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M.1. Baranov

AN ANTOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 31: PORTRAIT OF THE KHARKIV PHYSICIST ALEXANDER
ILYICH AKHIEZER

Purpose. Description in the short form of the basic distinguished scientific achievements, features of personality and way of life of
the known Kharkiv theoretical physicist A.1. Akhiezer. Methodology. Existent scientific approaches for treatment and systematiza-
tion of physical knowledges. Methods of historical method at research of development in human society of basic sections of theo-
retical physics. Results. Short information is resulted about the basic creative and vital stages, and also fundamental scientific
achievements of the indicated prominent physicist of the 20™ century. Some personal qualities of this Kharkiv theoretical physi-
cist, becoming a founder known in the world of physical school are described. Originality. First the Kharkiv scientist-electro-
Pphysicist for the wide circle of readers imagined a short scientifically-historical essay the known physicist of contemporaneity,
being based on his scientific works and published materials about him. Practical value. Scientific popularization of creative activ-
ity of the known Kharkov physicist and his achievements in area of theoretical physics. Next reminder a wide reader on the ex-
ample of creative life in science and got prominent scientific results of works of one human personality known in the scientific

world about incessant in modern society connection of times and generations. References 33, figures 10.
Key words: history, physics, Kharkiv region, distinguished scientific achievements.

Ilpueeden Kpamkuit nayuno-ucmopuueckuil ouepk 06 uzgecmnom usuke-meopemure Xapokosuwunvl — akaoemuxke AH YCCP
(HAH Yxkpaunwst) Axuezepe A.H. u e2o0 svloaiouemcsn exnaoe 6 muposyio gusuueckyio nayky. buon. 33, puc. 10.
Kniouesvie cnosa: ucropus, pusnka, XapbKOBIIHHA, BbIIAOLINECS HAYYHbIE T0CTHKEHHUS.

Introduction. In [1] the author has described
portraits of eminent physicists of the «high-brigade» of
the Ukrainian Physico-Technical Institute (UPTI) — A.K.
Walter, K.D. Sinelnikov, A.l. Leypunsky and G.D.
Latyshev, which largely can be called experimental
physicists, rather than theoretical physicists. Of course,
such a highly conditional approach to the division of
experimental physicists, theorists and commentators not
diminish the role of the aforementioned legendary
Kharkiv scientists in the development of many theoretical
problems in the field of nuclear physics, accelerator
technology, high-energy physics and plasma technology.
To achieve at the UPTI world-class scientific results from
the beginning of the organization in our country, this new
generation of this Physics Institute (1928) in its structure
for the first time in the Soviet Union was specifically
highlighted the theoretical division or structurally
organized during the craze in the 1930s the so-called
«theoretical brigade». The credit for the structural
formation of such a purely theoretical division in UPTI
belongs to its first director, the future Academician of the
Academy of Sciences of the USSR (1958), Ivan
Vasilyevich Obreimov (1894-1981). Thefirst head of the
theoretical division of the UPTI in the period 1928-1931
was the famous Soviet physicist Dmitri Dmitrievich
Ivanenko (1904-1994), the world's first proposed in 1932
by the proton-neutron model of the nucleus of an atom of
matter [2, 3]. In the period 1932-1937 theoretical
department of the UPTI was headed by talented Soviet
physicist and future Nobel Prize winner in Physics (for
1962) Lev Davidovich Landau (1908-1968) [2, 4, 5].
After moving L.D. Landau to Moscow (1937), where he
became head of the Theoretical Department of the

Institute of Physical Problems (IFP) of the USSR
Academy of Sciences (director of the IPP - the world-
famous scientist, Academician of the Academy of
Sciences of the USSR and the future winner of the Nobel
Prize in Physics (1978) Petr Leonidovich Kapitsa (1894-
1984) [4]), the theoretical department of the UPTI since
1938 was headed by his pupil, Ph.D. and the future
Academician of the Ukrainian SSR Academy of Sciences
Alexander Ilyich Akhiezer [2]. Note that at the UPTI in
1941 and the second theoretical department was created,
headed by a Prof. and future Academician of the USSR
Academy of Sciences Ilya Mihailovich Lifshitz (1917-
1982) [2]. Employees of these theoretical divisions
«shoulder to shoulder» in close scientific and industrial
contacts with employees of all other departments UPTI
effectively solved defined by on their decision-making
bodies of the Soviet country complex scientific and
technical problems in domains of priority areas of nuclear
and experimental physics having mostly special (secret)
character. «Pure» science staff of the UPTI theoretical
departments were engaged only after the decision of the
immediate tasks for the scientific support of the Institute
carried out design development and manufacturing on
their basis in the «metal» planned legislative solutions
products. Using the form of a brief historical sketch of
scientific and, to the best of their knowledge and physical
abilities epistolary try to «draw» a multi-faceted portrait
of the outstanding domestic theoretical physicist A.IL.
Akhiezer (Fig. 1) which became one of the brightest
legends of Kharkiv.

© M.I. Baranov
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Fig. 1. Outstanding Soviet and Ukrainian physicist, Doctor of
Physical and Mathematical Sciences, Prof., Academician of the
Ukrainian Academy of Sciences (NASU), Honored Scientist of

Ukraine, laureate of State Prize of Ukraine in the field of science
and technology Alexander Ilyich Akhiezer (1911-2000) [7]

The main stages of the life and career of the
Kharkiv physicist. Born Akhiezer A.l. on October 31,
1911 in the city of Cherikov, Mogilev province (now
Belarus), then part of the co-becoming of the Russian
Empire, the son of a country doctor Ilya Alexandrovich
and Natalia Grigirievna Akhiesers [6]. In 1934 he
graduated from the energy department of the Kiev
Polytechnic Institute, and after examination of interview
on the knowledge of physics and mathematics at the
captious L.D. Landau began working at the Theoretical
Department of the UPTI. In 1936, A.l. Akhiezer (Fig. 2)
successfully defended his PhD thesis on the study of the
scattering of photons on photons at high frequencies (low
frequencies for the physical event on the scattering «of
light in the world» was considered much earlier
prominent German physicists Leonard Euler (1707-1783)
and Werner Heisenberg (1901-1976) [8]), and became
Candidate of Physical and Mathematical Sciences. This
scientific task in front of him was placed by his
supervisor, the head of the Theoretical Division of the
UPTI, Prof. L.D. Landau. By the way, A.l. Akhiezer was
the third physicist, who passed to L.D. Landau
«Theoretical minimum» (two examinations at special
mathematics and seven examinations in the main sections
of theoretical physics [4, 5]). The first physicist who
passed to L.D. Landau «Theoretical minimum» was
Kompaneets Alexander Solomonovich (1914-1974), and
the second one - Eugene Mikhailovich Lifshitz (1915-
1985) which in the future became famous Soviet
theoretical physicists [6, 9]. Next, the reader's attention
should be paid to worked in the 1930s at the same with
Al Akhiezer Theoretical Department of the UPTI
(period 1935-1937) Hungarian Laszlo Tisza (see Fig. 2),
graduated in 1928 from the Gottingen University
voluntarily come to work in one of the best in Europe at
the physical science centers - UPTI and became in 1960 a
professor of physics at the Massachusetts Institute of

Technology (USA). Namely American survivor, Prof. L.
Tisza turned to the history of development in science and
technology UPTI the last of the witnesses of the turbulent
time for UPTI 1930s and acting in it scientific, historical
persons [7, 10].

“:mﬂ' e o5 L T i
Fig. 2. Candidate of Physical and Mathematical Sciences A.I.
Akhiezer (left) and in the future the famous American physicist

Laszlo Tisza (1907-2009) - employees of the theoretical
department of the UPTI led by talented theoretical physicist
Doctor of Physical and Mathematical Sciences, Prof. Landau
(Laboratory building of the UPTT at the old institute site on the

Tchaikovsky Street, 1936, Kharkiv) [7, 10]

At the end of the 1930s at the center of scientific
interest of Akhiezer A.lL is the interaction of ultrasound
with crystals. In 1938 he obtained a kinetic equation for a
gas of quasiparticles in crystals. He developed the kinetic
energy theory of sound absorption in dielectrics and
metals. Designed they sound energy absorption
mechanism in the crystals obtained in physics called
«Akhiezer absorption mechanism» [6, 8, 11]. In 1940,
A.l. Akhiezer on this subject successfully defended his
doctoral thesis, and in 1941 became a Professor at
Kharkiv State University (KSU) named after V.N.
Karazin [11]. In the period 1936-1990 he taught at the
Kharkiv State University named after V.N. Karazin, and
in the period 1951-1964 — at the Military Radio
Engineering Academy [11] In 1940 he founded the
Department of Theoretical Nuclear Physics at the Physics
and Mathematics Faculty of KSU named after V.N.
Karazin and headed it until 1975. In the period of the
military evacuation of the UPTI (1941-1943) to Alma-Ata
(Kazakhstan) in parallel with the main work as the head
of the Theoretical Division of the UPTI-FTI (the period
1938-1988) he was a part-time teacher at the Kazakh
Mining Institute [11]. In the period 1944-1952 he was at
the invitation of Academician Igor Vasilievich Kurchatov
as a seconded by UPTI-PTI worked in Moscow in a
special laboratory Ne2 (now RRC «Kurchatov Institutey)
to solve physical problems in the framework of the
Atomic Project of the USSR [12]. As we can see, he,
unlike his older brother, mathematician Naum Ilyich
Akhiezer (1901-1980) [13], did not refused from the
incoming suggestions from his scientific leader of this
grand-scale problems to be solved and the investment of
scientific and technological project, the outstanding
Soviet scientist and organizer of science 1.V. Kurchatov.
In view of the come declassification in Russia and

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.2



Ukraine many works of the period 1940-1950s. by this
secret superproject [3] and the appearance in the press and
on the Internet a lot of information about them, now we
can say that one of the important tasks of problem that
can be solved in the «Moscow period» of work of
Akhiezer A.l. (Fig. 3), was the problem of the scattering
of «slow» neutrons in crystals [14]. This task Akhiezer
Al has solved together with the talented Soviet
theoretical physicist and future academician of the
Academy of Sciences of the USSR Isaak Jakovlevich
Pomeranchuk (1913-1966), also worked in the 1930s at
the Theoretical Department of the UPTI under the
leadership of the legendary Soviet theoretical physicist
L.D. Landau [4]. The importance of the physical problem,
successfully solved by Akhiezer A.l. and Pomeranchuk
I.Ja.,, may indicate that it was impossible without the
solution to develop and create a right to the USSR as a
well-functioning nuclear reactor to produce plutonium-
239 (nuclear explosives Nel), and the use of uranium-235
nuclear technology (nuclear explosives Ne2) for the first
Soviet atomic bomb [3, 14]. In addition, they (A.L
Akhiezer, I.Ja. Pomeranchuk) regardless of the
outstanding Italian theoretical physicist, Nobel Prize
winner in Physics (for 1938) Enrico Fermi [4] established
the possibility of using certain crystalline materials (e.g.,
ultrapure graphite [4, 8]) «cold» neutrons, developed the
theory of neutron refraction (the term «refraction» comes
from the Latin word «refractus» — «refracted» [15]) and
the neutron absorption theory in homogeneous solid
media [14]. Some of the results of these studies included
in their joint scientific monograph «Some problems of the
theory of the nucleus» (1948) awarded in 1949 of the
prize named after L.I. Mandelshtam of the USSR
Academy of Sciences [14].

