
1) and the magnetostatic field of the magnetized media.
This question is not limited only to the discrepancy
between the relations between the vectors D , E , P and
B, H, J, and the difference between the sources of the
fields, the sources of the electrostatic field, dipole-scalar
sources, the magnetostatic sources are the currents (vector
sources). The magnetic field of molecular currents, in
contrast to the field of magnetic dipoles, is vortical, so its
vectors and source densities are related to other equations.

Therefore, we can only talk about the use in
electrostatic analogy based on the dipole model of
magnetization.

On the relationship between magnetizations Je
and J. As we already noted in the Introduction,
K.M. Polivanov proposed an analogy of P and yoj [1]
using the transformation of formula (4) to form

EZILI()I:I-F,U()j.
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In this case, to the term ./ is not given a certain
physical meaning, which can be guessed. To clarify the

latter, we find the relationship between J¢ and J .

First, let us use the idea of replacing circuits with
conduction currents by double magnetic layers [4, 5].
Applying this idea to the contour of the molecular
magnetization current i,, we arrive at a microscopic
homogeneous double layer of fictitious magnetic charges,
which is equivalent to a magnetic dipole.

Secondly, we use the condition of equivalence of the
magnetic fields of the circuit with the conduction current
at large distances from it and a magnetic dipole in a
homogeneous medium  with  absolute  magnetic
permeability u [5]. Applying this condition to the
magnetization models under consideration with
microscopic sources, we have

ﬁme = #Olsm : (%)

Averaging left and right sides of condition (5) over a
sufficiently small volume of the magnetized medium AV,
we find

je:yoj. (6)
The relation (6) makes it possible to use

magnetization by molecular currents in the dipole model
of magnetization and reveals the physical meaning of

,uoj in the analogy under discussion.

Conclusions. The dipole magnetization model and
the magnetization model by molecular currents have a
different physical meaning which results in different
definitions of magnetization and mathematical
descriptions of the magnetostatic field in a magnetized
medium. The field of the dipole model is potential and is
described by a scalar potential, the field of molecular
currents is vortex and is described by a vector potential.
The application of the electrostatic analogy for the
calculation of the magnetostatic field of inhomogeneous

How to cite this article:

magnetizing media is correct on the basis of the dipole
magnetization model, however in the calculated formulas
of the potential field, it is possible to correctly use the
magnetization by molecular currents.
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CALCULATION OF MAGNETIC FIELD OF THREE-PHASE CABLE LINES
WITH TWO-POINT BONDED CABLE SHIELDS COVERED BY FERROMAGNETIC
CORES

In this paper we obtain compact expressions for the magnetic field shielding factor of a high-voltage three-phase cable line
consisting of single-core cables with two-point bonded cable shields and ferromagnetic cores installed. To obtain these
expressions we develop the analytical model of the cable line. Following assumptions are made to develop the model: the current
distribution in each cable shield is uniform, cylindrical ferromagnetic cores covering the cables are not magnetized to saturation
and their magnetic permeability is constant, each of the ferromagnetic cores is magnetized only by the core current and the shield
current of the cable that it covers, the magnetic field inside ferromagnetic cores is axisymmetric, the magnetic field is plane-
parallel over the entire cable line. We consider common cases of flat and trefoil cable lines. The proposed expressions for the
magnetic field shielding factor are verified experimentally. The physical model is made of three cables of the type NA2XSF(L)2Y-
110 1x240/70. It is shown that the difference between numerical simulation results and experimental data lays within 15 %.
References 11, figures 3.

Key words: cable line, shield of cable, magnetic field, bonded shields, ferromagnetic core.

Ionyuenvt KomMnaxkmuovle COOMHOWIEHUA ONA paciema IPHexmuenocmu IKPAHUPOBAHUA MAZHUMHO20 NONA GbICOKOBONbMHOTL
mpexghaznoii KabenvHOU AUHUU, cOcmoAWell U3 O0OHOMCUTILHBLIX Kabenell, Komopvle 0X6aueHbl (eppoMazHuUmMHbIMU
cepoeuHuKamu, npu 08yCMOPOHHEM 3AMBIKAHUU COOCMBEHHBIX IKPAHo6e. Paccmompenst kadenvhvle TuHUU ¢ YKIAOKOIU Kabeneii
mpeyzonsnukom u ¢ naockocmu. Ilpeonoscennvie coomnoutenun 014 pacuema 3hPexmuenocmu IKPAnupoans MazHUNHO20
nons eepupuyuposanst Ikcnepumenmansno. butn. 11, puc. 3.

Kniouesvie cnoga: kabenbHasi JIMHHSI, 3KpaH Ka0eisi, MarHUTHOe IioJie, ABYCTOpDOHHee 3a3eMJeHHe, (eppOMATHMTHBIN

CepaAeYHUK.

Introduction. Compliance with the maximum
permissible levels of magnetic induction is mandatory
when laying high-voltage cable lines (CL). In Ukraine,
the maximum permissible level of magnetic induction
inside living quarters located near the CL is 0.5 pT
[1, p. 277]. As the distance between single-core cables
with cross-linked polyethylene insulation increases, the
value of the magnetic induction of the CL can
significantly exceed the permissible level [1, p. 285].

Electromagnetic, magnetostatic and contoured
shields are used to reduce the magnetic field (MF) of CLs
[2-4]. Another approach to reducing the MF of the CL
which does not require the installation of additional
screens, is the two-way closure of the CL cable shields by
two-way grounding at both ends of the shielding zone
[5-7]. In this case, the MF shielding efficiency is 1.5 + 2.5
[5], which is not always sufficient for the normalization of
the MF of the CL. A further increase in MF shielding
efficiency can be achieved by strengthening the magnetic
coupling between the cores and shields of the CL cables
[8]. To do this, each of the cables (Fig. 1) is covered by a
ferromagnetic core (FC) made of laminated electrical
steel.

FC jlsh) f'_{'xh} jlsh)

; I 3
L +c:@ — " B
A A L X sl .
15 = = - o 4
2 ~ 7 \ st 7
i —n--::(j > —t

/

Fig. 1. A three-phase CL with installed FC

In [8], the dependence of the shielding efficiency of
the MF on the number of PSs installed on each of the
cables was  experimentally  investigated. @ The
measurements made on the physical model of the CL
confirmed the possibility of 2 to 4 times increase in
shielding efficiency in comparison with the traditional
two-sided closure of cable screens. However, the relations
proposed in [8] for calculating the shielding efficiency of
a magnetic field with a ferromagnetic core need to be
refined.

The goal of the work is obtaining theoretically
grounded relationships for calculating the shielding
efficiency of the magnetic field of a three-phase cable line
with two-sided closed shields and ferromagnetic cores
installed on the cables.

The effectiveness of shielding the MF of the CL
when laying cables in a triangle. The effectiveness of
shielding MF is defined as the ratio of the effective value
of magnetic induction to two-sided closure of the cable
shields to the effective value of the magnetic induction
after closing the cable shields [9]:

SE =|B|/|B] (1

We assume that the cables are straight (or the radius
of their curvature can be neglected) and are parallel to
each other. In the case when the cable shields are open,
the MF of the CL is determined only by the currents in the
veins. If the X axis is parallel to the ground level and
perpendicular to the cable axes, and the Y axis is directed
upwards, the complex amplitude of the magnetic flux
density at the point with the (x, y) coordinates is [9]:
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ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.5 41



. 3
5 Ho ; Y =)k -
BO:_.Z[k.{_ -e +
2 2 X
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where k=1,3 is the cable number; 1 x 1s the complex

current amplitude in the core of the k-th cable; €., ¢, are

y
the orts of the Cartesian coordinate system; (x, y) are the
axes coordinates of the k-th cable; uo=47-10" H/m is the
magnetic constant.

For two-sided closure of shields, the complex
amplitude of the magnetic flux density is [9]:

. 3
=l ( '(sh))
B=—-: I, +1 X

x[— T 5+ 3)
(x=xp)" +(y=yp)

X=X -
+ 3 7€ |
(x=xp)" +(y=yp)
where i]gSh) is the complex current amplitude in the

shield of the £-th cable.

As can be seen from (1)-(3), in order to calculate the
shielding efficiency, it is necessary to determine the
currents in the cable shields in the presence of
ferromagnetic cores.

Consider a three-phase CL with a triangular laying
of cables covered by cylindrical ferromagnetic cores (see
Fig. 1).

Since the cable screens are closed at both ends of the
CL, the first Kirchhoff law of is satisfied for the currents
induced in them:

JEON SO (Lo @)

We consider the contour formed by shields of the 1st
and the 2nd cables, and a circuit formed by shields of the
2nd and the 3rd cables. EMFs induced in circuits are
determined by magnetic fluxes that permeate them
[10, p. 59]. Based on the Ohm law in complex form and
the law of electromagnetic induction, we write the
following relationships for each of the circuits:

[y 412,
(j§Sh)—j§Sh))-R* _ _jw.(,[-jz(zj) _9;3(2,3))’

where j is the imaginary unit; @ = 27-50 s is the angular
frequency of current; R is the active resistance of the unit
of the cable shield length, Q/m; ") = #/[*") s the
complex amplitude of the total flux of the magnetic field
which is created by the currents of the core and shield of
the k-th cable and penetrates the circuit formed by the
shields of cables with numbers m and n.

For the triangle CL because of axial symmetry

S"’k(m’”) =0, when k#m and k#n.

)

For the calculation of Y"k(k ) we take the following

assumptions:

— the distribution of the induced current in the screen
of each cable is uniform;

— cylindrical FCs covering cables are not magnetized
to saturation, and their magnetic permeability is constant
and equal to y;

— each of the FC is magnetized by the currents of the
vein and shield of only the cable that it covers, and the
MF inside the FC is axisymmetric;

— over the entire length of the CL, the MF is plane-
parallel.

Then the complex amplitude of the magnetic
induction of the field created by the currents of the core
and the screen of the k-th cable has only an angular
component with respect to the axis of the k-th cable and is

equal yyo(i£5h)+fk)27rr inside the FC and

yo(j£Sh)+ik )/271'}" outside the FC. By dividing the

currents in cable shields with numbers k& and » into
elementary tubes of an infinitesimally small cross section
[11, 8], and integrating over all possible contours formed
by these tubes, we find:

o _alif i) s

v, —+
2r r
i)
+lcore MR k 'lnr—l,
/ 27w )

where s is the distance between cable axes, m; r is the
shield radius, m; / is the length of the CL shielded part, m;

lcore 1s the total length of the FC installed on each of
cables, m; r; and r, are the external and internal FC
radius, respectively, m;

Expressions (4)-(5) form a system of three equations
with respect to / I(Sh), I gSh) and Iém). Substituting (6) we

find its solution:

. . oM . oM
i =iy L ady e ()
R +joM R +joM
where M*:ﬂ.lnﬁ+lco_re.m.1nr_l is the

2z r / 27 r

specific equivalent inductance of the shield covered by
the core, H/m.

Substituting (7) in (1)-(3) we obtain the final relation
for the shielding efficiency in case of triangular cable
laying:

| l+j~2ﬂ0;~ln;+
T
SEyefoil “Tral - (8)
| +0!| +j.lcore'(ﬂ_1)ﬂ0a).1nr_l
[ 27R” )

The effectiveness of the shielding of the MF of the
CL when laying cables in the plane. In [9], the authors
showed that for the analysis of the MF of the CL with a
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plane cable laying, it is sufficient to consider the dipole
component of the field, and a simplified relation for
calculating the shielding efficiency when laying cables in
the plane can be obtained by substituting s—2-s into the
ratio for shielding efficiency for laying cables in a
triangle. Therefore, when laying cables in the plane

1+ yoa)* -ln£+
SF=| R ©)
;= .
fla +j.lcore _(,U_l)/iow_lnr_l
l 27 R o)

To verify (9), we use the results of experimental
studies performed by the authors of [8]. The research was
carried out on the physical model of the CL. The model is
made of NA2XSF(L)2Y-110 1x240/70 cables of length
/=10 m (Fig. 2). The active resistance of the cable screen
length unit is R'=0.29x10" Q/m. The distance between
the axes of the cables is 0.2 m. The current value in the

conductors of the cables is 95 A.

As FC, stator cores of asynchronous electric motors
were used, which are made of electrically bonded steel.
The magnetic permeability of cores #=3000 was
determined experimentally. The outer radius of the core
71=65 mm, the inner radius r, = 50 mm. The length of one
core is 100 mm.

The number of FCs installed on each cable ranged
from 0 to 3. Accordingly, the total length of the FC cores
installed on each of the cables during the experimental
studies was 0, 100 mm, 200 mm and 300 mm.

Measurement of magnetic induction was performed
using a three-component EMF-828 magnetometer.

Fig. 3 shows: the curve of the shielding efficiency
versus the total length of the FC installed on each of the
cables constructed according to (9) and the points
corresponding to the results of measuring the shielding
efficiency in the FC layout. As can be seen from the
figure, in the absence of FC the results of calculation and
measurements coincide. When the FC is used, the
deviation of the experimental data from the calculation
results does not exceed 15 %.

The ratio (8) in comparison with (9) was obtained
under milder assumptions. Therefore, it can be argued that
the error of application (8) also does not exceed 15 %.

SF
6
5 *
4
1 FC

2
1 .

Without FC

!mm,
0 100 200 300 MM
Fig. 3. Dependence of the shielding efficiency of the MF
of the CL on the total FC
Conclusions.