k] Py
Fig. 3. Doctor of Physical and Mathematical Sciences, Prof. A.IL.
Akhiezer at his office of the Head of Department of Theoretical
Physics of the UPTI (in the short days of arrival from Moscow
to «furlough» with family and the staff of the Institute), resumed
his permanent work after the difficult years of war and military
evacuation in Alma-Ata (1946, UPTI-PTI, Kharkiv) [7]
Combining up to 1952 work at the UPTI-PTI (in its

theoretical department and organized in 1945 on the
initiative of the supervisor of the Atomic Project of the
USSR, Academician of the USSR Academy of Sciences
L.V. Kurchatov, under the supervision of the director of
the institute, Doctor of Physical and Mathematical
Sciences, Prof. Kirill Dmitrievich Sinelnikov [1] special
Laboratory Nel, existed in UPTI-PTI to 1950) and the
Moscow special laboratory Ne2, led by the legendary 1.V.
Kurchatov and dedicated exclusively to the problems of
the Soviet Atomic Project, A.I. Akhiezer extends the
«field» of his scientific activity. It was to include quantum
electrodynamics and elementary particle physics, nuclear
physics and the theory of linear accelerators, solid state
physics and magnetism, plasma physics, magnetic
hydrodynamics and the theory of the interaction of
charged particles with crystals [14]. Using materials of
current Internet communications [6, 9-12, 16] and a
number of scientific papers by Akhiezer A.l. [17-27]
indicate some of them received personally and together
with his favorite pupil (Fig. 4) the fundamental results in
the specified areas of physics for many years during their
theoretical studies.

Main scientific achievements of the Kharkiv
Physics. Scientifically known in the USSR and abroad to
Doctor of Physical and Mathematical Sciences, Prof.,
Academician of the Ukrainian Academy of Sciences A.lL
Akhiezer brought his theoretical developments in the
fields of physics mentioned above. Formulate in a
compressed form based on published material [6, 9-12,
16-27] basic scientific achievements he received during
the 1930-1990s in the field of modern physics:

e The problems of the scattering of high-energy
photons on photons (quantum-physical scattering of
«light on light» for the high frequencies) and coherent
scattering of photons on atomic nuclei are strictly solved
(co-jointly with I.Ja. Pomeranchuk, 1936-1938);

e He developed basics of a new kinetic theory of
sound absorption in solids («Akhiezer absorption
mechanismy, 1938);

e The processes of dispersion and absorption of the
«slow» neutrons crystal substances are investigated (co-
jointly with I.Ja. Pomeranchuk, 1944-1947);

e He predicted (regardless of the unknown to him then
results by E. Fermi) the possibility of obtaining stable
nuclear experiments in nuclear reactors and «cold»
neutrons (1944-1947);

e He introduced a new concept of magnons (spin-
wave quanta) in ferrodielectrics and considered their
interaction with phonons and with each other (1946);

e He predicted by calculations the electron cyclotron
resonance, which is important in physics (co-jointly with
L.E. Pargamanik, 1947);

e He developed the theory of resonant nuclear
reactions and the theory of diffraction of the scattering of
charged particles by atomic nuclei (co-jointly with I.Ja.
Pomeranchuk, «Akhiezer — Pomeranchuk model», 1948-
1949);

e He determined the terms of evolutionary and
sustainability criteria of MHD waves in the medium
(together with G.Ja. Lyubarskii and R.V. Polovin 1948);

e He theoretically predicted exponential growth of the

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.2 5



fluctuations in the plasma by an electron beam (together
with Y.B. Feinberg, «beam plasma instability», 1949);

e He has made a significant contribution to the
development of the theory of electromagnetic shock
waves in plasma (1949);

e He theoretically predicted splitting diffraction
deuteron (nucleus of heavy hydrogen - deuterium contains
one proton and one neutron [8, 15]) (together with A.G.
Sitenko, 1955);

e He predicted theoretically effect of the magnet
acoustic resonance in the material recognized in the
USSR as a scientific discovery Ned6 with priority of 1956
and confirmed experimentally (together with V.G.
Baryakhtar, S.V. Peletminskii, 1956);

e He Initiated research in the Soviet Union in the new
Soviet scientists to the field of physical problem tasks by
electronic acoustics (1956);

e He developed the theory of absorption of ultrasound
energy in metals, insulators, and magnetic crystal
substance (together with GY. Lyubarskii and M.IL.
Kaganov, 1957);

e He studied by calculations the scattering of
electromagnetic waves on plasma fluctuations (together
with A.G. Sitenko and 1.G. Prokhoda, 1957);

e He built a refined theory of relaxation and kinetic
processes in magnetically ordered crystals of substances
(1959);

e He has made significant scientific contributions to
the theory of linear accelerators of electrons and heavier
particles - protons and ions (co-jointly with Y.B.
Feinberg, N.A. Khizhnyak, G.Y. Lyubarskii, K.D.
Sinelnikov and A.K. Walter, 1950-1960-s);

e He has developed a number of theories of quantum
electrodynamics, and based on these calculated radiative
corrections for a number of quantum electrodynamic
effects in the interaction of elementary particles of high
energy (together with R.V. Polovin, 1963);

e He calculated the number of the electromagnetic
characteristics of hadrons (elementary particles subject to
strong physical impact - baryons and mesons [8, 15]), and
summarized the quark model of the structure of
elementary particles based on electromagnetic processes
(together with M.P. Rekalo, 1964);

e He developed the theory of scattering of pions
(elementary particles that have a mass of about 270
electron masses of peace and non-carriers of nuclear
forces of interaction in the material [8, 15]) in the matter
of nuclear material (jointly with I.A. Akhiezer, 1964);

e He studied theoretically the radiation processes of
channeled electrons and positrons in crystals of a
substance (with N.F. Shul’ga and V.F. Boldyshev, 1974-
1982);

e He developed the theory of quantum electrodynamic
effects of interaction of particles in crystals of a substance
(with N.F. Shul’ga).

™ o - i ‘.._“_

Fig. 4. Academician of the Ukrainian Academy of Sciences A.L
Akhiezer (second from left) with his students, Doctors of

Science and future Ukrainian academics in the field of

theoretical physics during a discussion of obtained solution of

important physical problem (from left to right: V.G. Baryakhtar,
S.V. Peletminskii and K.N. Stepanov) (1960, UPTI-PTI,

Kharkiv) [28]

That is the main course, and not quite complete list
of significant physical achievements to the world-society
scientific results of academician of Ukrainian Academy of
Sciences (NASU) Akhiezer A.I. for many decades his
active creative work in relevant areas of modern physics
mentioned above. Formulated here in a concentrated form
of outstanding scientific achievements and merits of Prof.
A.l. Akhiezer (Fig. 5) to our countries, the national
science and higher education were awarded the following
honorable marks of distinction and high state awards [6,
9, 14]:

e Medal «For Valiant Labor in the Great Patriotic War
of 1941-1945 (1945);

e Prize named after L.I. Mandelshtam of the USSR
Academy of Sciences (for the book «Some Problems in
Nuclear Theory», 1949);

o Order «Badge of Honor» (1954);

e Election of Corresponding Member (1958) and
Academician of the Academy of Sciences of the
Ukrainian SSR (1964);

e Two Orders of Red Banner of Labor (1971 and
1981);

e Prize named after K.D. of the Academy of Sciences
of the Ukrainian SSR (for a cycle of works «High-
frequency relaxation processes in magnetic materialsy,
1978);

e USSR State Prize in Science and Technology (for
the work «The discovery and study of dynamic
phenomena associated with phonon interactions in
magnetic crystals», 1986);

e Honorary title «Honored Worker of Science and
Technology of Ukraine» (1986);

e Diploma of the Presidium of the Supreme Soviet of
the Ukrainian SSR (1991);

e Prize named after N.N. Bogolyubov of the NAS of
Ukraine (for the series of works «The quantum and
stochastic evolutionary system in perturbation theoryy,
1995);

e Order of Ukraine «For Merits» I1I-rd (1996) and II-
nd (1999) degrees;

e International ITEP prize named after IJa.
Pomeranchuk of the Russian Academy of Sciences
(1998);
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e Prize named after A.S. Davydov of the NAS of
Ukraine (for the series of works «The interaction of high-
energy particles with nuclei and crystals», 2000);

e State Prize of Ukraine in the field of science and
technology (2002, posthumously).

Fig. 5. Academician of the Ukrainian Academy of Sciences A.I.
Akhiezer in thoughts on the complex issues of domestic physical
science, ways of its survival and future development in the
current conditions (1970, KhPTI, Kharkiv) [7]

Kharkiv scientific school of theoretical physics.
Academician of the Ukrainian Academy of Sciences
(NASU) Akhiezer A.I. became the founder of the Kharkiv
school of physics internationally recognized [11, 14, 28].
He paid great attention to the preparation of highly
qualified personnel. As part of this scientific school under
the scientific guidance of Akhiezer A.L. theoretical
physicists have been successfully protected more than 72
Candidate and 33 Doctor theses [9, 11]. Representatives
of this famous law school have been published in leading
scientific journals of the USSR, Ukraine and abroad
hundreds of scientific articles and dozens of monographs.
Let us discuss some of these publications. So, the first
scientific monograph published by A.l. Akhiezer in 1948
at the insistence of Academician I.V. Kurchatov, was the
book «Some Problems in Nuclear Theory» (co-authored
with [.Ja. Pomeranchuk). In 1953, by A.l. Akhiezer
important book «Quantum Electrodynamics» (co-written
with V.B. Berestetskii) was published. It was the first
monograph, summarized the lessons in this experience of
the world The cutting area of physical science. It has been
translated into many languages and reprinted many times.
In addition, A.I. Akhiezer personally and co-authored
with his students and colleagues published the following
monographs on current topics [6, 9, 11]: «Spin Waves»
(together with V.G. Baryakhtar and S.., Peletminskii,
1968); «Electrodynamics of plasmay» (co-authored with
ILA. Akhiezer, R.V. Polovin, A.G. Sitenko and K.N.
Stepanov, 1974); «The course of general physics.
Mechanics and molecular physics» (co-authored by L.D.
Landau and E.M. Lifshitz, 1969); «Methods of Statistical
Physics» (co-authored with S.V. Peletminskii, 1977);
«Electrodynamics of adrons» (co-authored by M.P.
Rekalo, 1977); «Biography of elementary particles» (co-

authored by M.P. Rekalo, 1983); «Electromagnetism and
electromagnetic waves» (co-authored with [.A. Akhiezer,
1985); «Fields and fundamental interactions» (jointly
with S.V. Peletminskii, 1986); «Nuclear Physics» (1988);
«Electrodynamics of nuclei « (co-authored with A.G
Sitenko and V.K. Tartakovsky, 1989); «The theory of
fundamental interactions» (in collaboration with S.V.
Peletminskii, 1993); «From the rays of light to the
colored quarks» (co-authored with J.P. Stepanovski,
1993); «Electrodynamics of high-energy matter» (co-
authored with N.F. Shul’ga, 1993); «Nuclear Theory»
(co-authored with Yu.A. Berezhnoj, 1995); «Introduction
to the theory of the multiplier systems (reactors)» (co-
authored with I.Ja. Pomeranchuk, 2002), and others.