1. Theoretically grounded relationships for the
engineering calculation of the shielding efficiency of the
magnetic field of the cable line for cases of laying cables
in the plane and a triangle for two-sided closure of the
cable shields covered by ferromagnetic cores were
obtained for the first time.

2. Experimental investigations carried out on the
physical layout of the cable line confirmed the correctness
of the obtained calculated relationships, the error of which
does not exceed 15% if the distance between the cables is

three times larger than the outer radius of the
ferromagnetic cores.
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A COAXIAL DISK SHUNT FOR MEASUREMENT IN THE HIGH-CURRENT
CIRCUIT OF HIGH-VOLTAGE GENERATOR OF STORM DISCHARGES OF PULSES
OF CURRENT OF ARTIFICIAL LIGHTNING WITH THE INTEGRAL OF ACTION UP
TO 15-10° JJOHM

Purpose. Description of construction and basic technical descriptions developed and created in Research & Design Institute
«Molniya» of the National Technical University «Kharkiv Polytechnic Institute» high-voltage high-current coaxial disk shunt of
type of SC-300M2, allowing reliably to measure the peak-temporal parameters (PTP) of pulses of current of artificial lightning in
wide peak and temporal ranges with the integral of their action to 15-10° J/Ohm. Methodology. Electrophysics bases of high-
voltage impulsive technique, scientific and technical bases of development and creation of high-voltage high-current pulsive
electrical equipment including the powerful generators of current of lightning (GCL), and also measuring methods in discharge
circuit of the powerful high-voltage GCL AVP high pulse currents of micro- and millisecond temporal ranges. Results. Offered
and described new construction of measuring high-voltage heavy-current shunt, containing a measuring round disk from
stainless steel easily soiled 12X18H10T of thickness of 2 mm and external diameter 80 mm. Experimental a way pulse active
resistance of Rs=~0,08 mOhm of the indicated measuring disk and on his basis a calculation coefficient transformation is found of
Ss of coaxial disk shunt of type of SC-300M2, numeral equal in the concerted mode of operations of his coaxial cable line (CCL)
Ss=2/Rs=25-10° A/V. It is shown that it is expedient to use this value Sg for measuring in the heavy-current discharge circuit of
the GCL ATP impulsive A- and repeated impulsive D- component of current of artificial lightning, and also ATP of aperiodic
pulse of current of artificial lightning of temporal form 10 uc/350 uc. It is set that taking into account application in the end GCL
of shunt of a co-ordinate divizor of voltage with two output coaxial sockets 1:1 (for Ss,~25-1 0 AV) and 1:2 (Ssc=12.5-10° A/V) at
measuring of ATP intermediate B-, protracted C- and shortened protracted C*- component of current of artificial lightning in
GCL it is expedient to utillize a numeral value S for the examined shunt, equal 12.5-10° A/V. Practical approbation and
verification of capacity of the improved measuring coaxial disk shunt of type of SC-300M2 is executed in the high-voltage heavy-
current discharge circuit of the powerful GCL, forming on the actively-inductive loading of A- and C*- the components of current
of artificial lightning with rationed ATP. Originality. Developed and created new high-voltage heavy-current measuring shunt of
type of SC-300M2, allowing reliably to register rationed ATP of attenuation sinewave and aperiodic pulses of current of artificial
lightning in the circuits of powerful GCL with amplitude to +220 kA and integral them action to 13.5-10° J/Ohm. On the
measuring coaxial disk shunt of type of SC-300M2 from Government Metrology Service of Ukraine the certificate of accordance
of the set form is got. Practical value. Application of the created shunt of type of SC-300M2 in composition the high-voltage high-
current discharge circuits of powerful GCL will allow in a certain measure to improve the metrology providing of tests of aviation
and space-rocket technique, and also objects of electrical power engineering on stability to lightning. References 11, figures 4.

Key words: powerful high-voltage generator of current of lightning, measuring coaxial disk shunt, measuring disk of shunt
from stainless steel, calculation estimation of parameters of shunt.

Onucana KOHCMPYKYUA papadomantozo U cO30ann020 U3MepumenbHo20 KOAKCUanbho2o ouckoeo2o uiynma muna IIIK-300M2,
Nn03601AI0WE20 € NOMOUBIO KOAKCUATILHOU KAOENbHOU JNUHUW C6A3U U  UUPPOBLIX 3ANOMUHAIOWUX OCUUNN0ZPAPo6
00HO6PEMEHHO U3MepAmMbs AMNAUmMyono-epementvle napamempuvl (ABII) ocHO6HBIX KOMNOHEHM MOKA UCKYCCMEEHHOU MOIHUU,
2CHEPUPYEMBIX GbICOKOBOIbMHBIM 2EHEPAMOPOM 2PO306bIX PA3PA00E 6 COOMEEMCMEUU C MPEOOBAHUAMU HOPMAMUBHBIX
ooxkymenmoe CIIA SAE ARP 5412: 2013 u SAE ARP 5416: 2013. Ilpueedenvl ocrhoenble mexHuueckue XapaxKmepucmuku
U3MEPUMENbHO20 KOAKCUANbHO20 OUCcK06020 wiynma muna LIIK-300M2. IToka3ano, umo 0aHHbLII WIYHM NO360AAEM UIMEPAMb U
ABII anepuoouueckozo umnynsca moka epemennoii gpopmout 10 mrxc/350 mxc, HOpMUPOSaAHHbLIL UHMEZPAN OeiiCIEUA KOMOPO20
coznacno mpebosanuii mexucoynapoonozo cmandapma IEC 62305-1: 2010 moxcem wucnenno cocmasnams 0o 13,5-10° JIoc/Om.
Bbubm. 11, puc. 4.

Knrouegvie cnosa: MolHbIN BBICOKOBOJIbTHBIH I'eHEPATOP TOKA MOJIHHHU, H3MEPUTEIbHbI KOAKCHAIbHbIN JMCKOBBIN LIYHT,
M3MEePHUTENBHBII THCK HIYHTA U3 HepKaBeloIeil CTaJlH, pacyeTHAsI OIleHKA MapaMeTPOB IIYHTA.

Introduction. US normative documents SAE ARP
5412: 2013 [1] and SAE ARP 5416: 2013 [2] define the
requirements for amplitude-time parameters (ATP) of
artificial lightning current pulses generated by the
corresponding  high-voltage  lightning  generators,
commonly referred to as high-voltage generators of
current of lightning (GCL), on electrical loads of
aerospace equipment, tested for lightning. One of these
types of powerful GCL reproducing the necessary ATP
pulses of the simulated lightning current according to the
requirements [1, 2] on the active-inductive load, was

developed and created in 2007 by the staff of the
Departments No. 3 of high-voltage pulse technology and
No. 4 of electromagnetic tests of the Research & Design
Institute «Molniya» of the National Technical University
«Kharkiv Polytechnic Institute» [3]. According to [1, 2],
in these tests of aeronautical and space-rocket devices,
pulsed A4- (or repetitive pulsed D-), an intermediate B- and
prolonged C- (or shortened long C*-) current component
of artificial lightning can be wused. Moreover,
combinations of these current components which follow
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one after the other in time and differ greatly in their
amplitudes (from hundreds of kA to tens of A) and
flowing times (from hundreds of microseconds to one
thousand milliseconds), can be different [1, 2]. Most
often, in the practice of testing individual elements of
such aircraft as civil and military aircraft for lightning, the
following combinations of these lightning current
components are used [1-4]: A-, B- and C- components, 4-,
B- and C'- components and D-, B- and C*- components.

For indicated lightning current components, such an
important parameter for the electrothermal loading in the
high-current discharge circuit of the powerful GCL of the
test objects of aviation and rocket and space technology,
in accordance with the requirements of [1, 2], as the
integral of their action J;, does not numerically exceed
2:10° J/Q + 20 %. We note that it is the value of this
integral J; that determines the value of the thermal energy
released on the test element of an object. Therefore, the
value of J; often determines the electrothermal lightning
capacity of such an object. In addition, when performing
full-scale tests according to the requirements of the
international standard IEC 62305-1: 2010 [5] of electric
power facilities for the lightning strength of the value of
the action integral JL of the aperiodic current pulse of 10
ps/350 ps of artificial lightning generated by the
developed and created in 2012 at the Department No. 4 of
electromagnetic tests of the Research & Design Institute
«Molniya» of the NTU «KhPI» with powerful GCL [6],
for the I level of their protection against lightning should
be 10-10° J/Q + 35 %.

With the electrical current loading of the tested
objects, it is necessary to register and monitor the ATP of
the lightning current component used in the online mode.
Typically, similar electrotechnological procedures are
performed using measuring means, such as high-voltage
high-current measuring shunts (HHMSs) with coaxial
cable communication lines operating in a matched wave
mode [3, 4], and digital storage oscilloscopes (DSO). As a
rule, HHMSs are special non-standardized measuring
tools, which are not produced by industry due to their
insignificant quantitative need and absence from
businessmen for such products of commercial interest.
Therefore, domestic high-voltage electrical engineers,
together with engineers-metrologists, have to solve their
own engineering and technical problems for their
development and production with subsequent state
metrological certification.

1. The state of the engineering task. In [7], the
design and technical characteristics of a measuring
coaxial shunt of the IIK-300 type were described to
determine the ATP pulses of artificial lightning current
generated in high-current discharge circuits of the
geological and technical measures in accordance with the
requirements of normative documents [1, 2]. The
structure of this shunt includes a manganin measuring
disk with a thickness #,~0.3 mm with an external
diameter D,~80 mm, which determines the impulse
resistance of the shunt, which is approximately

Rg~0.185 mQ + 1% [3, 7]. The practice of operating the
IIK-300 shunt in laboratory conditions showed its
insufficient electrothermal and electrodynamic stability in
the high-current discharge circuit of the GCL which
reproduces the pulsed current i;(f) of artificial lightning
on the active-inductive load (R~0.1 Q, L=1 uH) with an
action integral equal to about J;=2:10° J/Q + 20% [1, 2].
After approximately 100 specified high-current
discharges of GCL for the test load and a measuring shunt
of the IIK-300 type, the latter loses its metrological
characteristics and becomes unsuitable for its further use.
According to [5], according to [5], for the aperiodic
current pulse of 15 ps/315 ps of an artificial lightning
with an amplitude 7,,~184 kA (J,~7.88:10° J/Q)
according to [5], the shunt was destroyed by an internal
impulse gas-dynamic pressure in a few hundred
atmospheres due to the electric explosion (sublimation) of
a part of the material of its thin measuring manganin disk
[8]. As we see, when using high-voltage pulse technology
with discharge currents of capacitor batteries GCL in
hundreds of kA to the choice of the design of the
corresponding measuring shunt, higher requirements for
its electrothermal lightning resistance should be
presented.

In [9], the design of a shunt shunt for the
measurement of pulsed currents of microsecond duration
with amplitude of up to 75 kA was presented. As a high-
resistance measuring element in this shunt structure,
parallel-connected straight-line segments of nichrome
wire were placed along the circumference between two
massive coaxial cylindrical electrodes of the shunt -
internal brass and outer duralumin [9]. The ends of each
piece of nichrome wire placed parallel to the longitudinal
axis of the shunt were soldered to two parallel massive
brass disks, between which was a cylindrical ceramic
insulator. With a shunt sensitivity of about 350 mV/kA, it
allowed reliably to measure only large microsecond
pulses the currents of a high-voltage electrophysical
installation (amplitude not exceeding 75 kA) and transmit
without distortion the current pulse front up to 0.6 ps [9].

The goal of the paper is the development and
creation at the Research & Design Institute «Molniya» of
the NTU «KhPI» of a coaxial disk shunt of the
IK-300M2 type which makes it possible to reliably
measure the ATP of current pulses of artificial lightning
in wide amplitude and time ranges with an action integral
up to 15-10° J/Q.

2. Problem definition. The operational experience
of the high-voltage high-current IIK-300 type high-
current measuring shunt accumulated in the Department
No. 4 of electromagnetic testing of the Research &
Design Institute «Molniya» of the NTU «KhPI»
demonstrates that, taking into account the state of the
high-voltage impulse technique of the actual task of
metrological support of tests on [1, 2, 5] of domestic
aviation and rocket and space technology, as well as
electric power facilities for lightning in this shunt
construction improvement must be subject to: first, a thin
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measuring manganin disk; secondly, the insulation
between the massive internal brass and massive outer
brass cylindrical electrodes. These two positions are the
«weak links» in the design of the IIK-300 measuring
shunt with its intended application as part of measuring
instruments designed to implement technical tasks in
accordance with the stringent requirements of [1, 2, 5].

It is required to rationally select the geometry and
material of the measuring disk, as well as the insulation
between the main brass electrodes in the measuring
coaxial shunt, which, after the improvement, has acquired
the name IIK-300M2, is required within the applied
engineering and technical approach. In addition, after the
modernization of the measuring coaxial disk shunt, it is
necessary to perform its practical testing and testing of the
operability in the high-current discharge circuit of the
current high-power high-voltage GCL according to [3].