A number of students of Akhiezer A.I. became
academicians and corresponding members of the
Ukrainian SSR Academy of Sciences (NASU) [2, 6,
11]: V.G. Baryakhtar, D.V. Volkov, E.A. Kuraev, S.V.
Peletminskii, A.G. Sitenko, N.F. Shul’ga, Yu.B.
Feinberg, P.I. Fomin, K.N. Stepanov, etc. We also
point out the fact that at present Academician of the
National Academy of Sciences of Ukraine Victor
Grigirievich Baryakhtar (see Fig. 4) leads the Institute
of Magnetism, National Academy of Sciences of
Ukraine (Kyiv), Academician of the National Academy
of Sciences of Ukraine Nikolai Fedorovich Shu’lga -
Institute for Theoretical Physics named after A.lL
Akhiezer of the NSC «KhPTI» NAS of Ukraine
(Kharkiv), created on January 31 1996 on the basis of
Presidential Decree of 23 June 1993 [2, 29]. The name
of Academician of NASU A.I. Akhiezer to the Institute
for Theoretical Physics - ITF) was awarded the
corresponding resolution of the Cabinet of Ministers of
Ukraine in 2003.

Numerous students, the scientific community of the
KhPTI-UPTI and leading universities of Kharkov, which
is one of the largest centers of education and science of
Ukraine, warmly welcomed the outstanding theoretical
physicist of our time, academician of Ukrainian
Academy of Sciences (NASU) Akhiezer A.l. in the
jubilee celebrations of its 60th, 70th and 80th birthday,
continued to actively work in the workplace (Fig. 6, 7)
[30, 31]. Fig. 8 sealed with friends on the life and work
together, theoretical physicists KhPTI, Academy of
Sciences of the Ukrainian SSR A.I. Akhiezer and D.V.
Volkov, has done much for the formation of the
Kharkov school of theoretical physics, the development
of physical science in the USSR and Ukraine and to
strengthen their defense capability [9].
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Fig. 6. Science master, Academician of the Academy of Sciences
of the Ukrainian SSR A.I. Akhiezer accepting congratulations
from colleagues on the day of celebration of its 70th anniversary
and the solemn meeting on this important for the scientific
community of the anniversary event of the Academic Council of
the KhPTI (October 1981 KhPTI, Kharkiv) [7]

Fig. 7. Academician of the Ukrainian Academy of Sciences
Akhiezer A L (right) at a meeting of the Academic Council of the
KhPTT accepts congratulations on the occasion of his 70th birthday
(anniversary address to his teacher presents his talented student-
Academician of the Academy of Sciences of the Ukrainian SSR
Baryakhtar V.G. (left), October 1981, KhPTI, Kharkiv) [ 28]

=

Fig. 8. Kharkiv theoretical physicists, academicians of the Academy
of Sciences of the Ukrainian SSR Akhiezer A.l. (left) and Volkov
D.V. (right) in their office at the KhPTI laboratory building on the

old site of the Institute on the Tchaikovsky Street during discussion

materials of a new problem task (1991, Kharkiv) [7]

After retiring to the well-deserved retirement home
and rest, Alexander Ilyich, despite his practical blindness
in the late 1990s (made surgery his vision is not saved),
thanks to a clear mind, his technical secretary while her
own daughter Zoya Alexandrovna Spolnik constantly
supported human and scientific contacts with his native
ITF NSC «KhPTI» of the National Academy of Sciences
of Ukraine (above all, with his faithful disciples, and who
became well-known scientists — S.V. Peletminskii, N.F.
Shul’ga and K.N. Stepanov) [28, 32]. Fig. 9 shows one
such case involving Academician of the NASU A.L
Akhiezer at the KhPTI in the celebrations on the occasion
of the 90th anniversary of the birth of Lev Davidovich
Landau [28].

Fig. 9. Academician of the National Academy of Sciences of

Ukraine A.I. Akhiezer at a meeting of the Academic Council of

the KhPTI shares his memories of the great theoretical physicist
of our time, and his teacher Lev Davidovich Landau, 90-year
anniversary of the birth of which were dedicated to the solemn
gathering data Institute of scientific and technical community,

universities and Kharkiv as a whole (January 1998, KhPTI,

Kharkiv) [7]

Features of the personality and lifestyle of the
Kharkiv physicist. American theoretical physicist, Prof.
L. Tisza (1907-2009) who worked in the 1930s together
with A.l. Akhiezer at the theoretical department of the
UPTI, headed by then L.D. Landau, in his memoirs of
2001 as one of the «old» witness of our hero-scientist
noted after-following [10]: «... He has kept the tradition
of LD Landau in both quality and breadth of applications
in all areas of theoretical physics. L.D. Landau, obviously
proud of them. « Remembering his teacher, academician
of Ukrainian Academy of Sciences (NASU) A.L
Akhiezer, its talented students, academicians of the
NASU V.G. Baryakhtar (born in 1930) and S.V.
Peletminskii (born in 1931) said [28, 33]: «... He was a
wonderful teacher, he was a teacher who knew all of
physics, he was strict and demanding teacher, and he
loved us as his children.» Alexander Ilyich disciples often
commemorated [28]: «... We have to work as hard and
very carefully considered presentation of the results. It is
necessary to carefully choose the place of their
publication. Must be able to listen to criticism of
opponents. « He was considerate to their employees (Fig.
10), defended their leading lights in all offices and able to
appreciate them. He constantly planted them the
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following principles of scientific research [28]: «7o
master a new research technique. Have the courage to
abandon their results, even if you have already received
the approval of the classics of natural science. Be able to
appreciate the discussions with colleagues. « Teaching at
KSU-KNU named after V.N. Karazin and the Military
Radio Engineering Academy Alexander Ilyich was a holy
thing throughout his life. By teaching activities and he
drew his venerable pupils [28]. He loved the young
student and loved to lecture for it [16, 28].
Communication of A.I. Akhiezer with students always
gave him considerable pleasure. In the circle of
colleagues, he stuck to the rigid position of principle [28]:
«.. If you do not like students, you have to throw a
teaching job immediately. It is impossible to assert itself
on the students. It is immoral». Alexander Ilyich was a
demanding teacher of high school. It is extremely
transparent and available to explain complex material to
their students. He said that it is necessary to explain the
material [16]: «... In the workers and peasants, so that the
proletariat was clear.» He loved a good joke and humor.
Jokes have been a part of his lectures. This scientist made
his memorable lecture. He believed that «sometimes it is
necessary to give a student a break from the note-taking,
so you must do in the lecture breaks the story of a joke or
a story of life» [16]. Used in its vocabulary a long time
memorable utterances [16]: «What field is quantized, still
get ... zerol» Too good for students and colleagues
Alexander Ilyich was not.

Fig. 10. One of the last photos of lifetime of Academician of the
NASU Akhiezer A.IL on his birthday, October 31, 1999, made in
the work on the site of the old office of the scientist at the
KhPTI, Tchaikovsky Street (from left to right: A.P. Rekalo, N.F.
Shul’ga, A.A. Yatsenko, L.N. Davydov, A.l. Akhiezer, Z.A.
Spolnik - daughter of Alexander Ilyich Akhiezer, L.G .
Zazunov, S.V. Peletminskii, K.N. Stepanov and A.N. Akhiezer -
son of mathematician Naum Ilyich Akhiezer) [7, 28]

He «did not suffer any falsehood, sometimes he was
ready to literally crush the interlocutor. Usually good-
natured — Akhiezer  was  able to  demonstrate
uncompromising-ness and stiffness « [16]. Careerism
Alexander Ilyich never differed. An important finishing
touch to his portrait is that he «never tried to be sure to
enter themselves in the co-authors of the work and did not
go on the necks of graduate students» [16]. He was
interested not only in physics. He was interested in any
achievements of scholars of natural sciences. He showed
great interest in the biographies of famous scientists
around the scientific world. Alexander Ilyich knew

Russian and foreign classical literature. He loved and
highly appreciated classical music [16]. His favorite work
in the field you specified earlier for the urgent and
complex society for the study of modern physics sections
was the main purpose of the whole of his long life and
successful scientific work. According to the memoirs
mentioned just above close to him in the human spirit of
his favorite students, academics [28, 33]: «... He never
engaged in advertising their work, their results «never
puffed out his cheeksy, and could not stand people who
«inflatey cheeks. He never betrayed the interests of
science, education, interests, and, of course, friends. «
Friends, colleagues, relatives were with him - this
outstanding  Ukrainian  scientist-physicist and a
remarkable man to his last breath, and physical presence
in our earthly life.
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COMPONENTS OF TOTAL ELECTRIC ENERGY LOSSES POWER IN PQR
SPATIAL COORDINATES

Purpose. To obtain relations determining the components of the total losses power with p-q-r power theory for three-phase four-
wire energy supply systems, uniquely linking four components: the lowest possible losses power, losses power caused by the reac-
tive power, losses power caused by the instantaneous active power pulsations, losses power caused by current flowing in the neu-
tral wire. Methodology. We have applied concepts of p-q-r power theory, the theory of electrical circuits and mathematical simu-
lation in Matlab package. Results. We have obtained the exact relation, which allows to calculate the total losses power in the
three-phase four-wire energy supply system using three components corresponding to the projections of the generalized vectors of
voltage and current along the pqr axis coordinates. Originality. For the first time, we have established a mathematical relation-
ship between spatial representation of instantaneous values of the vector components and the total losses power in the three-phase
four-wire energy supply systems. Practical value. We have elucidated an issue that using the proposed methodology would create
a measuring device for determining the current value of the components of total losses power in three-phase systems. The device
operates with measuring information about instantaneous values of currents and voltages. References 15, tables 1, figures 3.

Key words: energy supply system, p-q-r power theory, the minimum possible losses, total losses power, Matlab-model of the
three-phase energy supply system..