3. Calculation evaluation of some parameters of
the measuring coaxial disk shunt of the IIK-300M2
type. As the material of the measuring disk of a coaxial
shunt of the type LIIK-300M2, we chose the stainless steel
12X18H10T of domestic production widely used in
engineering and everyday life [10]. The average thickness
hg, of the measuring disk wall of the investigated high-
current high-voltage coaxial shunt of the IIIK-300M2 type
in the adiabatic mode of its operation on the basis of the

known laws of electrical and thermal physics can be
estimated from the following relationship:

o= (Do)~ [T L) (e AT D)2, (1)
where D,,~D,/2; ps, ¢, d, are the specific electrical
resistance, specific heat and density of the disk material at
ambient temperature 7 equal to room temperature 20 °C,
respectively; AT=(T,—T;) is the ermissible short-term
overheating of the material of the shunt disk with its
current temperature 7; caused by the current flowing
through it.

For design reasons, we assume that the outer
diameter of the measuring steel disk in a IIK-300M2
shunt is D,~80 mm, and its internal diameter is
D,~10 mm. Then, from (1) with D,,~40 mm, J;~15-10°
J/Q, AT~=100 °C and the initial data known for [10] for
12X18H10T stainless steel (pS:72,5-10'8 Qm; ¢~462
J/(kg°C); d~7900 kg/m®), we obtain that the radial
averaged wall thickness of the measuring steel disk will
be numerically equal to /,,~1.4 mm. Taking into account
a certain reserve in thickness 4, and taking into account
our very limited technological possibilities in the
selection of materials, we choose the thickness of the wall
of the measuring disk of stainless steel 12X18H10T equal
to Ay, =2 mm.

Note that in (1) for a shunt of the IIIK-300M2 type
studied, the value of the short-term superheating AT, of
the material of the measuring disk, occurring during the
time of the current i;(f) no more than 1000 ms in
practically adiabatic mode, is limited by the type of solid
insulation used to separate it from main brass electrode
shunt. When using fluoroplastic insulation, the value of

overheating ATs for reliable operation of IIK-300M2
shunt in the GCL composition should not be more than
100 °C [3, 4]. At AT=50 °C and the initial data taken
above for the integral of the action J; of the pulsed
lightning current, the geometric, electrical, and
thermophysical characteristics of the steel shunt disk from
(1), it follows that the A, thickness of the disk is exactly
about 2 mm.

The active resistance Ry of the measuring steel disk
of the coaxial shunt IIIK-300M2 in the quasi-stationary
mode, which practically corresponds to the regime of DC
current flowing through it, can be approximated by the
following formula [11]:

RSO ~0.5 (”hsm)il Ps ln(Dse /Dsi) : (2)

From (2) at hy~2 mm, ps:72.5-10'8 Q-m,
Dy~80 mm and Dy =10 mm it follows that the sought
value of RSO is approximately equal to 0.12 mQ.
Measurement of the shunt of the IIIK-300M2 shunt type,
almost equal to the Ry, value, carried out by metrologists
in a highly stable scheme of 19 A a DC generator showed
that in this experimental case Rg~0.094 mQ. It can
be seen that the difference between the calculated
and experimental data for Ry in our case does not
exceed 22 %.

4. Practical implementation of the measuring
coaxial disk shunt type HMIK-300M2. Fig. 1, 2,
respectively, are a general view and a schematic
arrangement of a measuring coaxial disk shunt of the type
IK-300M2. The weight of this measuring shunt is about
3.2 kg, and its overall dimensions do not exceed
90x95 mm.

Fig. 1. General view of a coaxial shunt type ILIK-300M2
designed to measure on the screens of the DSO in an agreed
mode of operation of its coaxial cable communication line of
powerful current pulses of artificial lightning in a high-current
discharge circuit of a high-voltage GCL with an integral of their
action up to 15:10° J/Q

From the data in Fig. 2, it can be seen that a
measuring steel disk 5 of thickness #4,,~2 mm is tightly
clamped between its massive disks 6 and 7 with a
thickness of 10 mm, made of a sheet of fluoroplastic
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insulation. Between the massive brass cylindrical
electrodes 1 and 4 of the shunt through which the
measured current pulse i(f) of artificial lightning flows
from the GCL capacitors, insulating sleeves 2 and 3 with
a thickness of 3 mm are installed, also made of
fluoroplastic insulation.
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Fig. 2. Elements of the structure of a coaxial disk shunt of the
IIK-300M2 type in its longitudinal axial section (1 — massive
internal cylindrical electrode, 2,3 — insulating sleeves,

4 — massive outer cylindrical electrode, 5 — high-resistance steel
measuring disk, 6,7 — massive insulation disks, 8 — a shroud
disk, 9,10,12 — fastening screws, 11 — CP-75 output coaxial
connector, 13 — massive clamping ring, 14, 15 — respectively
input (potential) and output (earthed) bolted shunt connecting
elements to high-current discharge circuit of the GCL)

These bushings significantly increase the electrical
strength of the insulating gaps between the live parts of
the high-voltage high-current shunt of the IIK-300M2
type, which positively affects the reliability of its
functioning as part of a powerful GCL. The increased
electrodynamic resistance of the shunt under investigation
is provided by a massive pressure brass ring 13 with a
thickness of 7 mm, a brass shroud disk 8 with a thickness
of 5 mm and steel screws of fixation 12 in quantity of 8
pieces evenly distributed along the outer circular
perimeter of the massive brass electrode 4 of the shunt.

A measuring coaxial disk shunt of the type IIK-
300M2 is connected in the rupture of a high-current high-
voltage discharge circuit of a powerful GCL of one or
another version [3, 5]. Moreover, the inner cylindrical
brass electrode 1 with diameter of 29 mm of the shunt is
connected by means of the bolted joint elements 14 to the
potential part of the high-current discharge circuit of the
GCL, and its outer cylindrical brass electrode 4 with a
diameter 80 mm with the help of the 15 bolt connection
elements - to the grounded part of the discharge circuit of
the GCL (usually to the metal grounded collector of the
high-power capacitor bank of the generator).

5. Results of experimental approbation of a
measuring coaxial disk shunt of IIIK-300M2 type in a
high-current circuit of high-voltage GCL. Fig. 3 shows
an oscillogram of the pulsed A- component of artificial
lightning current obtained by means of a measuring
coaxial disk shunt of the type IIIK-300M2, included in the
discharge circuit of a powerful GCL [3] reproducing

according to the requirements of normative documents
[1, 2] on the active-inductive load (R, =0.1 Q, L, =1.5 uH)
pulses of artificial lightning current.
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Fig. 3. The oscillogram of the pulsed 4- component of the
artificial lightning current with normalized ATPs in the high-
current discharge circuit of the GCL [3] obtained with the help
of a measuring coaxial disk shunt of the type IIIK-300M2
(1”1,41:_200 kA, [,,,A1:38 us; JA:239106 J/Q, U(A:_297 KV,
S54=25-10° A/V; scale on the vertical — 125 kA/cell;
scale on the horizontal — 50 ps/cell)

In the course of experimental studies of the behavior
of the improved design and characteristics of a IIIK-
300M2 shunt in the discharge circuit GCL [3] whose
capacitor bank, when forming the one shown in Fig. 3
components of the lightning current were charged to a
constant voltage U~ —29.7 kV, it was found that its
impulse resistance Ry takes a numerical value equal to
about R¢=0.08 mQ =+ 1%. This experimental Rg value
under flow conditions along the measuring steel shunt
disk shown in Fig. 3 pulsed current i;(f) of artificial
lightning differs from the active resistance Rg~0.094 mQ
of the shunt in question by no more than 15% in direct
current. It should be noted that the indicated values of the
active resistances Ry and Ry, are in good agreement with
the results of previous studies of transient electromagnetic
processes and the penetration depths of the pulsed
electromagnetic field in conducting non-magnetic media
on the sections of the first three half-waves of the
decaying sinusoidal current pulse acting on them [4]. Due
to the peculiarities of the distribution in the metal of the
measuring disk of the shunt of the pulsed electromagnetic
field from the measured pulsed current i (f) of the
simulated lightning, its impulse resistance Rs will always
be less than the active resistance of the R, disk measured
at constant current [4].

It is known that the value of the impulse active
resistance Ry of the shunt measuring disk in the
coordinated mode of connecting its coaxial cable
communication line to the DSO determines its conversion
coefficient Sg having the dimension A/B and calculated by
the ratio Sg~2/Rs. In this case, the value of the Sy
parameter is numerically equal to the current flowing
through the shunt disk when a voltage of 1 V is applied to
its input. In this connection, the ATP, measured with a
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coaxial IIIK-300M2 shunt of the pulse current i;(¢) of
artificial lightning in the discharge chains of a powerful
GCL will be determined by the following relationship:

if()=SsULo(1), A3)
where U(?) is the pulse voltage recorded by means of a
measuring shunt on the screen of the DSO.

Taking into account the presented results, we find
that the conversion coefficient SS of the measuring shunt
of the IIIK-300M2 type for the recording mode according
to them [1, 2] of the 4- and D- components of the pulsed
current of artificial lightning, and also according to [5] 10
us/350 ps will be Sg~2/Rs~25-10° A/B. When using a
shunt made at the end of a coaxial cable line of a shunt
made on the basis of an PK 75-7-11 radio frequency cable
with a 75-Q impedance matching voltage divider [3, 7],
the Sg conversion coefficient of the investigated shunt-
type shunt of the IIIK-300M2 type in mode of registration
of the intermediate B-, long C- and shortened long
C*- component of the artificial lightning current will be
equal to Sg=I/R&12,5-10° A/V. This MVD is
implemented with two output coaxial connectors 1:1
(for Ss4) and 1:2 (for Ssc) based on three 110 Q resistors
and placed in a separate shielded housing [3, 7].

Fig. 4 shows the oscillogram of the shortened long-
time C*- component of the current of artificial lightning
in a high-current discharge circuit of the GCL [3] which
follows in time immediately after the pulsed A- current
component of the lightning and simultaneously fixed on
the DSO screen by means of a measuring coaxial disk
shunt of type IIK-300M2. We will point out that in the
conducted experiments the DSO Tektronix TDS 1012
series were used in a buried measuring bin and remote
from the GCL discharge circuits at a distance of
approximately 70 m.
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Fig. 4. The oscillogram of the shortened long C*- component of
the artificial lightning current with normalized ATPs in the
discharge circuit of the GCL [3] obtained simultaneously with
the current 4- component flowing before it with the aid of
a measuring coaxial disk shunt of the type ILIK-300M2
(Lnc+==750 A; t,,0+=5 ms; 1,c+=15 ms;
gcw—18.1 C; Sge=12.5-10° A/B; U,cx—4 kV;
scale on the vertical — 625 A/cell;
scale on the horizontal — 10 ms/cell)

The charging voltage of the negative polarity of the
capacitor bank GCL [3] which forms on the active-
inductive load (R=0.1 Q; L~1.5 puH) the shortened C* -
current component of the simulated lightning applied to
the data in Fig. 4 was U.+=-4 kV. Note that the ones
shown in Fig. 3 and 4 ATPs of the pulsed A4- and
shortened long-time C*- current component of a lightning
simulated in the laboratory conditions correspond to the
current requirements of normative documents [1, 2].

Conclusions.

1. The developed and created at the Department No. 4
of electromagnetic tests of the Research & Design
Institute «Molniya» of the NTU «KhPI» measuring
coaxial disk shunt of type IIIK-300M2 developed and
created allows for its direct placement in a high-current
high-voltage discharge circuit of a powerful GCL by
means of one additional shielded coaxial cable
communication line up to 70 m and a few located in
remote from the GCL buried deep shielded bunker DSO
in an agreed mode of their operation simultaneously and
repeatedly measured on the active-inductive load of the
tested object, the main components of artificial lightning
current with normalized ATPs in accordance with the
requirements of US regulations SAE ARP 5412: 2013 and
SAE ARP 5416: 2013 with their amplitude up to £220 kA
and the action integral up to 2.4-10° J/Q.

2. The measuring coaxial disk shunt of the IIIK 300M2
type is capable of repeatedly recording on the active-
inductive load and transmitting in a coordinated mode
along the coaxial cable communication line to the DSO
the aperiodic pulses of a time current of 10 ps/350 ps of a
short stroke of an artificial lightning generated in a high-
current high-voltage discharge circuit of a powerful GCL
with standardized ATPs according to the requirements of
the International Standard IEC 62305-1: 2010 with their
amplitude up to £220 kA and the action integral up to
13.5-10° J/Q.

3. The high-current experiments on a high-power high-
voltage GCL were carried out in June 2017 at the
Experimental and Test Site of the Research & Design
Institute «Molniya» of the NTU «KhPI» in accordance
with the requirements of the US regulations SAE ARP
5412: 2013 and SAE ARP 5416: 2013 of the measuring
coaxial disk shunt type IIIK-300M2 which passed the
state metrological certification at the state enterprise
«Kharkivstandartmetrologiya» (certificate of conformity
No. 06/0206 of 19.07.2017).
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THE EVALUATION OF POSSIBILITY OF NORMAL OPERATION OF CABLES BASED
ON TWISTED PAIRS WITH PVC JACKET UNDER THE CONDITIONS OF HIGH
HUMIDITY AND TEMPERATURE

Introduction. Development of cables for structured cabling systems based on twisted pairs for shipbuilding is carried out in two
main directions: increasing the fire safety of cables and increasing the long-term permissible operating temperature by using
new, more heat-resistant, electrical insulating materials. Purpose. Substantiation of the possibility of unshielded cables on the
basis of unshielded twisted pairs with thermoplastic polyethylene insulation in PVC protective jacket in conditions of high
humidity and high operating temperatures on the basis of the results of accelerated aging. Methodology. The cycle of aging under
conditions of increased humidity is performed for 336 hours. Then the sample was under natural drying conditions for 1440
hours. Thermal aging in a thermostat at 90 °C was carried out in two stages: first — for 206 hours, the second — for 260 hours. In
the initial state and after accelerated aging, measurements of the capacitance and tangent of the dielectric loss angle of all the
insulating gaps at frequencies of 100 Hz, 1 and 10 kHz were performed. Results. According to the results of accelerated aging
under conditions of high humidity and temperature, it is established that the design of an unshielded cable based on unshielded
twisted pairs with thermoplastic polyethylene insulation in a protective coating based on PVC-plastic is resistant to external
influencing factors. Practical value. The prolonged holding at temperature of 90 °C is equivalent to operation at temperature of
40 °C for 6.8 years. At higher operating temperatures, the lifetime of the cable is significantly reduced. References 5, tables 1,
figures 5.

Key words: cables based on twisted pairs for shipbuilding, accelerated aging, hygroscopic moistening, thermal aging, partial
capacitance, tangent of the dielectric loss angle, service life.

Ilpeocmaenensl pe3ynbmamosl YCKOPEHHO20 CHIAPEHUA 6 YC/IOGUAX NOGLIUEHHOU GANCHOCIMU U MeMnepamypsl 00pazua
HEIKPAHUPOBAHHO20 Kabensn Ha OCHOBE GUIMBIX NAP C ROAUIMUIEHOBOU MEPMONIACMUYHON U30NAWUEI 8 3auUMHOIl 0007104Ke
HA OCHOGe NONUBUHUAXTIOPUOHO20 naacmukama. Ouenka ycmouuugocmu Kabens K O0elcCmeulo HEUIHUX 8030elCMmEyIouux
daxkmopoe evinonnena no YACMUYHBIM EMKOCHIAM U MAHZEHCY YA OUITEKMPULECKUX HOMEPL U30IAUUOHHBIX HPOMENCYMKOE
Mmeacdy scunamu. Koncmpykmuenas ocoéennocms xabensn npugooum K PYRRUPOSAHUIO YACHMUYHBIX €MKOCHEN 6 4embipe
Xxapakmepnovie oonacmu. Ycmanoenena OUHAMUKA USMEHEHUT OUIIeKMPULECKUX RAPAMEmMPO8 8 npoyecce 2uzpoCKONUYEecKO20
YOIAdICHEHUS, eCHECHEEHHON CYWKU U Mennoeozo cmapenus npu memnepamype 90 °C oopasya kabena. Onpedenenvl
KoIhpuyuenmor napnoii Koppenayuu mexcoy ouzieKmpuiecKumMu napamempamu ¢ UCX0OHOM COCHOAHUU U ROCTe GHEULHUX
6o030eticmeyroujux gaxkmopos. Ilokazano, umo KoHCMPyKyusa Kadens ycmouuuea K Oeiicmeulo nOGuIUEeHHOU 61ANCHOCHU U
memnepamypul. bubn. 5, tabn. 1, puc. 5.

Kniouesvlie ciosa: kaGen Ha 0CHOBe BHTBIX Nap ISl CYAOCTPOEHHsI, YyCKOPEHHOe CTapeHue, THTPOCKONUYeCKoe YBIIasKHeHHe,
TENJIOBOE CTapeHNne, YaCTHYHbIEe eMKOCTH, TAHT€HC YIJIa IHIeKTPHYECKHUX MOTePb, CPOK CIYKObI.

Introduction. The development of the shipbuilding
infrastructure includes the presence of modern branched
structured control systems with high-speed data
transmission.

Shipboard cables have higher requirements for
electrical, installation characteristics, resistance to
external factors (temperature, humidity, vibration, solar
radiation, etc.) than to cables for general industrial use.
Cables for the industrial interface must meet the safety
criteria and technical requirements, primarily fire and
explosion safety [1, 2].

It should be noted that about 60-70 % of the total
number of electrical cables on the ships are cables of
control, signaling and communication systems.
Development of cables for structured cabling systems
based on twisted pairs for shipbuilding is carried out in
two main directions: increasing the fire safety of cables
and increasing the long-term permissible operating
temperature by using new, more heat-resistant, electrical
insulating materials. It is shown in [3] that cables of
general industrial use on the basis of twisted pairs of
category Se can operate under conditions of increased
radiation situation.

The goal of the paper is substantiation of the
possibility of operation in conditions of high humidity
and high operating temperatures of unshielded cable
based on unshielded twisted pairs with thermoplastic
polyethylene insulation in a protective polyvinylchloride
(PVC) jacket according to the results of accelerated aging.

Characteristic areas of partial capacitances of
insulating gaps. The evaluation of the cable's resistance
to the action of external factors acting on partial
capacitances and the tangent of the dielectric loss angle of
the insulation gaps between the wires. Shrinkage of
insulation in the process of thermal aging or swelling
during prolonged hygroscopic moistening leads to a
change in the characteristics of the insulation gaps of the
cable.

For cables based on twisted pairs, a random
orientation of the pairs is characteristic. The twisting steps
of unshielded twisted pair (UTP) are different to provide
the required noise immunity: as a result, the distances
between the wires are averaged, which causes the number
of groups of partial capacitances to decrease. For
example, in a 4-pair UTP-based cable (Fig. 1, 2), the
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distance between wires 1 and 3 is on the average the same
as between wire 1 and any other — 4, 5, 6, 7 or 8. As a
result, all partial capacity between the 8-th wires (and
there are as many such capacitances as the sides of the

: n(n—1) 8(8-1) .
8-gon, i.e. N=T=T=28) are grouped in only
4 regions — Fig. 3.

The first area is the capacitance between the
contacting wires of the same pair (i-f — intervals: 1 — 2, 3
—4,5-6,7 -8, Fig. 1); the second one is the capacitance
between the wires of the contacting pairs (i-k — intervals,
for example: 1 — 7,1 - 8,2 — 7,2 — 8, Fig. 1); the third
one is the capacitance between the wires of non-
contiguous pairs (i-/ — intervals: 1 —5,1-6,2-5,2 -6,
etc., Fig. 1). The fourth group can be measured according
to the «wire — versus all others» scheme (i-s — area of
insulation of the wires, for example, 1 — 2, 3,4,5,6,7, 8,

o707
6257

Fig. 1. Scheme of an unshielded twisted-pair cable (UTP):
4 twisted pairs, with different twisting steps (the case of the
same orientation of twisted pairs, possible on separate sections
of the cable)

The regulatory characteristics of the insulation gaps
are determined on the basis of the calculation of the
electrostatic field. Fig. 2 shows the lines of the electric
field with different schemes for feeding the potential to
the conductors: to the second wire of the first pair (Fig.
2,a); to the second wire of the first and eighth wire of the
fourth pair (Fig. 2,b); to the second wire of the first, the
eighth wire of the fourth and third wire of the second pair
(Fig. 2,¢); to the second wire of the first, the eighth wire
of the fourth, the third wire, the second and fifth wire of
the third pair (Fig. 2,d); to the second wire of the fourth
pair (Fig. 2,e), respectively. Based on the calculation of
the electrostatic field, the linear capacitances (C) and the
fraction of the stored energy (7) [4] of the potential wires
are determined with respect to the total energy stored in
the cable (Fig. 3): C = 53.0 pF / m; # = 0.506 — for one
internal (Fig. 2,a); C = 37.7 pF / m; n = 0.473 — for one
external (Fig. 2,e); C = 101.9 pF / m; n = 0.524 — for two
internal (Fig. 2,b); C = 114.2 pF / m; n = 0.571 — for four
internal (Fig. 2,d); C = 6.214 pF / m; n = 0.0085 — for
eight wires together. The share of energy stored in the
solid insulation of the wires is about 50 %. Consequently,
the dielectric losses in the insulating gaps (such as «solid
phase-air») should also be about 50 % of the losses in the
solid dielectric itself.

Fig. 2. Pictures of electric field lines
in the cross-section of UTP-cable with different orientation of
pairs at different schemes of potential supply to the conductors

En, V/m
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Fig. 3. The distribution of the electric field strength when the
potential is to applied one (curve /) and four (curve 2) internal
wires of twisted pairs in the UTP-cable (the number of main
nodes is N = 2500, that is, the order of the system of linear
algebraic equations)

Dynamics of changes in the parameters of
insulation gaps as a result of accelerated aging.
Experimental studies were performed on a UTP-cable of
category Se sample of length of 1.8 m. Their purpose is to
check the stability of the cable of the basic design with
thermoplastic solid polyethylene insulation in a protective
shell based on polyvinyl chloride plastic to the effect of high
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humidity and temperature. The cycle of aging under
conditions of increased 100 % humidity in a desiccator
(hygroscopic moistening of the sample-through unsealed
ends) was performed for 336 hours. Then the sample was
under natural drying conditions for 1440 hours. The thermal
aging in a thermostat at 90 °C was carried out in two stages:
the first — for 206 hours, the second — for 260 hours.

In the initial state and after accelerated aging,
measurements of the capacitance and tangent of the
dielectric loss angle of all the insulating gaps at
frequencies of 100 Hz, 1 and 10 kHz were performed.

Fig. 4,a shows the parameters of the insulation gaps
of a UTP-cable of category 5e sample in the initial state.
For the «wire-wire of the same pair» intervals, the lowest
levels of tgo are observed, with tgo falling with increasing
frequency.
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Fig. 4. Dynamics of changes in partial capacitances and tangent
of the dielectric loss angle in the process of accelerated aging
under conditions of high humidity and temperature

External influence — hygroscopic moistening — leads
to a strong change in the parameters of only some regions

— Fig. 4,b (the experimental points lie outside the selected
regions). This is a consequence of the appearance of
moisture in the capillaries formed by contacting insulated
cores [5]. Fig. 5,b shows the parameters of the insulating
gaps in the initial state and after a two-week exposure
(336 hours) in the desiccator. The capacitances of the
gaps have increased little, but tgd has grown significantly
more, and to a greater extent for wires distant from each
other (the region of small partial capacitances, the left part
of Fig. 4,b). After extraction from the desiccator and
natural drying for two months (1440 hours), a decrease in
tgd is observed due to the removal of moisture from the
surface of the isolated wires and a decrease in partial
capacities due to swelling of the insulation (diffusion of
moisture into the thickness of the insulation).

As a result of thermal aging at temperature of 90 °C,
the decrease in tgd continues due to the removal of
moisture from the insulation layer and the growth of
partial capacities due to shrinkage of insulation. Drying
the cable at a temperature of 90 °C for 260 hours resulted
in an almost complete restoration of the -electrical
characteristics of all its insulating gaps (see Fig. 4,c). In
this case, the PVC jacket slightly changed in color, lost its
shine, but retained its elasticity.

There is a positive correlation, both for partial
capacitance and for the tangent of the dielectric loss angle
(Table 1).

Table 1

Coefficients of mutual pair correlation between the capacitance
in the initial state and the capacity after accelerated aging (rc),
between the tangent of the dielectric loss angle in the initial state
and after accelerated aging (rg;)

Conditions of accelerated aging
336 hours 1440 hours  |206 hours of |456 hours of
. 2 |under At normal heat aging at |heat aging at
i g conditions |conditions temperature |temperature
f§’ £ Jof 100 % 90 °C 90°C
E; § T humidity
e & c
0.9998 | 09998 | 09999 | 0.9998
0.1 V105
09001 | 08176 | 0.8578 | 0.7876
r'c
| 1.0000 | 09999 | 0.9999 | 0.9999
Tig5
09810 | 09909 | 09876 | 0.9622
I'c
10 1.0000 [ 1.0000 | 09999 | 0.9999
}’t&(;
09111 | 09966 | 09942 | 09904

The values of the selective linear paired coefficient
of K. Pierson correlation r are large for partial
capacitances and, in practice, vary only slightly at
different frequencies (see Table 1). For the tangent of the
dielectric loss angle, the more pronounced frequency
dependence rys is characteristic: the pair correlation
coefficient has large values at the frequency 1 kHz and 10
kHz, which is associated with both the polarization
processes and the electrical conductivity in the insulation.
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As an adequate lifetime of the cable sample, the
estimated service life, obtained on the basis of parameters
of the accelerated aging regime, adequate to the aging of
the cables under operating conditions (Fig. 5) is taken.
The normal operation time of the cable is 1.14 years and
6.8 years at an operating temperature of 60 °C and 40 °C,
respectively.