Lens. Ilenvio cmamou asnaemca noayuenue COOMHOUIEHUI 0N OnPedesIeHUA COCIMAGNAIOWUX CYMMAPHOT MOWHOCIMU NOMePD
C UCROIb308AHUEM P-(-F MEOPUU MOWHOCIU 01 MPEXPAZHBIX UeMbIPEXNPOGOOHBIX CUCIMEM IIEKMPOCHADNHCEHUA, 00HO3HAUHO
CBAZBIGAIOUUX UemblPe KOMNOHEHMbL: MUHUMATILHO 603MOMNCHYIO MOW(HOCHIL ROMEPL; MOWIHOCIbL NOMEPb, 00YC1061EHHYIO
PeaKmueHoii MOUHOCIBIO; MOWHOCHb ROMEPD, 00YC08EHHYI0 RYIbCAUUAMU MCHOGEHHOU AKMUGHOI MOUHOCHIU; MOUWHOCHD
nomepbv, 00yC061EHHYI0 RPOMEKAHUEM MOKA 8 HY1e60M npoeode. Memoouka. /[na npoeedeHus uccied08anuil UCnOIb306a1UCH
NnON0XMCEHUA P-g-I MeopUU MOUWHOCIU, MeopUs IeKmPUiecKux yeneii, mamemamuueckoe modenuposarnue ¢ nakeme Matlab.
Pezynomamut. Ilonyueno mounoe pacuemmoe coommuouienue, no36oal0uee paccyumams CyMMapHylo MOUHOCMb nOmeps 6
mpexghaznoii uemuvlpexnpoeooHoll cucmeme I1eKMPOCHADHCEHUA Yepe3 MPU COCMABAIOuUE, COOMBENCMEYIOUiUEe NPOEKUUAM
0000UieHHBIX 6EKMOPO8 MOKA U HANPANCEHUA HA OCU pqr cucmembl Koopounam. Hayunas noeusna. Bnepevie ycmanoenena
Mamemamuieckan c6a3b Mexicoy RPOCMPAHCIMEEHHBIM GEKIMOPHBIM NPEOCHABIeHUEM MZHOGEHHDIX 6e/IUYUN U COCMAGNAIOU|U-
MU MOUWHOCHU CYMMAPHBIX NOMEPbL 8 MPEXPA3HBIX UembIPEXNPOBOOHBIX cucmemax rnekmpocuaoycenus. Ilpakmuueckoe 3na-
yenue. Hcnonvzosanue npeonoiceHnoil MemoouKu no36071UN CO30amo UIMEPUMENbHBLI NPUOOD 018 OnpedenieHus meKyuiezo
3HAYEHUA COCMAGNAIOUAUX MOWHOCIU CYMMAPHBIX NOMEPL 6 MPEXPasHvIX cucmemax, ONePupyouwiuil UsmMepumenbHou uH-
dopmauueii 0 menogennbIX 3HAUEHUAX MOKO6 U Hanpaxcenuil. bubi. 15, Tabn. 1, puc. 3.

Kniouesvie cnosa: cucreMa 371eKTPOCHAOKEHHUsl, P-¢-r TeOpPUs MOLIHOCTH, MMHHMAJbLHO BO3MOXKHbIe IIOTE€PH, MOLIHOCTH
CyMMapHbIX notepb, Matlab-mone/b Tpexda3Hoii cucTeMbl 31eKTPOCHADKEHH .

Introduction. The development of the modern
theories of instantaneous active and reactive power in
1983, 1984 [1, 2] has allowed experts in the area of
electrical engineering to change their views on such
concepts as «reactive power», «apparent powery,
«unbalance power», «distortion power» [1-5]. On the
basis of new theories the active filter control devices
methods for energy supply systems (ESS), using the
conversion of spatial coordinate systems were further
developed, which opened up new directions and was the
development of power -electronics. The developed
theories, operating with spatial vectors of currents and
voltages, among which are the p-q theory, improved p-q
theory of power, i;-i, method, cross-vector theory and p-
g-r theory of instantaneous power [6-9], inspired the
creation of conversion system control algorithms with
near to unity power factor. [10] The principal possibility
of the energy efficiency increasing of the ESS with
nonlinear consumers at the connection of the power active
filter (PAF) is shown [6, 10, 11, 15]. Currently there is no
completed general theory linking the losses of electrical
energy in the ESS with the provisions of the modern
theories of instantaneous active and reactive power.
Improving the energy efficiency of energy supply systems
by PAF measures for specific operation modes solves a
number of practical problems, such as determining the

need for and the installation location of the power
compensator, the creation of active power filter control
algorithms, ensuring the work of distributed energy
supply systems with the highest possible efficiency.

The goal of the paper is to develop the principles of
the modern theories of instantaneous active and reactive
power and to obtain calculation relations for determining
the components of the additional electrical energy losses
power in three-phase ESS by wusing pqr spatial
coordinates.

An equivalent circuit of the three-phase ESS with
PAF. The complex branched power supply system circuit
of low and medium voltage consumers may be
represented as a simple equivalent circuit shown in Fig. 1.
The three-phase sinusoidal voltage source Source through
line Line with resistors R, is connected to the load unit
Load which can include resistors, reactors, capacitor
banks, nonlinear elements, current and voltage sources.
The resistance of the neutral conductor is taken into
account by the resistance R,. If we take into account that
the source and the load can operate in symmetric and
unbalanced modes, then at the unidirectional flow of
energy in the ESS from the source to the load may be 96
different variants of combinations of parameters «source-
load» system, in which there are additional losses [13].

© G.G. Zhemerov, D.V. Tugay
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In the equivalent circuit (see Fig. 1) line inductance L, is
moved into the load, which is generally a reasonable
assumption and facilitates further analysis of the ESS. In
the unit load connection point parallel to the PAF is
connected, the power circuit of which is an autonomous
PWM inverter on transistor-diode modules, with the
capacitor bank in the DC link. To monitor the status of the

Us

E ==

ESS and generating control actions in the circuit
according to Fig. 1, sensors of currents and voltages are
used, by which the phase voltages at the terminals of the
connection source ug,, Uy, U, the phase voltages at the
load connection terminals wu;,, U, Uz, as well as the
phase load currents i;,, i, i;. and power compensator i,
ip, ice are measured.

ﬁLoad
fol iLa LS
- ) fW\_ —
b -~ Ib fﬁéi(_\_ —-—H
ULb Bt @
ULe ILe Ls _®_
C A~ _®_
TicaTicb Ticc n N L” q_i‘[’”
[
————iy L
L.) 7L Load
s

PAF

Fig. 1. An equivalent circuit of the three-phase ESS with PAF

When the switch SA is opened phase load currents
are equal to the corresponding source phase currents.

The measured instantaneous values allow at any
time to obtain information on the value of the
instantaneous active power and the instantaneous reactive
power. The first one is defined as the scalar product of
two spatial vectors of voltage and current of the three-
phase ESS presented, for example, in a coordinate system
a, b, ¢, and the second one is the vector product of the
same vectors:

ps =liis|-[i]-cosg, (1
. R 9sa
qs =usxig =\ qgp | =
dsc ; ()
T
_ Usp U . Use Usa . Usq Ugh
ib ic ic ia ia ib
where
ﬁS =liugy Jugp k”sc]T (3)

is the spatial vector of the network voltage in the coordi-
nate system a, b, c, f,]’,k are orts of directions by the
axes a, b, ¢ of the coordinate system;

?:[Zia Ji Eic]r (4)
is the spatial vector of current in the coordinate system
a, b, c.

Components of the additional energy losses
power in three-phase ESS. In the absence of the three-

phase ESS of calculated reactive power and constant in
time instantaneous active power schedule the system is
operating with the highest possible efficiency. The value
of the highest possible efficiency is determined by the
ratio of the power of three-phase resistive short circuit Py,
to the average calculated in the repetition time period,
useful active load power P, [13]:

11
nmax_z"" Z_E, (5)
where
P,
ko = =S¢ 6)
Pusf

The indicated condition

=0 AP, =const,

P puls usf )

q=0,
is performed in the ESS with symmetrical three-phase
source and symmetrical resistive load. Violation of
condition (7) leads to a rise in the ESS of additional losses
power

APy = ARyin + AFq4 » (®)
where AP, is the minimal possible losses power deter-
mined by the relation (5); AP,u is the additional losses
power.

In [13] following the adoption of a number of
assumptions an universal calculation ratio determined the
power of total losses as the sum of four components,
presented in parts of useful active power P, was obtained
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Apz* = APmin* X
2 2 ., 9)
X (1 + +P )+ AP
QRMS* PpulsRMS* n* Pusf = const
where
2
APpuls* = Almin* - PpulsRMS* (10)

is the relative component of power additional losses due
to the variable component of the instantaneous power of
the three-phase ESS, P, srus+ is the relative mean-square
value of the variable active power component calculated
in the repetition time period;
2

APy = APpins - ORpss (11)

is the relative component of the power of additional losses

due to the instantaneous reactive power of the three-phase
ESS, Ogus+ is the relative mean-square value of the

module of the reactive power vector |(j| calculated in the
repetition time period;
APn ~ RS t+T.2
A (2
Bag TP |
is the relative losses power in the neutral conductor,
calculated in the repetition time period 7, due to the
current 7, flow.

Check of the formula (9) on a specially created
mathematical model showed the high accuracy in
determining the total losses power for three-phase three-
wire ESS in a symmetrical three-phase operation mode of
the three-phase source. Using the formula (9) for four-
wire ESS under certain combinations of parameters leads
to considerable error arising from the lack of accounting
(9) the mutual influence of the electromagnetic processes
in the phase conductors and the neutral conductor.

In [14] it was proposed the refinement of the
formula (9) by introducing an additional fifth component
of the power of the additional losses power due to the
mutual influence of the electromagnetic processes in the

phase wires and the neutral wire of the three-phase ESS,
AP mut*

AP = (12)

AP

APZ'* = P Z = min* +Appuls* +
usf
(13)

+ AP« + AP« + AP,
7 " mut By = const

The indicated way could minimize the error of
calculation of the total losses power for four-wire ESS,
however the calculation algorithm become more
complicated, and any practical difficulties in the use of
the adjusted ratio arose.

Representation of power components of
additional losses of the three-phase ESS in pqr spatial
coordinates. The greatest opportunities to extract
components of the instantaneous losses power and
components, requiring compensation in three-phase four-
wire systems are presented by the p-q-r theory of
instantaneous active and reactive power [9]. The
mathematical apparatus of p-q-r theory, described in
detail in the literature, is associated with a spatial
transition from the Cartesian coordinate system abc to the

pqr system. Transformation of coordinate systems is
carried out in two stages: generalized spatial vectors of
voltages and currents from the abc coordinate system
using the direct Clark Transformation matrix are
transferred to a fixed spatial afj0 system:

211
2 2
u u
ua _ |2, 0 ﬁ _ﬁ . uSa (14)
AE 2 2 || %)
73 U
T
11
ia b é jg iLa
ig =3 0 - -5 Z:Lb . (15)
o) 1
G T

followed by a transition from aff0 coordinate system into
a rotating coordinate system pqr.

i Uug ua I/Iﬁ iO
r 1 Ugpotp  UgpoUa || .
lq = 0 - la > (16)
i Ugpo Uop Uap i
g ugty  totp |V
Ugp ———
L uaﬁ uaﬂ ]
where
uaﬂ0=1/u§+u%+u§ , (17)
uaﬁ=1/u§+u% . (18)

In the symmetrical mode of the three-phase source
of the four-wire ESS the system pqr allows to extract four
components of the instantaneous power:

PAV +ppuls ip—+ip~
qq SUp- Iy > (19)
qr Iy
where
2 2 2
U, =Ugpy = Uy =|Uy UG +Uy =
p = "ap s aHp (20)

= uﬁ +u13 +u3 = const

is the module of the voltage space vector, which in pqr
coordinates coincides with the direction of the axis p; P,y
and p,,; are, respectively, the constant calculated in the
repetition time period, and the variable components of the
instantaneous active power of the ESS; i,  and i, are,
respectively, the constant and variable components of the
projection of the generalized space vector of the current
on the p-axis of the pqr coordinate system; g, and ¢, are,
respectively, the instantaneous reactive power with
respect to r-axis and g-axis.