290 300 310 320 330 340 350 360 370 380 390
TK

Fig. 5. To assess the life of the cable under normal operating
conditions

Conclusions. The results of accelerated aging of
unshielded cable based on unshielded twisted pairs with
thermoplastic polyethylene insulation in a protective
jacket based on PVC-plastic material in conditions of high
humidity and temperature show that the design is resistant
to external influencing factors. The prolonged holding at
90 °C is equivalent to operation at temperature of 40 °C
for 6.8 years. At higher operating temperatures, the
lifetime of the cable is significantly reduced.
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PIEZOELECTRIC WAVEGUIDE SENSOR FOR MEASURING PULSE PRESSURE
IN CLOSED LIQUID VOLUMES AT HIGH VOLTAGE ELECTRIC DISCHARGE

Purpose. Investigations of the characteristics of pressure waves presuppose the registration of the total profile of the pressure
wave at a given point in space. For these purposes, various types of «pressure to the electrical signal» transmitters (sensors) are
used. Most of the common sensors are unsuitable for measuring the pulse pressure in a closed water volume at high hydrostatic
pressures, in particular to study the effect of a powerful high-voltage pulse discharge on increasing the inflow of minerals and
drinking water in wells. The purpose of the work was to develop antijamming piezoelectric waveguide sensor for measuring pulse
pressure at a close distance from a high-voltage discharge channel in a closed volume of a liquid. Methodology. We have applied
the calibration method as used as a secondary standard, the theory of electrical circuits. Results. We have selected the design and
the circuit solution of the waveguide pressure sensor. We have developed a waveguide pulse-pressure sensor DTX-1 with a
measuring loop. This sensor makes it possible to study the spectral characteristics of pressure waves of high-voltage pulse
discharge in closed volumes of liquid at a hydrostatic pressure of up to 20 MPa and a temperature of up to 80 °C. The sensor can
be used to study pressure waves with a maximum amplitude value of up to 150 MPa and duration of up to 80 us. According to the
results of the calibration, the sensitivity of the developed sensor DTX-1 with a measuring loop is 0.0346 V/MPa. Originality. We
have further developed the theory of designing the waveguide piezoelectric pulse pressure sensors for measuring the pulse
pressure at a close distance from a high-voltage discharge channel in a closed fluid volume by controlling the attenuation of the
amplitude of the pressure signal. Practical value. We have developed, created, calibrated, used in scientific research waveguide
pressure pulse sensors DTX-1. We propose sensors DTX-1 for sale in Ukraine and abroad. Sensors DTX-1 can be used to study
pressure waves with a maximum amplitude value of up to 150 MPa in closed fluid volumes at a hydrostatic pressure of up to 20
MPa and a temperature of up to 80 °C. References 10, figures 7.

Key words: piezoelectric sensor, pulse pressure, electrical characteristics, high-voltage discharge, closed volume of liquid.

Ha ocnoganuu nposeedennozo ananusza polHKA NPUGOpos, U3MepAIOUUX UMRYIbCHOE OaGleHUe, 8blOPAHA KOHCMPYKUUA U
CXeMHOe peuieHue nOMexoycmoiuuueoz0 60JH0800H020 OAMHUUKA OAa6leHUs, obecneuusauiezo CcmaduibHOCms U
00CHO0BEPHOCH NOKA3AHUIL HA OU3KOM PACCMOAHUU OM KAHANA 6bICOKOGOILIMHOZ0 INEKMPUUECKOZ0 PA3PAOA 6 3AMKHYHIOM
ooveme ncuokocmu. Pazpaboman 601H0600HBLE Oamyuxk umnynvcHozo oaeénenus /JTX-1 c¢ uzmepumensuvim wineiighpom,
Nn03601AI0WUIL UCCTIE008AMb CREKMPATIbHbIE XAPAKMEPUCHMUKU GONIH OdA6/IeHUA 6 3AKPbIMbIX 00beMax JNCUOKOCmU Hpu
2uopocmamuueckom oagenenuu 0o 20 Mlla u memnepamype 0o 80 °C. [lamuuk modxcem 0vimo npumeneHn 014 U3y4eHUA 80JIH
0asNenuA ¢ MAKCUMATLHBIM AMRAUMYOHbIM 3Hauenuem 00 150 MIla u onumensnocmoro 00 80 mxc. Coenacno pesynomamam
mapupoeKu ¢ UCNONb306AHUEM GMOPUUHO20 IMATIONA, Uyeécmeumenvrhocmb oamuuka JJTX-1 ¢ usmepumensHolm mpaKmom —
0,0346 B/MIla. bub6x. 10, puc. 7.

Kniouesvie  cnoséa:  Nbe303JIeKTPHYECKHH  JaTYMK,
BBICOKOBOJILTHBI Pa3psifi, 3aMKHYThIii 00beM KHIKOCTH.

HMITyJIbCHOe  /IaBlIeHHe, JJIeKTPHYeCKHe  XapaKTepPHCTHKH,

Introduction. A lot of modern technologies (in
particular, electric discharge) use a pressure wave as the
determining factor of the impact on the object being
processed. The study of the spectral characteristics of
such waves is of great interest and is an urgent task for
any industrialized country with a developed scientific
potential.

Investigations of the characteristics of pressure
waves, which are generated, for example, by an electric
discharge in a liquid, involve recording the total profile of
the pressure wave at a given point in the volume of the
liquid. For these purposes, various kinds of pressure
sensors to the electric signal have been used for a long
time [1-6]. Sensors based on natural (quartz, tourmaline,
lithium niobate, etc.), artificially created and specially
polarized in the electric field piezomaterials
(piezoceramics such as barium titanate, lead titanate, lead
zirconate, piezoceramics, etc.) are the most widely used in
measuring the pulse pressures.

At the Institute of Impulse Processes and
Technologies (IIPT) of the National Academy of Sciences
of Ukraine, which is engaged in the development and
implementation of various electric discharge technologies,
various means of recording pulsed pressures have been

used for many years in carrying out research. Among
them are piezoelectric pressure sensors by the known in
the field of creating measuring acoustic equipment the
Danish Company «Briiel & Kjer» [7]. In addition, the
IIPT developed and manufactured its own pressure
sensors based on various types of piezoceramics [5, 8].
Most of the earlier studies were related to the
measurement of pressures in open volumes of liquid at
considerable distances from the discharge channel. This
circumstance significantly reduced the requirements for
the design of the sensor and some of its parameters (the
amplitude of the measured pulse pressure, the level of
permissible static liquid pressure, etc.).

Within the framework of this work, it was necessary
to develop a pressure sensor for measuring the impulse
pressure in a closed water volume with increased
hydrostatic pressures. One of the applications of such a
sensor is to study the effect of a high-voltage pulse
discharge on increasing the inflow of minerals and
drinking water in wells [9]. A high-pressure discharge
chamber was used to calibrate and test the developed
sensor (Fig. 1) which allows maintaining high hydrostatic
pressure and proximity of the receiving part of the sensor
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to the discharge channel (source of hydrodynamic
perturbation-pressure waves). The internal diameter of the
discharge chamber is 120 mm.

The proximity to the source of the pulsed pressure,
the need for galvanic isolation of the sensor
piezoelectric element and the circuit of the electrical
circuit through which a pulsed current reaches tens of
kA, the presence of a rigid reflecting wall of the
chamber on which the sensor is to be mounted increases
the level of its requirements, making it impossible to use
most available pressure sensors, including, hydrophones
of the company «Briiel & Kjar».

The conducted marketing researches made it
possible to draw a conclusion on the principle possibility
of using two pulse pressure sensors in such conditions:
DPX 101-5K by OMEGA Company (USA) with a
sensitivity of 0.1552 V/MPa, permissible pulse pressure
amplitude up to 100 MPa and PS-02 by the GlobalTest
Ltd (Russia) with sensitivity of 0.0735 V/MPa,
permissible amplitude of impulse pressure up to 250 MPa.

Fig. 1. High-pressure discharge chamber

During the tests of the acquired sensors, carried out
by low-power electric discharges in the high-pressure
discharge chamber, their significant sensitivity to the
«current interference» arising due to electromagnetic
interference from the high-voltage circuit was detected.
Such a term for this interference is introduced due to its
time and phase correlation with the oscillogram of the
current flowing in the discharge circuit.

All attempts to reduce the level of interference due
to additional measures (bringing of discharge and
measurement circuits to one ground point, use of double
screens in measurement paths, high-frequency filtering on
ferrite rings) did not have a positive effect.

Oscillograms with «current guidance» are shown in
Fig. 2. Due to the low sensitivity of the quartz sensors of
these sensors, the amplitude of the useful signal was
measured in units of volts. The amplitude of the «current
guide» actually read on the oscillograms was in the range
of units of volts, and was commensurable or even
exceeded the useful signal from the pulse pressure sensor.
This led to the conclusion that these sensors of standard
design can not be used in the conditions of strong
electromagnetic fields that accompany the discharge.

53 5 P ..l
Fig. 2. The oscillogram of the pressure pulse and electrical
characteristics with an electrical discharge initiated by a thin
conductor: 1 — voltage across the discharge gap; 2 — current in
the discharge channel; 3 — pressure wave generated by an
electrical discharge in a liquid measured with a sensor
pressure DPX 101-5k; 4 — pressure wave generated by an
electric discharge in a liquid, measured with the help of a
pressure sensor PS-02

Proceeding from the foregoing, there is a need to
develop a pressure sensor that ensures the reliability of
the obtained measurement results and reliability of
operation in conditions of high electromagnetic fields.

The goal of the work is the development of an
interference-resistant piezoelectric waveguide sensor for
measuring pulsed pressure at a close distance from a high-
voltage discharge channel in a closed fluid volume.

Results of sensor design. When designing a
pressure sensor that meets the above requirements, a
waveguide pressure sensor BJIJ] [5], developed earlier in
the IIPT, was used as a prototype.

A distinctive feature of the developed pressure
sensor should be high sensitivity, due to which the sensor
generates useful signal amplitude from tens to hundreds
of volts. However, a signal of this amplitude is dangerous
both for the recording oscilloscope and for the transducer
element of the sensor.

To reduce the level of the measuring signal, a
measuring path was developed, the electrical circuit of
which is shown in Fig. 3.
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When a pressure wave P hits the sensor, an electric
charge Q; is induced on its piezoceramic element with
electrical capacitance Cj, and the potential difference U,
on its plates is determined by the relation

U1: Q]/Cl. (1)
C3
_L_ L
—> to osc
L 'J T T

Fig. 3. Electrical circuit of the measuring path:

C1 — electrical capacitance of the measuring element
(piezoceramics) of the pressure sensor; C2 — electrical
capacitance of the measuring coaxial cable; C3 — electrical
capacitance of the additional condenser; P — wave pressure
generated by an electric discharge in the liquid; to osc — to the
oscilloscope

In the case of a capacitor with C, capacitance and an
additional capacitor of capacitance C; connected to the
sensor plates, the same electric charge O, will provide a
potential difference at the output of the U, circuit,
determined by the ratio

osc Ql/(C1+C2+C3) (2)

The coefficient & expressing the degree of
attenuation of the useful signal and interference from the
sensor is defined as the ratio

k = U/Uy = (C+Co+C3)/C. 3)

The analysis showed that the use of the L[TC -19
piezoceramic sensor as a transducer element makes it
possible to provide acceptable values of U, in the pulse
pressure measurement range up to 150 MPa at a value of
k =450.

The carried out complex of investigations made it
possible to propose the design of a waveguide pressure
sensor DTX-1 [10] shown in Fig. 4.

L]
18 L ST T

AR

Fig. 4. Wavegulde pressure sensor JITX-1 design

The piezoelectric waveguide pulse pressure sensor
JATX-1 consists of a metal casing 1, on which there is a
groove 2 under the sealing ring, a stop surface 3, a
receiving bottom-membrane 4, gaskets from the vibration
damping material 5, gaskets made of dielectric material
with high electrical strength 6, 7, a piezoelectric element
8, a copper waveguide 9, conductors 10, 16, rubber shock
absorbers 11, washers 12, springs 13, an insulating
washer 14, nuts 15.

The pulse pressure sensor operates as follows.

With the help of additional fastening elements, the
sensor is placed in a special opening of the process
chamber coaxially with the direction of passage of the
pressure wave under study. The metal housing 1 of the

sensor makes contact with the chamber by mechanically
applying the fastening elements to the abutment surface 3,
and the sealing rubber ring in the groove 2 allows
measurement in a chamber filled with liquid both at
atmospheric and increased hydrostatic pressure.

The release of energy in the liquid during certain
technological operations (for example, in discharge-pulse
technologies) leads to the appearance of hydrodynamic
perturbation and propagation of pressure waves. The
pressure wave alternately passes through the liquid layer
in the process chamber, the receiving bottom-membrane 4
of the sensor, the gasket from the vibration damping
material 5, the gasket from the dielectric material with
high electrical strength 6, the current collector 7, the
piezoelectric cell 8, the copper waveguide 9.

The choice of the thickness and type of the gasket
material from the vibration damping material 5 makes it
possible to weaken the amplitude of the pressure wave
and increase the upper limit of the pressure sensor
measurement. The presence of a gasket made of a
dielectric material with a high electrical strength 6
avoids an electrical contact between the housing 1 and
the receiving membrane-side 4 and the piezoelectric
element 8.

When a pressure wave is applied to the piezoelectric
element 8, a potential difference appears at its ends due to
the phenomenon of the piezoelectric effect. Voltage with
the help of soldered to a piezoelectric element 8 of a
copper waveguide 9, a current collector 7 and conductors
10, 16 is fed to the measuring path. The length of the
copper waveguide 9 is chosen from the condition that
there are no effects on the piezoelectric element of §
pressure waves reflected from its end, which allows us to
investigate pressure waves with duration of up to 80 ps.

The alignment of the waveguide 9 in the cylindrical
body 1 is carried out by rubber shock absorbers 11. The
density of the abutment of the receiving base-membrane
4, the gaskets 5 and 6, the current collector 7 ensures the
mechanical action of the spring 13 by means of a washer
12, an insulating washer 14 and nuts 15.

As a material of insulating gaskets used paronite
I[IMb (State Standard 481-80) and polyethylene
terephthalate [T9T-D (State Standard 24234-80) was used,
as a piezoelement material — IITC-19 (State Standard
13927-74).

The external view of the waveguide pressure sensor
JATX-1 is shown in Fig. 5.

Fig. 5. The external view of the waveguide pressure sensor
JITX-1

The waveguide pressure sensor [TX-1 has a
significantly higher sensitivity (about two orders of
magnitude) compared to the DPX 101-5K and PS-02
pressure sensors, due to this the level of the useful signal
is more than an order of magnitude higher than the
current-induced level. For example, in Fig. 6 shows the
oscillogram of the current, voltage and signal from the
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sensor JITX-1 in the electric explosion of a copper
conductor with a diameter of 0.14 mm in water.

e

oo g

CHT 5.00% M 25.0us CH1 .~ 200mv
Fig. 6. Oscillogram of the pressure pulse and electrical
characteristics during electrical explosion of a copper conductor
(conductor diameter — 0.14 mm, length — 0.038 m;
charging voltage — 10 kV; stored energy — 1 kJ; hydrostatic
pressure — 20 MPa): 1 — current in the discharge channel
(inverted); 2 — voltage across the discharge gap; 3 — signal from
the sensor JITX-1

Calibration of the waveguide pressure sensor.
The calibration of the ATX-1 sensor was performed by
comparing the calibration (reference) pressure pulses with
the signals obtained with the JITX-1 sensor. Based on the
results of the comparison, the sensitivity factor of the
sensors was calculated.

As pressure calibration pulses, the data obtained
with the help of a secondary reference (pressure sensor
DPX 101-5K) were used with the following installation
parameters: charging voltage of the capacitor bank — 15
kV; capacitance of the capacitor bank — 2.26 uF; the
inductance of the circuit is 4.29 pH. With these loop
parameters, it was possible to separate in time the
«current jamming» and the useful signal of the DPX 101-
5K sensor.

The initiation of the discharge was carried out with a
copper conductor of 0.14 mm in diameter and 50 mm in
length, which increased the stability of the amplitude of
the pressure wave. The hydrostatic pressure in the
chamber was maintained at 10 MPa. The pressure sensor
ATX-1 fixed pulses from five digits. The obtained results
were subjected to statistical processing, the average value
was found, according to which the sensitivity of the
calibrated sensor was determined.

HATX-1 calibration was performed in conjunction
with the measuring path (see Fig. 3), which has the
following parameters:

« electrical capacitance of the manufactured pressure
sensor JJTX-1 C1 — 150 pF;

* electrical capacitance of measuring cable PK 50-2-
16 S2 with length of 10 m — 1166 pF;

* electrical capacitance of the load capacitor C3 —
66340 pF.

Thus, the calibration of the sensor with the path
consisted in determining its sensitivity when subjected to
a pressure pulse of known amplitude (obtained on a
certified sensor).

Fig. 7 shows the combined time profiles of the
reference pulse (1) and the pulse profile recorded by the
waveguide sensor JTX-1 (2). For convenience of
comparison of the oscillograms, the amplitudes of both
signals are reduced to one value. The above results (see
Fig. 7) showed that the coincidence of the signals, both
along the rising edge of the pressure pulse, and in the
duration of its decrease is satisfactory.

1.0E-05 1.SE-05

S0E-06

DE 05 is
Fig. 7. Pulse wave pressure profiles:
1 — reference pressure pulse;
2 — pulse of the waveguide pressure sensor 1TX-1

According to the calibration results, the sensitivity
of the developed sensor ITX-1 with the measuring path is
0.0346 V/MPa.

The conducted laboratory tests showed the stability
of the sensitivity of the sensor when measuring pressure
waves with amplitude of up to 150 MPa and long-term
operation in the range of hydrostatic pressures
(0.1-20 MPa), temperatures (10-80) °C.

The developed pressure sensors JITX-1 were used to
record the impulse pressures when performing a number
of scientific research works at the IIPT of the National
Academy of Sciences of Ukraine, a prototype was
delivered to the research center in France.

Conclusions.

1. A design and circuit solution of an interference-
resistant waveguide pressure sensor for electrical
discharge technologies providing stability and reliability
of indications at a close distance from a high-voltage
discharge channel in a closed fluid volume are proposed.

2. A waveguide pulse pressure sensor ITX-1 with a
measuring loop has been developed which makes it
possible to investigate the spectral characteristics of
pressure waves in a high-voltage electric discharge in
closed fluid volumes at a hydrostatic pressure of up to 20
MPa and a temperature up to 80 °C.

3. According to the calibration results, the sensitivity
of the developed sensor ITX-1 with the measuring path is
0.0346 V/MPa.
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V.Yu. Rozov, D.Ye. Pelevin, K.D. Pielievina

EXTERNAL MAGNETIC FIELD OF URBAN TRANSFORMER SUBSTATIONS
AND METHODS OF ITS NORMALIZATION

Purpose. Research of external magnetic field of urban transformer substations and the methods it reduction to the standard level
in the living quarters of nearby. Methodology. Experiment based on the actual values the measuring magnetic flux density of the
alternating magnetic field. Theories of electromagnetic field on quasi-static formulation is basis of external magnetic field of
urban transformer substations description. Results. We have made comprehensive experimental researches the magnetic field of a
50 Hz through model urban transformer substations on the external environment. For calculating the external magnetic field of
transformer substations the mathematical model of multi-dipole is proposed. It practical uses for induction external magnetic
field of calculating created in nearby built in house transformer substations power 715 kVA is proposed. Comparison of results
calculation and experiment was conducted. Originality. We have established that magnetic flux density of the magnetic field does
not exceed standard level in the living quarters of nearby (0.5 uT) if quarters the location distances of more than 8 m from the
transformer substation on the first time. Transformer substations in the built-in houses can create the dangerous to public health
magnetic field which induction 1.5-7 uT in neighboring living quarters. It exceeds the normative level in 3-14 times. Practical
value. We have proposed normalization methods of the external magnetic field built-in transformer substations. Methods are
based on improving construction transformer substations. And methods of external passive and active shielding are considered.
References 22, figures 9.

Key words: transformation substation, external magnetic field, living spaces, multi-dipole model, methods of normalization.

Llenvio pabomul aeasemcsa ucciedo6anue 6HEWHE20 MAZHUMHO20 ROJIA 20P0OCKUX mpancpopmamopnvix noocmanyuii (TII)
U Memooog e20 YMEHbUICHUA 6 ONUSNEHCAWUX HCUTBIX NOMEUEHUAX 00 HOPMAMUBHO20 YPOBHA. Bvinoinenvt KomniexcHole
IKCREPUMEHMAaIbHble UCCIe008AHUA MAZHUMHO020 noaa wacmomoii 50 'y, cozdasaemozo munosevimu zopoockumu TII o
enewneil cpede. Ilokazano, umo uHOYKYUA MAZHUMHOZ0 NOJA 68 ONAUZNEHCAUUX HCUTBLIX HOMEU|CHUAX He npesvluiaem
Hopmamuenozo ypoeua (0,5 mxTn), ecnu nomewjenus pacnonodxcenvl Ha paccmoanuax oonee 8 m om kopnyca TII.
Ilpeonoscena mynromuounoibHas mamemamuyeckas mooens 0asa pacuema eHewinezo maznumnozo noaa TII u npuseden
npumep ee NPAKMUYEeCKO20 UCHONBL306AHUA O pacuema UHOYKUUU 6HEUIHe20 MAZHUMHO20 NoJd, €030464eM020 6
onuznexncauwiem soncunom nomewienuu TII mowynocmouio 715 kBA, ecmpoennoin ¢ xncunoui oom. Ilpusedeno cpaenenue
pesyromamoe paciema u yxcnepumenma. Iloxazano, umo ecmpoennvie ¢ xyncunvie ooma TII mozym cozdasamv ¢ coceOnux
HCUTIBIX NOMEU|CHUAX ORACHOE 0N 300P06bA HACeNeHUs MazHumHuoe noae ¢ unoykyueun 1,5-7 mxTn, umo 6 3-14 pas
npeeviuiaem e2o0 HOpmMamueHwlil ypoeens. IIpednorcenvl Memoovl HOPMATUIAUUL HEUIHE20 MAZHUMHO20 NOA 6CMPOEHHBIX
TIl, ocnosanuvie na coeepuiencmeosanuu xoucmpyxkyuu TII, a maxsce memooax 6HeutHez0 NACCUBHOZO0 U AKMUGHOZO
IKpanuposanusa (komnencayuu). budn. 22, puc. 9.

Knrouesvie crosa: TpaHcopMaTOpHasi MOACTAHLMS, BHelIHee MATHMTHOE MoJie, JKUJIble MOMeIIeHHs], MYJbTHIUNOJIbHAS
MoO/eJ1b, METOAbI HOPMAJIU3ALUH.

Introduction. The magnetic field (MF) of the
industrial frequency of 50 Hz is the most dangerous for
people's health even with its weak but long-lasting effect
[1]. The main sources that create such MF inside
residential premises are power facilities located in
residential areas — air and cable transmission lines (TL),
as well as urban transformer substations (TS).

The maximum permissible level (MPL) of magnetic
flux density of MF 50 Hz for the population created by
electrical installations is regulated in [2] and is 10 pT in
the residential area and 0.5 pT within the residential
premises.

The most acute problem of the normalization of the
external magnetic field (EMF) of the TS is in residential
buildings with integrated TS [2, 6], when the distance
between the TS and living quarters is reduced to several
meters. Such houses (Fig. 1) are quite widespread in
Ukraine and other countries. In addition, built-in TS
began to be widely used in the world to supply sections of
10-20 floors in modern high-rise residential buildings [7]
in order to reduce power losses. The problem of
normalizing their MF also needs to be solved.

At present, the MF of the TLs have been most
thoroughly studied and the methods of its reduction to a
safe level for the population have been determined [3-5].

At the same time, the study of the EMF of the TS was not
given due attention, although in some cases — when the
TS approached the living quarters, their MF may exceed
the MPL.

. —

RIS IR ey, W

Fig. 1. A typical residential building with built-in TS
(Kharkiv, Danilevsky Str., 19)
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Thus, the EMF of the TS is currently not sufficiently
investigated, which makes it difficult to solve the actual
and socially significant problem of the normalization of
the MF at frequency of 50 Hz in the premises of
apartment houses located near the TS.

The goal of the work is investigation of the EMF of
urban TS and methods for reducing it to the normative
level in nearby residential premises.

TS as a source of the MF. Urban TSs provide
electricity for residential buildings. They perform the
functions of converting three-phase high voltage of 6 (10)
kV into voltage of 0.38 kV and distributing electric
energy of 380 V (220 V) to end users [2, 6]. Typical
urban TS (Fig. 2) have power from 100 kVA to 1400
kVA and are equipped with one or two lowering three-
phase transformers with grounded neutral. TS contain
partitioned switchgears (SG) from current conductors
(buses, cables) with the necessary switching, protective
and measuring equipment.

Fig. 2. Design of urban TS (@) and its SG (b)

The main sources of the EMF of the TS are three-
phase current conductors of the SG, each of which, with a
symmetrical load of different phases, generally forms
three current circuits [5, 8, 9], creating the MF.

Three-phase transformers of the SG have a
symmetrical design theoretically excluding the creation of
the EMF [8]. In practice, they create the EMF caused by

technological deviations from symmetry [8, 10]. The
magnetic flux density of this MF is insignificant and does
not exceed 10 % of the total EMF of the TS. The EMF of
the transformer has a dipole character [9], rapidly decays
when removed from the TS (Fig. 3) and is not taken into
account in further analysis.

The other elements of the SG, including switchgear,
protective and measuring equipment of the TS, as well as

input and output twisted three-phase cables, also
practically do not affect the EMF of the TS [9].
- B’”T _______________________________ e
6
at--\-- ____________________________________________________________________
The standard for residential
Lpsenate premises 0.5 pT
3 ' : : :
1 H
"1 2 3 A 5 6 7 8 9 16
7, m

Fig. 3. Characteristic decrease in magnetic flux density of the
MF of the TS of type K-42-630 at removal from distance » from
its housing (1 — total MF of the TS, 2 — MF of current
conductors, 3 — MF of the transformer)

Thus, the EMF of the TS is determined by the MF of
three-phase current conductors of the TS which can be
represented in accordance with Fig. 4.

Experimental investigations of the EMF of the
TS. Experimental investigations of the EMF of the TS
have been performed for 42 TS of city of Kharkiv with
nominal power (S,om) from 100 to 1260 kVA. 36 TS
located in separate buildings (inside microdistricts) and 6
TS built into residential buildings were investigated.

The research is based on direct measurements of the
effective value of the magnetic flux density of alternating
MF in a limited number of points using a Magnetoscop
1.069 magnetometer by Foerster Company (magnetic flux
density measurement range 0-600 pT, relative error
2.5 %) and EMF-828 (magnetic flux density measurement
range 0-2000 pT, relative error 4 %).

The magnetic flux density of the MF at the i-th point
of the measurement was determined from the
measurements of the magnetic flux density of the MF in
the three orthogonal positions of the magnetometer sensor
using formula

B, = \/B +B,+B." )

where B,;, B,;, B,; are the measured effective values of

X1 yio
the spatial components of the magnetic flux density of the
MF at the i-th measurement point along the axes of the
magnetometer sensors X, Y, Z.