Transfer of electrical energy from the source to the
load with the least possible losses causes a DC component
of the instantancous active power, the other three
components generally to be compensated. Exclusion from
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the system of the variable component of the instantaneous
power will allow compensating amplitude asymmetry of
network currents. Exclusion from the system of reactive
power by the g-axis current will permit compensating the
neutral wire. Exclusion from the system of reactive power
by the r-axis will permit compensating the phase angle
between the corresponding phase voltages and currents.

We express additional losses power components in
the pqr coordinates. The total losses power in the three-
phase four-wire ESS by the equivalent circuit (see Fig. 1)
can be represented by two components:

Aps = Apg+ Ap, =i* Ry +i2 R, 1)
where Ap, and Ap, are respectively, the instantaneous

losses power in the three-phase line and instantaneous
losses power in the neutral wire;

izz[iﬁ i7 if]rz[if, i7 if]r

is the square of the network current module;
Iy =1, +ip+i,

(22)

(23)
is the instantaneous value of the zero conductor current.

Let us consider the case when the resistance of the
zero conductor equals to the resistance of the line wire

R,=R,. (24)

In the symmetric mode of the source the neutral
conductor current in the pqr system can be expressed
from (15) through the projection of the resulting current
vector on the r-axis in accordance with the fact that the -
axis of the rotating pqr coordinate system is fixed and
coincides with the direction of the axis 0 of the coordinate
system af0:

i, =~3"i . (25)
Then substituting (22)-(25) into (21) we obtain
Aps =Ry -\in +ig +4-i7 ). (26)

Expressing projections of currents in the prq system
through the respective power (19) and passing to relative
units, the ratio can be written to determine the relative
total instantaneous losses power in the coordinates pqr

1
Apz*:—-(p$+q,2*+4-q§*). 27
kSC
or for the average, calculated in the repetition time period,
value

1 (52 2 2
APsx = . (PRMS* +Orrms +4- Oqrus+ ). (28)
SC
Thus, the relative total losses power in the pqr
coordinate system can be represented by the sum of three
components corresponding to the losses power by each of
the coordinate axes

Apz'*:APp*-FAPq*-FAPr*. (29)

Let us compare the relation (28) with the previously
obtained relation (13). The square of the RMS active
power value by the p-axis of the pqr coordinate system
can be decomposed into two components

2 2 2 2 0
Pivis» = Piy»+ Ppusgaas» = (14+ AP+ ) + Poyyjon (30)

The coefficient, which expresses the ratio of the
power of the resistive short circuit of the three-phase ESS,
can be determined by the relative power of the minimum
possible losses

1 AP, s
k—=—m“_‘ > 31
sc (1+APm1n*)

The square of the modulus of the vector of the
relative RMS reactive power

2 2 2
Orums* = Oqrums* + Qrrums - (32)
Relative average losses in the neutral wire
3-Ogruts+
> = —Z . (33)

sc

Substituting (30)-(33) to (28) and calculating the
roots of a quadratic equation, we can write the ratio to
calculate the relative total losses power through the
components adopted previously

1+ AP2. —\/ (1 —APn%in*)z —4- AP i %
2 M APmln*

Z‘*
(34)

*+APq*+APn*'(1+APmiH*)2)
2. 4P,

The exact calculation expression (34) with a slight
error may be replaced by a simplified relationship

x (AP puls

ik Fg = const

APZ*:APmin*+APpulS*+APq*+
(3%5)
2
+ AP« -1+ AP : .+
i i) PB,qy = const.

Comparing (35) with (13) proposed earlier allows us
to express additional fifth component, due to the mutual
influence of the electromagnetic processes in the lines and
the neutral conductor,

2
APmm* ZAPn* '(Apmin* +2'Apmin*)' (36)
We write the relations expressing the components of

additional losses power of the universal equation, through
the relevant components in the pqr coordinates

AP
APQ*:(1+APmm*)2-(Ag*+ 4q j (37)

2
APpuls*:(1+APmin*) 'APP*— (38)
— APpie-(1+ AP w + AP + 4B, P
3
APy == AR, (39)
3 2
APmut* = Z . (APmin* +2- APmin*)' APq* . (40)

Components of additional losses power by the
universal  relation (37)-(40) in the coordinate
representation (28) depend on the lowest possible losses
power, which in its turn is a function of the active
resistance of the line. Due to the fact that the
measurement of resistance in the line is difficult to
implement real-time task, we express the lowest possible
losses power through the instantaneous values of currents
and voltages measured according to Fig. 1. Substituting
equation (31) to (28) and performing the transformations,
we obtain the formula for the calculation of the relative
power of the minimum possible losses
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2
AP - qur* —2-APsx —\/qur* —4-APsx -qur* 41
min* — 7. APZ* n( )
where

(42)

The relative power of total losses can be determined
by the instantaneous values of currents and voltages,
measured in accordance with Fig. 1, or by projections on
the p-axis of generalized spatial vectors of currents and
voltages in the pqr coordinate system:

t+T

AP+ =% I((ipL +ip0)'”ps ~ipL UpL }h 3
t

where 1, i, are respectively projections on the p-axis of
the pqr coordinate system of generalized space vectors of
the load current and compensator current; u,,, u,; are re-
spectively projections on the p-axis of the pqr coordinate
system of generalized spatial vectors of the network
voltage and the voltage at the terminals of the load
connection.

With the principles of the p-q-r theory of
instantaneous active and reactive power, as well as the
relations (37)-(43) the total losses power in the ESS can
be extracted into separate components, describing the
universal calculation expression (13). In order to take
advantage of the proposed method it is enough to have
information about the instantaneous values of currents
and voltages measured in the ESS using PAF.

The increase reserve of the ESS efficiency when
PAF connecting. The economic efficiency of PAF

2 2 2
qur* = PRMS* + QFRMS* +4- QqRMS* .

connection from the point of the reduce of losses power in
the ESS will be achieved when the total losses power in
the ESS after connecting of the compensator will be
smaller than before its connection
APon* < Apz* . (44)
If after connecting PAF the active load power
remains unchanged, then the inequality (44) can be
represented as

APC* + APsaf* < APadd* , (45)

where AP+ is the power of losses, required to maintain
the voltage on the capacitor of the DC link of the PAF
above peak value of the network voltage; AP, is the
losses power of the power compensator.

Define the maximum possible effect of increasing
efficiency by adopting the ideal compensator and useful
power unchanged before and after the connection of the
PAF. Fig. 2 shows a Matlab-model of the equivalent
circuit of a three-phase ESS with PAF, with
characteristics corresponding to the circuit of Fig. 1. The
model consists of a power circuit, voltage and current
sensors, measurement subsystem, subsystem of the ESS
mode setting, the subsystem of total losses power
components calculation, and virtual instrumentation. The
Matlab-model permits investigating the operation of the
three-phase ESS in 96 indicated variants in which
additional losses can arise. For the modelling a three-
phase four-wire ESS with symmetrical three-phase
voltage source at R, = R, was selected. The parameters of
the model’s elements: k,, = 5 + 30; U, =311.13 V; f, =
=50 Hz; P,= const = 400.1 kW.

- {usag o
Discrete, = —] T
powergui E "r S )
[uss> = SUM1 | 1.118&'-005
"_':@ fy " YYN r-.i_i!J. —AAA— o] L
Usa = {isbb) Ra o5 ] Rla ] dPsum _.
+ =] bm - v
e = ®| DA PN )
[usb> | ——
LD, e 1 | Y 1, A aPa - [_000654
qu ' R o | PN
> <upc | 4 Vl-’@
s, | dpn [-»{_00w8]
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Fig. 2. A Matlab-model of the equivalent circuit f the three-phase ESS with PAF
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As an example we consider three separate factors of
the arising additional losses in the ESS:
1. Symmetrical active-reactive load. We
@ =20°.
2. Asymmetrical resistive load. We accept the active
resistances of three phases of the load

accept

R, :kla Ry,
Rpp=kp- Ry, 46)
R, :klc Ry,

k2, + k2, + k2, =3,
k[a = 1, k]b = 13, k]c =0.5568.

3. Symmetrical nonlinear load. We accept the current
of the phase A

i, = Zik = Z U—m~sin(n-.9),
kel neaia (R Ry)
k=1,2,3...18.

Six modes of the ESS were taken to summarize the
simulation results corresponding to the combination of
three of indicated factors:

Mode 1 — symmetrical active-reactive load.

Mode 2 — asymmetrical resistive load.

Mode 3 — symmetrical nonlinear load.

Mode 4 — asymmetrical active-reactive load.

Mode 5 — symmetrical mixed (active-inductive and
nonlinear) load.

Mode 6 — asymmetrical nonlinear load.

Using this model, the total losses power components
by the universal formula (13) and in the pqr coordinates
(29) were calculated. And the results of the calculation for
the six modes adopted, in percentage terms, are
summarized in Table 1.

The Table 1 shows that in these modes the
greatest contribution to the total losses power two
components make: component of the additional losses
power due to the instantaneous reactive power, and the
components of additional losses power due to current
flow in the neutral wire.

Fig. 3 shows a reserve for increasing the efficiency
for the considered six modes of operation of the ESS: a
large area of the zone of the increase of efficiency, bathed
in a dark color in the Figure, corresponds to more favorable
technical and economic conditions when using the PAF.
The economic feasibility of the PAF use increases for the
ESS, where several factors leading to additional electric
power losses can simultaneously take place. As an example
of such ESS municipal networks at the level of individual
consumers Or consumer groups can serve.

Conclusions.

1. A technique of representation of components of total
losses power in three-phase ESS based on the use of the
pqr theory of instantaneous active and reactive power is
substantiated. According to the proposed technique the
total losses power can be represented as the sum of three
components AP, AP, AP« defined by the projections
of generalized spatial vectors of current and voltage on
the axis of the pqr coordinate system.

2. Using spatial coordinate transformations of p-q-r
coordinates of the theory of instantaneous active and

(47)

reactive power, an exact relation (34) is obtained, taking
into account the four components of the total losses
power: power of the lowest possible losses; additional
losses power due to the instantaneous reactive power;
additional losses power due to fluctuations of the
instantaneous active power; additional losses power due
to the current flowing in the neutral wire.

3. Comparison of the exact calculation relation (34)
with the previously proposed universal formula (15) made
it possible to determine the fifth component of the
additional losses power due to the mutual influence of
electromagnetic processes in the lines of the three-phase
ESS and the neutral wire.

4. The method of calculating the additional
components of the total losses power is determined. The
method based on the use of measuring information about
the values of instantaneous current and voltage in the ESS
with PAF. Using this method will allow developing a
measuring device that registers the components of the
losses power at the current time, the scope of which may
be associated with the development of mode control
algorithms of the ESS with minimal losses of electric
energy.

5. The method of determining the reserve of the
increasing the efficiency of the ESS at using PAF to
substantiate the economic efficiency of its installation is
proposed.
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Results of determination of components of the total losses power

Table 1

Components of the total losses power by the universal formula

In the coordinates pqr, %

ke APs (13), %
APpins/ APs+| AP/ APs+ |APpyi+/ APss| AP,s/ APss |APyn/ APss| AP/ APsx | APg+/ APgs | AP,s/ APy«
Mode 1
5 | 0.4792 79.71 16.60 0 0 3.72 91.32 0 8.69
10 | 0.1514 83.89 15.79 0 0 0.00 87.58 0 12.43
15 10.09199 84.12 15.75 0 0 0.00 86.43 0 13.57
20 | 0.0662 84.18 15.74 0 0 0.00 85.89 0 14.12
25 10.05172 84.22 15.72 0 0 0.00 85.56 0 14.44
30 |0.04245 84.24 15.71 0 0 0.00 85.35 0 14.65
Mode 2
5 | 0.4465 85.55 4.32 2.64 2.64 4.87 95.10 3.52 1.38
10 | 0.1559 81.47 5.89 2.67 7.58 241 87.81 10.10 2.10
15 10.09752 79.35 6.44 2.65 9.81 1.73 84.64 13.07 2.28
20 |0.07126 78.20 6.74 2.63 11.06 1.35 82.89 14.75 2.36
25 10.05621 77.50 6.92 2.62 11.85 1.11 81.64 15.79 2.40
30 |0.04644 77.00 7.04 2.61 12.39 0.94 81.05 16.52 2.43
Mode 3
5 | 0.5046 75.70 10.29 0.15 4.81 9.06 89.79 6.41 3.79
10 | 0.1801 70.53 12.12 0.14 13.04 4.19 77.40 17.39 5.19
15 | 0.1141 67.82 12.62 0.13 16.52 2.94 72.65 22.02 5.37
20 | 0.084 66.34 12.86 0.12 18.39 2.27 70.07 24.51 5.40
25 10.06655 65.46 12.99 0.12 19.58 1.84 68.50 26.07 541
30 |0.05514 64.85 13.10 0.12 20.37 1.55 67.43 27.20 541
Mode 4
5 | 0.6077 62.85 23.33 1.87 1.74 10.21 86.05 2.32 11.64
10 | 0.1902 66.78 22.13 2.05 6.47 2.55 76.08 8.63 15.27
15 | 0.1185 65.30 22.26 2.00 8.67 1.71 72.11 11.55 16.30
20 | 0.08644 64.47 22.32 1.97 9.92 1.31 70.06 13.22 16.72
25 |0.06816 63.91 22.36 1.95 10.72 1.07 68.76 14.29 16.96
30 | 0.0563 63.52 22.38 1.93 11.27 0.89 67.87 15.03 17.10
Mode 5
5 | 0.5046 75.70 9.45 1.05 4.81 9.00 90.25 6.41 3.35
10 | 0.1801 70.53 11.35 0.96 13.04 4.14 78.01 17.39 4.59
15 | 0.1141 67.82 11.89 0.91 16.52 2.89 73.27 22.02 4.74
20 | 0.084 66.34 12.15 0.88 18.39 2.22 70.70 24.51 4.77
25 10.06655 65.46 12.31 0.86 19.58 1.79 69.12 26.09 4.78
30 |0.05514 64.85 12.42 0.84 20.37 1.50 68.04 27.20 478
Mode 6
5 | 0.5663 67.45 11.07 3.53 5.72 12.24 88.49 7.62 3.89
10 0.2 63.51 13.10 2.87 15.42 5.09 74.25 20.56 5.17
15 | 0.1266 61.12 13.61 2.58 19.23 347 69.07 25.63 5.32
20 | 0.0931 59.86 13.85 2.44 21.21 2.64 66.36 28.27 5.35
25 | 0.0737 59.11 13.98 2.35 22.43 2.13 64.74 29.88 5.36
30 |0.06102 58.60 14.07 2.29 23.24 1.78 63.63 30.99 5.37
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Fig. 3. Reserve of the increase of the efficiency of the three-phase four-ware ESS:
a — in the mode 1; b — in the mode 2; ¢ — in the mode 3; d — in the mode 4; e — in the mode 5; f— in the mode 6
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LOW-FREQUENCY MAGNETIC FIELD SHIELDING BY A CIRCULAR PASSIVE LOOP
AND CLOSED SHELLS

Purpose. To analyze the shielding factors for a circular passive loop and conductive closed shells placed in a homogeneous low-
frequency magnetic field. Methodology. We have obtained simplified expressions for the shielding factors for a circular passive loop
and a thin spherical shell. In addition, we have developed the numerical model of a thin cubical shell in a magnetic field, which al-
lows exploring its shielding characteristics. Results. We have obtained dependences of the shielding factors for passive loops and
shells on the frequency of the external field. Analytically determined frequency of the external magnetic field, below which field
shielding of a passive loop is expedient to use, above which it is advisable to use a shielding shell. References 10, figures 4.

Key words: shielding factor, magnetic field, circular passive loop, thin shell.

Ilposeden cpasnumenvuwvlit ananu3 IPpgexmusnocmu IKPAHUPOSAHUA OOHOPOOHO20 HUZKOUACHIOMHO20 MAZHUMHOZ0 NOJA
INEKMPONPOGOOAUUM KOTILUOM U 3AMKHYmMbIMU obonoukamu. Ilonyuenst ynpowennsie gpiparxcenus onsa ighexkmusnocmu K-
PAHUPOSAHUA MAZHUMHO20 NOJA INEKMPONPOGOOAUWUM KOAbUOM U MOHKOCMEHHOIU chepuueckoii obonoukoii. Pazpabomana
YUCNIEHHAA MOOelb MOHKOCMEHHOU KyOuuecKkoii 000104KY 6 MAZHUMHOM NOJIe, NO3607IAI0UAA UCCTIE006AMb €€ IKPAHUPYIouiLe
xapaxkmepucmuxu. Ilpueedensvt 3asucumocmu 3Ppphekmusnocmu IKPAHUPOCAHUA KONBYUOM U 3AMKHYMBIMU 000N0UKAMU OM
YACMOmbl 6HEUIHE20 NONA. AHaTUMUYECKU Onpeoenena Yacmoma 6HEUIHEZ0 MACHUMHO20 NOJIA, HUMCE KOMOPOU O IKPAHUDO-
6aHUA NOJIA UENECO0OPA3HO UCNONDB306AMD INEKMPONPOCOOAUIee KObYO, 6bluie KOMOPOIl Yenecoo0pasHo ucnoib3oeams 3amK-
Hymyio 060n0uKy. bubn. 10, puc. 4.

Kniouegeie cnosa: 3p(peKTHBHOCTH SIKPAHMPOBAHUS, MATHUTHOE T10J1€, 3JIEKTPONPOBOJsiIee KOJIbI0, TOHKOCTEHHasl 000/104Ka.

Introduction. Negative effect of the magnetic field
(MF), in particular the low-frequency magnetic field, on
the human health [1] as well as limitations on levels of
MF in which the stable operation of modern equipment is
guaranteed [2] require reducing values of magnetic flux
density to accepted ones.

Let’s consider a problem of the homogeneous low-
frequency MF mitigation in a local domain. Shielding
systems are divided into passive and active by the way of
power supply. In some works [3, 4] there is proposed to
use systems of active shielding for the MF mitigation in
the local domain. However, in this work the consideration
will be limited by passive electromagnetic shielding. To
reduce the external MF in the local domain the electro-
magnetic shields are manufactured as thin closed shells
and usually they have shape of a box or a cylinder with
equipment located inside them [5-9]. In [9] there was pro-
posed to use a circular passive loop for the low-frequency
MF shielding. In [10] an expression for the shielding fac-
tor was written more exactly, and radius of the domain
within the circular passive loop in which it is recom-
mended to place equipment was determined.

The goal of this work is to compare shielding prop-
erties of the circular passive loop (see Fig. 1,a) and thin
closed shells (see Fig. 1,b,c) at various frequencies of the
external MF as well as to determine a criterion of utiliza-
tion of one or another shielding element.

|

AZ z A Z
I, Iz, I

a b c

Fig. 1

o7

At the analysis shells of cubic and spherical shapes
are considered. A shielding shell has the spherical shape

seldom but frequently closed shields of various shape can
be approximately substituted by a spherical shield of the
equivalent volume in such a way that three coordinate
dimensions of the substituted shield approach to the di-
ameter of spherical one [5].

The MF shielding by a circular passive loop.
Shielding factor SF is the ratio of the RMS value of the
external magnetic flux density to the RMS value of the
magnetic flux density at the utilization of the shield. Let’s
assume that a circular passive loop of the radius »; with a
round cross-section of the radius 7, is placed in the homo-
geneous low-frequency MF (see Fig. 1,a). The loop’s
plane is oriented perpendicular to the external MF, and
the magnetic flux density complex amplitude is

By =e,- By, where By is the external MF amplitude, e,

is the ort. The frequency of the external MF is f, Hz.
Then, the shielding factor for the circular passive loop
[10] in the sighting point (7, z) equals to

SF = 5o G
\/‘BO +Bcoil 2 4 Bcoil 2
z r
where

y 2 2 2
peoil_ Ho L _{rl -z -E(k)+K(k)},

) 27z\/(rl+r)2+22 (h-rf+2

. 4 2 2 2
Bfollz /uO]Z |:r] +r2+22 E(k)—K(k):| )

271'r\/(1f1+r)2+22 (n=r)+:z

are components of MF created by the inducted in the pas-
sive loop current; the complex amplitude of the current is

1 By

=
IUO Z_lnﬁ_}_j. 1

2
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are complete elliptic integrals of the 1" and the 2™ kind,

4nr
(+r)f+z
cient; o is the loop’s conductivity, S/m; uo = 47107 H/m
is the magnetic constant; j is the imaginary unit.

As it was shown in [10], if 7 is the passive loop ra-
dius then it is useful to limit the shielding domain located
in its central part by a sphere of radius /2. The shielding
factor SF is a function of the sighting point coordinates.
Minimal SF takes places on the shielding domain’s bound

respectively; k= is the numerical coeffi-

2

on the circular loop’s axis: SF,,; = SF(V =0,z= ;—lj .