The beginning of the coordinate grid was combined
with the surface of the TS housing. MF measurements
were carried out at the distance from the TS in the
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horizontal (vertical) direction corresponding to the
maximum values of the MF with the fixation of the actual
currents in the current conductors of the TS. The resulting
magnetic flux density value of the MF of the TS was
reduced to the rated power of the TS.

In the residential zone, the measurement points were
located on lines perpendicular to the walls of the building,

& ’.r—' _"i. -
SN i*""Il , 0.9m ,
: i \!, 1y :
" O - L.
: |.|.b ik
! \ 4 _ A
L : i om
d=0.16m E
| ¥
d=0.25m
0.5m

in increments of 1 m height of 1 m. When measuring MF
in nearby residential premises, the measurement points
were located in the nodes of a spatial grid parallel to the
walls of the premises. The basic grid of measurements
had a step of 0.5 m and was located in a horizontal plane,
at an altitude of 0.5 m from the floor of the room.

Fig. 4. Configuration of the current conductors of the considered two-transformer TS of power of 715 kVA

The generalized results of measurements of the
magnetic flux density of the MF of the TS of different
power are shown in Fig. 5 where the value of the
magnetic flux density near the external wall of the room
of the TS corresponds to » = 2 m, the distance between
which and the housing of freestanding TS is 2 m.

-FJLB’ “’T

1260 kVA

[N

e o = O

e ; : premises 0.5 pT

P T i eissa

Vi H

..................................

o 1 2 3 4 5 6 7 & 9 10
7, m
Fig. 5. Experimental values of the magnetic flux density of the
EMF of stand-alone TS of various power reduced to their
nominal load when removing the measuring point from their
housing (r is the distance of the TS housing to the point of
observation)

An analysis of the results of experimental
investigations shows the following. The magnetic flux
density of the EMF of the TS falls to the MPL (0.5 uT) at
the distance of 8 m from the TS of maximum power
(1260 kVA). At the minimum power of the TS
(100 kVA), its EMF drops to the MPL at the distance
of 5 m.

Since all stand-alone TS are located more than 15 m
from residential buildings, they do not represent the
dangers for its residents.

The maximum magnetic flux density of the EMF of
the TS under consideration (Fig. 5) occurs near the outer
walls of their premises and is 7 uT which does not exceed
the MPL for the residential development area (10 pT) in
accordance with [2].

Therefore, urban TS do not pose a public health
hazard when they are located at the distance of more than
8 m from residential buildings. However, this condition is
violated for in-built TS when the distance between the TS
housing and living quarters is reduced to several meters.

Thus, Fig. 6 shows the magnetic flux density
distribution of the MF built from the results of
measurements in a residential building located on the first
floor of the house (Fig. 1) above the built-in two-
transformer TS with power of 715 kVA. The distance
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from the TShousing to the floor of a residential building
on the first floor is 1.85 m. The actual load of the TS
during the measurements was 45 % of the nominal
(0.45-Shom)-

The results of the measurements are shown in Fig. 6.
Their analysis shows that the maximum level of the
magnetic flux density of the MF in a residential building
above the built-in TS even at the reduced load of the TS
(0.45-Spom) is 1.6 uT which is more than 3 times than the
MPL. With larger installed power of the TS operating at
the rated load mode, the magnetic flux density value of
the MF in accordance with Fig. 5 can reach 7 uT.

Thus, the built-in TS can create in the adjacent
residential premises the MF with magnetic flux density in
3-14 times exceeding the MPL which poses a danger to
public health and requires taking measures to normalize
their EMF.

Fig. 6. Experimental values of the magnetic flux density
distribution of the MF (uT) at an altitude of 0.5 m from the floor
of the living space located above the built-in TS of power of
Snom = 715 kVA at the actual load 0.45-S,om

Modeling of the EMF of the TS. The analysis
shows that the EMF of the TS is normalized in the outer
region of space — at points remote by the distance R, from
the TS housing. This distance is at least 2 m and
considerably exceeds the distance d between the axes of
the phase conductors of the TS (0.05-0.5 m) [6] that
creates the conditions for the application of the multi-
dipole mathematical model in the calculation of the EMF
of the TS [8, 11, 12]. This model, with a large number of
current conductors with a complex configuration, which is
characteristic for TS, allows us to simplify the calculation
of the EMP of the TS with the limited methodological
error (less than 10 %) in comparison with the Biot-Savart
method and numerical methods [3, 8]. In addition, the
multi-dipole model has a clear physical interpretation,
which makes it easier to synthesize the means of reducing
the MF based on it [3].

In order to build a multi-dipole model of the EMF of
the TS, the approach realized in [3] can be used when
each linear circuit with current / of the TS (Fig. 4) with
the length L and the width d is arbitrarily divided into N
elementary microcontours with areas S;=a;-d

characterized by dipole magnetic moments r?ll- (Fig. 7). In

this case, it is necessary to satisfy the following
conditions [3, 8]:

L
R0>2d;RO>2a;a=W<O,5RO. 2)
In this case, the magnetic flux density of the MF

flk(P) produced by a single rectilinear single-phase

current loop (Fig. 7) at the observation point P can be
determined by the expressions [3, 8]

. N =~ 5
2, (P)=-Y" VFM’"—R;)} : 3)
i 47R;
i=1 i
my=1-S;=1-¢7%.a;-d-i, 4)
where N is the number of microcontours in a rectangular

contour of the TS; §,~ is the vector of the square of the

i-th microcontour; #; is the unit vector normal to S;; R; is

the radius-vector from the geometrical center of the i-th
microcontour to the observation point P; ¢ is the phase of

the current 1 .
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Fig. 7. Multidipole representation of the elementary contour

with alternating current / as a source of the MF

Then the magnetic flux density Brg of the EMF of

the TS (Fig. 4), containing K three-phase rectilinear TS
contours, can be defined as

= K 3 X 1 1,;, R }

BTS(P):_Z Z ZV|: 0 lm?s’ lai :|, (5)
=1 a=1 i=1 4R o

where o is the TS current conductor phase number

(a=1...3); [ is the TS contour number (/ = 1, ..., K);

Mo 1s the magnetic constant.

We use the proposed multi-dipole model (5) to
calculate the magnetic flux density of the EMP of the
built-in TS. The calculation will be carried out for a real
urban 2-transformer TS with power of 715 kVA built into
the residential house (Fig. 1). In the calculation, we
assume that the currents in the phases of all the TS
circuits are sinusoidal, shifted by 120 el. degrees and form
a symmetrical system. Current conductors of the TS are
current threads. The external environment does not

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.5 63



contain sources of the MF. The effect on the EMP of the
metal parts of the TS housing and the walls of the
apartment house in accordance with [9, 13] is neglected.

The calculation scheme of the TS corresponds to
Fig. 4 and contains 18 rectilinear three-phase current
contours (K = 18) with shown in Fig. 4 dimensions and
actual currents, determined experimentally under TS load
0.45-Spom: [, =312 A; L, =208 A; =108 A; I, =104 A;
Is=100 A; [s=108 A; I; =21 A; k=174 A; I, =114 A;
110:62 A, 111 =60 A, 112: 52 A, 113 =62 A, 114: 12 A.

The results of calculating the flux density of the MF
in a horizontal plane located at an altitude of 2.35 m
above the TS were performed in accordance with (5) and
are shown in Fig. 8.

Comparison of the calculation results (Fig. 8) with
the results of the experiment (Fig. 6) shows that the
maximum calculated magnetic flux density value of MF
(1.7 uT) with an error of less than 10 % coincides with
the experimental results (1.6 pT). This confirms the
correctness of the proposed methodology for calculating
the magnetic flux density of the EMF of the TS and the
assumptions made above.

Methods of normalization of the EMF of the TS.
As follows from the above analysis, the normalization of
the EMF is required for TS built in residential houses,
when the distance between the TS housing and the

residential space is less than 8 m. The main methods of
normalizing the EMF of the TS are shown in Fig. 9.

Residential premise
B, uT

- [

&&=/
N

Vs

2

n

6 1 i x,m 3
Fig. 8. Calculated values of the magnetic flux density
distribution of the MF (uT) at an altitude of 0.5 m from the floor
of the living space (Fig. 1) located above the built-in TS of
power of Syom = 715 kVA at the actual load 0.45-S,,

Methods of normalization of EMF of the TS

v

Reducing the MF by distance

v

External shielding of the MF of the TS

TS design improvement

‘ |

Reduction of the
interfacial distance d
between the current

conductors

Structural and
technological methods for
reducing EMF of the TS

Passive shielding of
! residential premises from
the MF of the TS
Contour shielding Active shielding
of the MF of main current L (compensation) of the MF

of the TS in residential

conductors .
premises

Fig. 9. Classification of methods of normalization of EMF created by the TS in nearby residential premises

The EMF of the TS falls off intensely as a function
of the distance (Fig. 5) which allows to significantly
reduce the MF when removing the TS from residential
premises. However, the implementation of this method is
possible only in the presence of free space which limits
its use.

A significant decrease in the EMF of the TS is
possible due to its special design of the TS. Thus, the
constructive and technological methods proposed in [8, 9]
(symmetrization, transposition, splitting of current
conductors, local active and passive shielding of the MF)
allow to reduce the EMF of the TS by an order of

magnitude or more. A promising method of reducing the
EMF of the TS is the contour shielding of its current leads
in accordance with [5, 9]. However, the change in the
design of existing TS is technically difficult and has legal
limitations, and the industrial release of TS in a special
design requires significant investment.

Therefore, methods of external shielding of the MF
of the TS are more preferable for practical
implementation. Passive shielding is carried out with the
help of electrically conductive (ferromagnetic) materials
placed on walls and ceilings located near the TS of
residential premises [14, 15]. This method is universal but

64

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.5



at a low frequency of 50 Hz its implementation requires
substantial material means.

Of great interest from the point of view of the cost of
realization for high efficiency are the methods of active
shielding of the MF [4, 8, 9, 16-22]. However, they
require their development in relation to the MF which is
the subject of further research.

Conclusions.

1. Complex experimental investigations of the
distribution of the flux density of the external magnetic
field with frequency of 50 Hz, created by 42 typical urban
transformer substations (TS) with installed power from
100 kVA to 1260 kVA are performed for the first time. It
is shown that the flux density of the magnetic field in
nearby residential premises does not exceed the
regulatory level (0.5 uT), provided that the TS is removed
from residential premises over the distance of more
than 8 m.

2. A multi-dipole mathematical model for calculating
the external magnetic field of the TS is proposed and
experimentally justified making it possible to simplify the
calculation with a limited error (10 %) and having a clear
physical interpretation. The model is built on the basis of
dipole sources of the magnetic field, characterized by the
magnetic moments of independent elementary
microcontours d xa; into which all the linear sections of

three-phase current conductors of the TS with interphase
distance d are arbitrarily divided. The magnetic field at
the observation point distant by more than 2d (24;) is

defined as the superposition of the magnetic field created
by the magnetic moments of the -elementary
microcontours of all the linear sections of the TS current
conductors.

3.1t is theoretically substantiated and experimentally
confirmed that the greatest danger to public health is TP
built into homes that can create in a neighboring
residential area a magnetic field with the flux density of
1.5-7 uT, which is 3-14 times higher than the normative
level.

4. The methods of normalizing the external magnetic
field of the TS in residential premises are considered
based on the improvement of the TS design, the use of
external shielding (compensation) of the TS magnetic
field, and the prospects for the development of methods
for external active shielding of the magnetic field are
substantiated.
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FEATURES OF SELECTION OF CAPACITOR BANKS IN ELECTRIC NETWORKS
WITH INTERHARMONIC SOURCES

Purpose. Development of a methodology for selecting capacitor bank parameters designed to compensate for reactive power, if
there are sources of interharmonics in the electrical network. Development of a methodology for selecting the parameters of
capacitor banks that are part of resonant filters of higher harmonics and interharmonics. Methodology. For the research, we
used the decomposition of the non-sinusoidal voltage (current) curve into the sum of the harmonic components with frequencies
as multiple of the fundamental frequency - higher harmonics, and not multiple fundamental frequencies - interharmonics.
Results. Expressions are obtained for checking the absence of inadmissible overloads of capacitor banks by voltage and current in
the presence of voltage (current) in the curve, along with higher harmonics, of the discrete spectrum of interharmonics. When
selecting capacitor banks, both for reactive power compensation and for filter-compensating devices, the necessity of constructing
the frequency characteristics of the input and mutual resistances of the electrical network for analyzing possible resonant
phenomena is confirmed. Originality. The expediency of simplified calculation of the voltage variation at the terminals of the
banks of the capacitors of the higher harmonics filters and interharmonics due to the presence of the reactor in the filters is
substantiated. Practical value. The use of the proposed approaches will make it possible to resolve a number of issues related to
the choice of parameters of capacitor banks in networks with nonlinear loads, including: ensuring reliable operation of capacitor
banks when their parameters deviate from their nominal values, as well as deviations in the parameters of the supply network and
sources of harmonic distortion; ensuring the absence of resonant phenomena at frequencies of both higher harmonics and
interharmonics. References 10.

Key words: capacitor bank, reactive power compensation, filter-compensating device, higher harmonics, interharmonics.

Pazpabomana memoourka evibopa OGamapeil KOHOEHCAMOPOS, NPUMEHAEMBIX KAK 6 Kayecmee KOMREHCAMOPO8 PeaKmueHol
MOWHOCMU NPU HATUYUN UCHIOYHUKOE UHMEP2APMOHUK, MAK U 6 COCMABe PUIbMPOE EbICIUUX 2APMOHUK U UHMEP2APMOHUK.
Ilonyuenst éviparxcenus 0N NPOGEPKU OMCYMCMEUA HEOONYCHIUMBIX nepezpy30K damapeii KOHOCHCAMOopo8 N0 HANPAICCHUIO U
nO MOKy npu HAMU4YUU 6 KPUeou HanpaxyceHus (mMokKa), HapaAdy C 6LICUIUMU 2APMOHUKAMU, OUCKPEMHO20 CHEKmpa
unmepzapmonuK. O060CHO8aHA Ye1eco0OPAZHOCMb YNPOWEHHO20 YUemda USMEHEHUA HANPANCEHUA HA 3axcumax Oamapei
KOHOeHCamopose (uibmpos GviCUIUX 2APMOHUK U UHMEP2APMOHUK 3G CUEem HAIUYUA pPeakmopa 6 cocmage hunvmpog.
Hcnonvzoeanue npednoxceHHbIX NOOX0006 NO360AUM KOMNIEKCHO Peuiams pAo 60NpOCO8, CEA3AHHBIX C 6bIOOPOM NAPAMEMPO8
bamapeii KOHOEHCAMOPO8 6 INEKMPUYECKUX CeMAX C HeluHelHbIMU Hazpy3Kkamu. bubm. 10.

Kniouesvie crnosa: dGaTapesi KOHAEHCATOPOB, KOMIIEHCAIMS PEAKTHBHONH MOIIHOCTH, (PHIBTPO-KOMIIEHCUPYIOLIee YCTPOICTBO,

BbICHIME TADMOHUKH, HHTEPrapMOHUKH.

Introduction. Rational application of compensating
devices in power supply systems allows to reduce power
losses in the electric network (EN), to ensure the proper
quality of the consumed electricity due to the
normalization of voltage levels and, on the whole, allows
achieving high technical and economic performance of
electrical installations. Thus, the solution of the issues of
reactive power compensation (RPC) is one of the aspects
of both energy saving in EN and reliability of power
supply to industrial enterprises [1-4].

Some of the most commonly used in power supply
systems for various purposes of RPC devices are
capacitor banks (CB), as they have a number of
characteristic advantages: insignificant specific losses of
active power, absence of rotating parts, simplicity of
installation and operation, relatively low cost, low weight,
time of work, the possibility of implementing an
individual RPC [5, 6].

However, in modern EN there is a tendency to
increase the number and power of nonlinear electric
receivers. This is primarily a variety of frequency
converters, rectifiers, inverters, DC drives and other
semiconductor devices. Sharply varying loads are not
only sources of voltage fluctuations, but also harmonic
distortions of the current and voltage curves. In the
presence of higher harmonics (HG) in the voltage curve,
the aging process of the dielectric of capacitors proceeds
more intensively than in the case when the capacitors

operate at a sinusoidal voltage. This is explained by the
fact that the physicochemical processes in dielectrics,
which cause their aging, are significantly accelerated at
high frequencies of the electric field. Analogously, the
additional heating caused by the current of the HG current
is affected. Depending on the frequency characteristics of
the power supply systems, the CBs may be in a mode
close to the resonance of the currents at the frequency of
any of the HG [6-8]. Due to the overloads of the CB, they
fail in the HG current. It should be noted that, depending
on sources of distortion, a significant spectrum of
interharmonics (IG) can be generated along with the HG,
which, in accordance with the IEC standard, include
harmonic oscillations with frequencies not multiples of
the frequency of the supply network [6]. IG have a
negative influence on the power supply systems [9]. Thus,
the choice of CB parameters for non-sinusoidal modes
should consist in preventing resonance modes at both the
HG and IG frequencies and ensuring acceptable voltages
on the capacitors and their allowable current loading.
However, the question of the choice of CB parameters in
the presence of IG is insufficiently investigated.

The goal of investigation is the development of a
technique for selecting parameters of capacitor banks
used both as reactive power compensators in the presence
of sources of discrete spectrum of interharmonics, and in
the composition of higher and interhamonic filters.
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Statement of the main material. The technical
conditions for the operation of the CB provide for limiting
the excess of voltage and current above nominal values by
certain values of ¢, and ¢; (in fractions of nominal values).
So, according to international standards, capacitors must
withstand the increased voltage of the network, which
operates for a certain period of time. For example, the
EN-60831-1/2 Standard specifies the requirements
according to which at the industrial frequency the
capacitor must withstand a voltage of 1.1U,,, up to 8
hours per day. In addition, the capacitors must be
designed for continuous operation at current not
exceeding 1.37,,,,. Thus, the values of ¢, and ¢; are 1.1 and
1.3, respectively.

Then, if there are HG in the voltage curve a
condition of absence of unacceptable overload of the CB
by voltage [6]:

o0
2 2
Ulg+ Y Usca
n=2

<c,, 1
Unom,CB ! ( )

where Ucg is the voltage at the terminals of the CB at the
industrial frequency (main harmonic voltage), in
calculations it is allowed to use the nominal voltage of the
CB U,omcs as Ucp; n is the number of the harmonic
component; U,cp is the voltage of the n-th harmonic on
capacitors.

The condition for excluding unacceptable overload
of the CB by current:

o0
2 2
g+ Incp
n=2

<c

- 2
Inom,CB l ( )
where /¢ is the current of the industrial frequency in the
CB (main harmonic current), as in the case of voltage, it
is allowed in the calculations to use the rated current
Liomcr as Icp; I,cp is the current of the n-th harmonic
flowing through CB.
If the discrete spectrum of the IG is present in the
current and voltage curves, conditions (1) and (2) take the
following form:

; 3)

(4)

where k is the number of the harmonic component of the
voltage and current curves, respectively; 14 is the relative
frequency of the 4-th harmonic component (the value of
1 at some k can coincide with the relative HG frequency
n), U v,CB is the voltage of the v;-th harmonic on

capacitors; IkaB is the current of the w-th harmonic
flowing through CB.

For the practical application of the condition for the
absence of unacceptable overloads of the CB by voltage
and current, in the presence of a discrete spectrum of the
IG along with the HG, it is advisable to reduce it to the
following:

N
1 2
1+Uv2—ZUVkCB SCu, (5)
nom,CB k=1
Vi #l
1 ¥,
1+12—21ka3 <¢, (6)
nom,CB k=1
Vi #l

there N is the number of last harmonic taken into account.

In expressions (5) and (6), the number N should be
determined by the frequency range, where the harmonics
have the most significant amplitudes. In the general case,
the values of NV and vy will depend on the source of the IG.

Considering that the excess voltage at the terminals
of the CB is allowed up to a value of cu (not more than §
hours every 24 hours), and the permissible current
overload to the value ¢~=1.3; It is more convenient to
transform (5) and (6) to the following form:

N
2
Unom,CB 222 ZkaCB > (7
k=1
v #l

N
2
Lyom,cp 21.2 Z]kaB . (8)

Verification of the absence of resonant modes during
the operation of the CB connected to a network with non-
sinusoidal sources can be performed by analyzing the
frequency characteristics of the corresponding EN.
Frequency characteristics of EN can be obtained both
experimentally and by calculation. The method for
calculating the resonant modes in EN involves the
construction of a circuit for replacing the network under
consideration, determining the parameters of the
replacement circuit at harmonic frequencies and
calculating the frequency characteristics of the input and
mutual resistances (or conductances) of network nodes at
harmonic frequencies [10].

On the basis of the obtained replacement scheme, a
matrix of nodal conductivities of the EN at the frequency
of the n-th harmonic is formed:

Yl 1n Yl2n Ylmn
Hin T )

Yyn _ 1n n mn ' )
len Ym2n Ymmn

Each of the diagonal elements of this matrix
corresponds to a specific node of the system and is equal
to the sum of the conductivities of all branches directly
connected to this node. The off-diagonal elements are
equal to the conductivities of the corresponding branches
connecting the given pair of nodes taken with the minus
sign. In the absence of such branches, the off-diagonal
element is assumed to be zero.
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The input resistance of the EN on the side of the
node with the number i at the frequency of the n-th
harmonic can be found as [10]

Z. =n (10)
where D, is the determinant of the matrix of nodal
conductances (9) at the frequency of the n-th harmonic;
A, 1s the algebraic complement of the determinant D,,.
Mutual (transfer) resistance of the i-th and j-th nodes
of the EN at the frequency of the n-th harmonic is
Al“
_ “ljn
Zijn = D, (11)
where 4;, is the algebraic complement of the determinant
D,.

Algebraic complements 4;;, and 4;;, can be found as
Aiin = Dyjp; (12)

Aijn = (_1)[+J Dljn s (13)
where D;;, is the minor obtained from the determinant D,
deleting the i-th row and the i-th column; D, is the the
minor obtained from the determinant D, deleting the i-th
row and the j-th column.

At frequencies corresponding to the frequencies of
the resonances of the currents, the values of the input and
mutual resistances of the nodes will tend to infinity (if the
active resistances are neglected). At resonances of
currents, a relatively small harmonic current, whose
frequency coincides with the resonance frequency, causes
considerable stresses at the network nodes (due to large
input and mutual resistances of the nodes). This leads to
the flow of significant currents in the branches of the
network and the overload of the CB.

Due to the fact that changes in the EN occur in the
frequency characteristics of the input and mutual
resistances caused by changes in the resistance of the
mains power, the capacities and modes of the connected
loads, and possible switchings in the circuit, it is
necessary to take into account these factors and determine
possible ranges of changes in the resonance frequencies.

The approach taken to the choice of CB parameters
used for RPC is also valid for the selection of the CB that
are part of the filter-compensating devices (FCD) used to
reduce the voltage nonsinusoidal and, at the same time,
the RPC.

The presence of the reactor in the composition of the
filter changes the voltage at the terminals of the CB by a
value that depends on the frequency of the filter setting v
[6],

(14)
where U, is the linear (phase) voltage of the electric
network; a, is the voltage change coefficient.

Without account of the active resistance of the filter
circuit

Ucg =a,Ugy,

V2

V2 —1.
Since all elements of the filter circuit have active

resistance (terminals of capacitors, reactors, bus bars,
cables, etc.), then taking into account the active

(15)

CIV:

resistance, the voltage change coefficient is determined by
the expression [6]

2
vTIge,
av = L 5

\/tgz(pr (vz —1)2 +1

where 1gp. = x,/R; x, is the filter reactor’s resistance
depending from the resonant condition; R, is the total
active resistance of the filter circuit.

The ratio x,/R,is the O of the contour. Thus, we can
write g, = Q. For the FCD of the HG 0>10 [10],
according to the investigations carried out for the FCD
IG, especially installed in the low-frequency band, the
inequality 0>10 is also satisfied.

Calculations have shown that the determination of
the coefficient a, from expression (15) gives an error in
the direction of increase, in comparison with the
coefficient a, determined by the expression (16), by not
more than 1 % at 0=10, with the exception of the range
0.55 < v<0.7. In the indicated range, the maximum error
for v=0.7 is 1.9 %. As the quality factor increases, the
error decreases significantly. So, for example, even at
0=20, the error of calculating a, from expression (15) for
all frequencies entering the possible zones of the FCD IG
unit is less than 1 %.

Thus, when choosing the nominal voltage of the CB
of the IG filters, the coefficient a, should be determined
in accordance with (15). In this case, a slight
overestimation of the rated voltage is possible, which is
preferable from the point of view of reliable operation of
the CB filters when they are detuned.

Taking into account the expressions (5) and (14), the
condition for the absence of an unacceptable overload of
the CB of the FCD tuned to the frequency v, by voltage:

(16)

N
2,2 1 2
aykyy +——— D Uy cp <¢, =11, (17)
nom,CB k=1
v #1

U

rae ky = en

nom,CB
The CB current /¢ is proportional to the voltage on
the bank Uz, therefore we can write [10]
Icp = yom,caky - (18)
Substituting (18) into (6), after the transformations,
we obtain the condition for the absence of an
unacceptable overload of the CB of the FCD by current:

N
a’ky +2; SIiep<g=13. (19

nom,CB k=1

v #1
Conclusions. When choosing capacitor banks for
both reactive power compensation and filter-
compensating devices, it is necessary to build the
frequency characteristics of the input and mutual
resistances of the electrical network for analyzing
possible resonant phenomena, both in the node with the
source of the interharmonics, and in all other nodes of the
network. When building frequency characteristics, it is
necessary to take into account the active resistances of the
elements of the electrical network, which have
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a significant effect on the impedance at resonance of
currents.

When choosing the parameters of the filter capacitor
banks, a complex solution of a whole range of issues is
necessary including ensuring their reliable operation when
the parameters of both the filters themselves and the
power supply network are disturbed, sources of harmonic
distortion from nominal ones; the absence of resonant
phenomena at the frequencies of both higher harmonics
and interharmonics. The solution of these questions
requires: calculation of the spectral composition of the
currents of the sources of higher harmonics and
interharmonics, rational selection of the zone(s) for the
installation of the filter-compensating device, as accurate
as possible calculation of the actual frequency of the filter
adjustment and the possible range of its deviations.
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