Using (1) we obtain the final expression for the circular
passive loop’s shielding factor:

167r kY4 7_1 81”1
125 5[

2
(Llnsnj . %
4 n o fors

The MF shielding by a conductive spherical shell.
A problem of the MF determination within a thin conduc-
tive spherical shell placed in the homogeneous low-
frequency MF (see Fig. 1,b) is considered in [5]. In this
work the calculation of the shielded MF is carried out at
the following assumptions. Firstly, the shell thickness d
is supposed to be much less than the MF penetration
depth to the conductor J. Secondly, the thickness d is
supposed to be much less than the shell radius R. At these
assumptions the MF within the shell is homogeneous, and
the shielding factor equals to

SF,

coil =

o)

Kad.
SF, s(phirgn ) (3 )

where K = kR and k = / JHo2mf o-+i2 are the nondi-
R

mensional coefficient and the coefficient with dimension-
ality m™, respectively; o is the spherical shell conductiv-
ity, S/m. In (3) the spherical shell relative permeability is
assumed to be equal 1.

For the considered in the present work dimensions
and frequencies the following relation takes place: J<<R.
Considering the expansion of the second member of (3)
by the small parameter J/R, we obtain the expression for
the shielding factor for the conductive spherical shell
placed in the homogeneous low-frequency MF:

2
2rfoRd
SFyphere = J 1+(%] . 4)

The MF shielding by a conductive cubic shell.
Analytical calculation of the MF within a conductive cu-
bic shell placed in the external MF (see Fig. 1,c) is very
difficult. Therefore, it is useful to use the numerical mod-
eling. Because of the exciting field is low-frequency, the
MF is described by the equation obtained from the Am-

chkd, +—- (K+£j~shkdg
3 K ‘

pere's circuital law in quasi-static approach:
) = —J Mo 27?f0;1(i), )
A3 o,

where Z(i),/?l(e) are complex amplitudes of the vector

potential of the electromagnetic field inside and outside
the cubic shell’s walls, respectively; o is its conductivity,
S/m. In (5) the cubic shell relative permeability is as-
sumed to be equal 1.

To «link» solutions of the system (5) it is necessary
to set conditions on the interface of the air region and
conductive shell’s walls:

A= A,
rot(z(i)j _ mt( g(e)) ’ ©)

where the index 7 indicates that tangential for the interface
vectors components are taken.

On the calculation region’s bound the MF is sup-
posed to be undisturbed, and the magnetic potential is set
to equal to

Ax:_y'BO/Z’
AyZ.X‘Bo/Z, (7)
A, =0,

where x, y are coordinates of the point on the calculation
region’s bound. For the correct utilization of (7), the cal-
culation region’s dimension is selected much more that
the cubic shell edge.

The described problem is solved by the Finite Ele-
ment Method using the software package COMSOL Mul-
tiphysics. To solve the problem, the interface «Magnetic
Fields» which is a part of the «4C/DC Module» was used.
This interface permits to model processes described by
the equations (5). Building the 3D model for the option
«Space Dimensiony, the variant «3D» was set. In all do-
mains the mesh «Free Tetrahedral» was used, and within
the cubic shell walls the mesh was finest.

Input parameters of the model are the amplitude B,
and the frequency f of the external MF, the conductivity o,
the edge length a, and the walls thickness d,. of the cubic
shell. The calculation result is the distribution of the RMS
value of the magnetic flux density B,,(x,y,z).

The cubic shell placed in the homogeneous MF

EO =¢,- By is shown in Fig. 2. The MF frequency is
equal to 150 Hz. The borders of the cubic shell are shown
by a dashed line. The shell is made of copper, the edge

length is equal to 0.3 m, and the wall thickness is equal to
0.27 mm. The isolines in the Fig. 2 correspond to values

of SF7\(x,y,z)= Bonsv.:2) ¢ 008 10 1,05, The dis.

B2

tribution is built in the plane y = 0. In the center of the
shell under consideration SF! = 0.81. Hence, the varia-
tion of SF' within the shell is less than 1 %. Therefore,
the shielding factor for the cubic shell is determined as

SFcube:min{ BO/\/E \[x2+y2+22 <§}.

Brms (‘x’y’Z)
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The comparison of shielding factors for a pas-
sive loop and shells. Let’s determine the dependence of
the shielding factors on the external field frequency for a
circular passive loop and conductive shells (spherical
and cubic) placed in the homogeneous low-frequency
MF. We assume that a passive loop and shells are made
from copper with conductivity ¢ = 5.41-10" S/m. The
passive loop radius is assumed to be 1=0.3 m. We con-
sider two cases when the loop’s cross-section radius 7,
equals to 2.5 mm and 5 mm. Because of the domain of
the shielding by the circular passive loop is a sphere of
the radius of »,/2 [10], for the comparison of the passive
loop’s and shells’ shielding characteristics let’s assume
the spherical shell radius R = r/2 and the cube edge
length a = r,. Besides, for the correctness of the shield-
ing characteristics comparison, the passive loop’s and
shells’ metal intensities should be the same. Therefore,
the spherical shell thickness d; and cubic shell one d, are
determined as follows:

d :27rr22/r1 s

do =(7n} [(3n).

In Fig. 3 the shielding factor dependence on the ex-
ternal MF frequency in the case r, = 2.5 mm is repre-
sented. The full line corresponds to SF,,;, the dashed line
corresponds to SFer., and dots correspond to SF,.. The
dependences SF,;(f) and SF,,..(f) are obtained by using
analytical expressions (2) and (4), respectively. The de-
pendence SF.;(f) is obtained by interpolation of numeri-
cal modeling results depicted by dots in Fig. 3.

From the presented dependences it can be seen that
at frequencies less than fy = 217 Hz the effectiveness of
the shielding by the circular passive loop is higher that
the effectiveness of the shielding by the spherical shell.
From physical point of view, it can be explained by the
change of the mechanism of the MF mitigation in the
shielded domain. At f < f; the MF mitigation is deter-
mined by the inducted conduction current only, but at
f> fo it is necessary to take into account the contribution
of the MF attenuation in the shell’s walls. As it is shown
from Fig. 3 at frequencies 200-250 Hz the shielding fac-
tor equals to 1.15-1.20.

passive loop , ,,-’F
= = = sphere shell N =
1.3 B - cubic shell =

As it was supposed the cubic shell’s shielding char-
acteristics are lower in the comparison with spherical
one’s at all frequency spectrum. In its turn, the cubic
shell’s shielding characteristics are lower than passive
loop’s ones at frequencies less than 454 Hz that is two
times greater than f; (see Fig. 3).

In Fig. 4 the shielding factor dependence on the ex-
ternal MF frequency in the case r, = 5 mm is represented.
In this case, f; equals to 56 Hz.

The shielding factor is higher than in the previous
case that is explained by the metal intensity increase in
four times. However, the curves’ character is the same. As
it can be seen from Fig. 4 the shielding factor of 1.15-1.20
is reached at frequencies 50-60 Hz.

el

=
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As the shells’ metal intensity increases, their walls’
thickness increases too. As a result, the penetration depth
0 at which the absorption mechanism becomes prevailing
in the MF shielding increases, too. Therefore, as the metal
intensity increases the value of the frequency f; decreases.
The value of the frequency f, can be obtained analytically
from the equation

SF, = SF,

0il|f=f0 phere r=fo .
Using (2) and (4) we obtain:
6 R

_ X

" o v

3
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where V = 27rr1~7rr22 = 47rR2-dS is the metal intensity of
the circular passive loop and shell; R is the radius of the
shielded domain.

Calculating the numerical coefficients with precision
till three significant digits, we obtain the final expression

for fo:
R3
127 R 0,694+ln7
” .

3

O
#o 347 +In 2
%

Jo

So, in the region /> f; in order to mitigate the MF in
the region of the radius R at given metal intensity V it is
useful to use the closed conductive shell. If the external
MF frequency f'< fy, it is useful to use the circular passive
loop with radius 2R.

Conclusions.

1. Analytical expressions for shielding factors for the
circular passive loop and conductive spherical shell are
obtained which together with developed numerical model
of the cubic shell permit to compare their effectiveness of
the external MF shielding at various frequencies.

2. The external MF frequency f; is determined which
can serve as a criterion of the expediency of the circular
passive loop utilization. At the MF frequency less than fp,
the passive loop shielding factor is higher than the shield-
ing factor for the equivalent volume spherical shell. At the
MF frequency less than 2f;, passive loop shielding factor
is higher than the shielding factor for the equivalent vol-
ume cubic shell.
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CALCULATION METHOD OF ELECTRIC POWER LINES MAGNETIC FIELD
STRENGTH BASED ON CYLINDRICAL SPATIAL HARMONICS

Purpose. Simplification of accounting ratio to determine the magnetic field strength of electric power lines, and assessment of
their environmental safety. Methodology. Description of the transmission lines of the magnetic field by using techniques of spatial
harmonic analysis in the cylindrical coordinate system is carried out. Results. For engineering calculations of electric power lines
magnetic field with sufficient accuracy describes their first spatial harmonic magnetic field. Originality. Substantial simplifica-
tion of the definition of the impact of the construction of transmission line poles on the value of its magnetic field and the bands
of land alienation sizes. Practical value. The environmentally friendly projection electric power lines on the level of the magnetic
field. References 6, tables 1, figures 4.

Key words: electric power line, magnetic field, environmental safety, cylindrical spatial harmonics.

Ha ocnose npocmpancmeennozo 2apMOHU1ECK020 AHAIU3A MAZHUMHO20 NOJIA 8 YUIUHOPUUECKOU cucmeme KOOpOuHam npeo-
10J1cen Memoo pacuema UHOYKYUU MAZHUMHO20 NONA NuHuil nekmponepedauu. Ilokazano, umo maznummnoe none nunuil
IneKmponepeoayu ¢ 00CMAmMO4HOU 0N UHICCHEPHBIX PACUEHI08 MOYHOCHbIO ORUCLIEACHCA NEPEOll YUIUHOPUUECKOU npo-
cmpancmeennoil zapmonuxoii. Hcnonv3osanue npeononcennozo mMemood no3eonsaen Cyu{ecmeenno ynpocmums onpeoeienue
6UAHUA KOHCIMPYKYUL ONOP TUHUIL ITIeKMPOonepeoaiu Ha 6eIUYUNY UX MAZHUMHO20 NONA U HA WUPUHY NOJIOC OMYUYHCOEHUS

3emenvHbIx yuacmkos. buon. 6, tabn. 1, puc. 4.

Knrouegvle cnosa: nuans JJIEKTponepeaaYu, MAarHuTHOE 1M0J1€, TUJIHHAPHYIECCKHE MPOCTPAHCTBCHHBIC TAPDMOHUKH.

Introduction. One of the problems solved by the
designers of overhead transmission lines (TL) in assessing
their environmental safety is determination of dimensions
1X; of the trackside width, as shown in Fig. 1. Among the
factors which determine the width of the strips are
installed on their border £X; limits [1, 2] of the value of
the module of the magnetic field (MF) strength vector B,
produced by TL at the height 4, of the earth's surface.
Under these restrictions, the value of the module B, away
—X; = x 2 X, from the TL should be less than the specified
value B; of the magnetic field strength. Borders (—Xj; +Xj)
of the strip of alienation by the parameter B, are
determined by the calculated dependence (magnetograms)
of the TL magnetic field strength module B, (Fig. 1).

_X.s‘ +: Xs
Fig. 1. Magnetograms of the TL

Problem definition. To simplify the calculation of
the MF of the TL in the far field (at the border of the
exclusion zone of the TL) multidipole transmission line
models [3], based on the use of spherical spatial
harmonics are utilized. At the same calculation relations
are quite complex, and final calculation results are, as a
rule, in numerical format, which complicates the practical
need to establish cause — effect relationships between
design parameters of transmission lines and distribution
of their MF strength.

The goal of the work is to simplify the settlement
of relations to determine the MF strength of the TL and
evaluate their environmental safety.

The goal of the work proposed to be carried through
the use of cylindrical space harmonics to calculate the
magnetic field strength of the TL.

Presentation of research materials. At the descrip-
tion of the TL magnetic field we assume that:

e Phase conductor lines are parallel current filaments
of infinite length and infinitely small diameter.

e Line currents I, Iz I form a symmetrical sys-
tem:
Iy=I1,Ig=a*1,Ic=al, (1)

where a =e/*7/3.

Under what assumptions spatial harmonic analysis
of the magnetic field of the TL can be made in a
cylindrical coordinate system (r, ¢, Y) which Y-axis
passes through the center of a circle of minimum radius
rmin Where all current filaments fit (Fig. 2).

Relation (1) allows to represent module of the
magnetic field strength B,(x) of three-phase line at an
arbitrary point in space P as the modulus of the sum of the

magnetic field strengths B,_o(P), Bg_o(P), Bc_o(P)
respectively of three independent closed broaching
circuits A — 0, B—0u C—0 (see Fig. 2).

By(P)=|B, o(P)+ By o(P)+Br_o(P). (2)

When the selected track (along the Y-axis) of
passing of inverse wires with currents, — 7/ A> -1 p and

—Ic the position of each of three circuits define

respectively filaments coordinates of phases 4, B, C.

Spatial harmonic analysis of the MF of a closed
current circuit. There is a closed current circuit, for
example, 4 — 0 (Fig. 2).

© A.V. Yerisov, K.D. Pielievina, D.Ye. Pelevin
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Fig. 2. Representation of a three-phase line

as three independent circuits

Vector potential 44 o)y of the magnetic field of such
a circuit in the arbitrary point of the space P(r,¢.Y) is de-
termined as a sum of the corresponding vector potentials
Agy, A,y of the current of the phase 4 and the opposite cur-
rent and taking into account [4] it can be determined by
the relation

1
A(A—O)y :Aoy +Aay :ILJOEIHV—

(€))

1
- o Eln\/(rz + (ra)2 —2rr, cos(p — (oa)).

Relation (3) can be represented as Fourier series af-
ter that for the external region (» > rp,) it will have the
known form [5]

N n .
1 1 (a,, cosnp+b,, sinng)
A, _ = an an

(4-0)Y = Ho 2HZ(J ( "

n=1

(4

where a,,, b,, are the amplitudes of the n-th order of the
magnetic field’s vector potential of the current circuit A—0

Aan :(ra)n cosn@y, by, :(ra)n sinng, . (5)

Magnetic vector potential’s harmonics (4) determine

also the corresponding harmonics of its magnetic field
strength B, and B,

Ho Aoy _ pol 5 [ty sin g + by cosng] (o)
r d¢ 27 rn+1

ar
n=1

1y Moy :_,u_oli(aan cosng+b,, sinng) 10

271' d’ 271' 1
— r
n=1

Magnetic field strength module B,, of the n har-
monic in the point P(r,¢,Y) will be dependent on the r-
coordinate

1
Ban = 1o ST (@an )+ (ban ) - ®)

Table 1 represents values of amplitudes a,,, b,, of
two first harmonics for the circuit 4-0 in the coordinate
system X, Y, Z (Fig. 2).

Table 1
Amplitudes of the magnetic field strength harmonics for the
current circuit 4 — 0

Amp 11tud§ of Relations for the circuit with coordinates x,, z,
harmonics
aq1 Xa
bal Zq
a4 (x)” - (@)’
ba2 Z.Xa'Za

This format of the amplitudes a,,, b,, representation
harmonizes well with the design document for TL pylons
which regulates coordinates of points of suspension of its
wires with respect to earth surface.

By analogy with (5) amplitudes of harmonics a;,, by,
and a.,, b., of circuits B — 0 and C — 0 are respectively
determined:

ap, = a? -(ry)" cosney, by, = a’ ()" sinngy, ©
aep = a’ (r.)"sinng,, b, = a’ (r.)"sinng,.

The structure of series (6), (7) is such that as r
increases the contribution of high-order harmonic
components in the magnetic field strength B, and B,
reduces.
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So, the magnetic field strength at a distance of two-
wire line x > 7y, is described mainly by its first (n = 1)
harmonic constructed as illustrated by equation (8)
magnetogram in Fig. 3. It also presents the results of
calculations by the Biot-Savart-Laplace low in accordance

with [6].
Calculation by relation (8)
By «4
2r, min 1
=
o —0 \\\
h 0,5
- 3Imin Calculation by the
l Biot-Savart-Laplace low
—_——» 0
0 X 08 16 24 32 4 X

in parts of 7y
Fig. 3. Magnetograms of B; of a two-wire line at unit current /

Comparison of the calculation results (Fig. 3) shows
that the distance from the transmission line axis at a
distance of more than ry;, the error of the proposed
method in comparison with the exact method [6] does not
exceed 10 %, which confirms the possibility of using the
first cylindrical space harmonics to calculate the MF of
the TL at the boundary of their protected areas.

The magnetic field of single-circuit TL. Single
circuit lines have one set of phase conductors. Their
relative positions to each other and the Earth's surface
determines the design of the (profile) of a TL pylon.

According to that shown in Fig. 2 «magneticy»
interpretation of the transmission line, amplitudes a;, and
b, of harmonics of its magnetic field taking into account
(1) and (2) are presented in the form of a sum
corresponding to the amplitude of its independent circuits
A-0, B0, C-0:

Ay = gy + Q% Qpy + Ay, by = by + 0% by + by, . (10)

The first significant harmonic of single-circuit TL is

the harmonic of the order (n = 1). Its amplitudes a,, and
by, taking into account (5), (10) equal:
ap =X, +6‘(2 - Xp +a-xc,b11 =2z, +6‘(2 Zpta-z,. (11)

It should be note that values of the amplitude a;; and

b of me first harmonic (n = 1) do not depend on the

beginning of the selected coordinate system X, Y, Z.
Knowledge of amplitudes of the first harmonic ay;

and b;; of the magnetic field of the TL allows by using the

relation (7) to build its magnetogram

(an ) + by f

27z'((h—ho)2 +x2)

where / is the distance from the ground level (Fig. 1) to
the center of the circle ry;, which fit all current lines of
the TL.

For ease of calculation the distance / can be set
equal to the average height h,, A, h. of the respectively
suspension of phase conductors 4, B and C

h~1/3(h, +hy +h.). (13)

After simple but cumbersome transformations the

relation (12) can be reduced to the form:

B (x) = By (x) = ol . (12)

drms (14)

227 ((h=hg)? +x7)
where d,,,, is the mean square distance between the wires
of the TL

dyms = \/(dAB)Z +(dpc ) +(dea)
where d, dpc, dcy 1s the distance between the suspension
points on a support phase wires 4 and B, B and C, C and
A, respectively.
Analytical representation of magnetograms (14)
permits to determine the size of the band +X; of the
exclusion for a given parameter B,

sy, = [P Ldms gy
K \/ 2 \/E~7Z~ B] ( 0)

This relationship establishes a mutual relationship
between the size +£X; of the strip of alienation and TL
characteristics — its current (/) loading and designs
(profile) of its pillars, namely the average height 4 of
wires suspension points and mean square distance d,,,
between them.

Underground cable TL. Magnetograms of
underground cable lines, similar to the single-circuit air
TL are determined by the first (» = 1) harmonic of their
magnetic field strength.

Below relations for magnetograms for two most
commonly used cable laying (Fig. 4) obtained by taking
into account (8) and (14) are presented.

By (x) ~ pol

s)

Fig. 4. «Triangle» (a) and «flat» (b) cable line laying

For the cable «flat laying»

V3-d

Bi(x) ~ pl . (16)
2 7-((h+hy)? +57)
For the cable laying by «triangle»
\3-d
Bi(x) ~ ol (17)

232 7 (h+ 1) +57)
Conclusions.

1. It is shown that for the calculation of the magnetic
field strength of transmission lines on the border of
protected zones with limited accuracy (less than 10%), the
first cylindrical space harmonic of its magnetic field can
be used.

2. The simplified calculation relations of the magnetic
field strength of the TL based on cylindrical spatial
harmonics, allowing to simplify the calculation of the TL
magnetic field distribution and assess the impact of the
TL design peculiarities on the width of the land rights of
way to ensure environmental safety are proposed.
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M.I. Baranov

A NEW HYPOTHESIS AND PHYSICAL BASES OF ORIGIN OF ROSARY LIGHTING IN
THE ATMOSPHERE OF EARTH

Purpose. Development and scientific ground of new hypothesis of origin of rosary lightning (RL) is in the air atmosphere of
Earth. Methodology. Electrophysics bases of technique of high (ever-higher) impulsive voltage and large (weak) impulsive cur-
rents, and also theoretical bases of quantum physics. Results. The substantive provisions of new hypothesis of origin are formu-
lated RL. Taking into account these positions bases of close electrophysics theory of origin are developed in an air atmosphere
RL. Basic electrophysics terms, resulting in the transition of linear lightning (LL) in RL, are indicated. Originality. First on the
basis of conformities to the law of quantum physics the new electrophysics mechanism of education is offered RL from LL. It is
set that this mechanism the wave longitudinal distributing of drifting lone electrons is underlaid in the plasma cylindrical channel
of a long spark storm digit in an air atmosphere, resulting in forming in him of «lighty («hot») and «darky» («coldy) longitudinal
areas of periodic electronic wavepackages (EWP). It is shown that for LL information the areas of EWP periodically up-diffused
along the channel of lightning are characterized the small and unnoticeable for observers lengths, and for RL — by large lengths
and by sight noticeable for observers from earth. Practical value. Deepening of scientific knowledges about physics of such global
atmospheric phenomenon as lightning. Expansion of scientific presentations of humanity about circumferential tellurians nature
and difficult natural physical processes, flowings in it. References 15, figures 4.

Key words: linear lightning, rosary lightning, physical bases, plasma channel of a storm discharge, drifting lone electrons,
electronic wavepackages, «hot» («light») and «cold» («dark») longitudinal areas of electronic wavepackages of channel of a
storm discharge.

Ilpusedenvt noeana cunomesa u Oazupyrujuecia Ha Hell u3uuecKkue O0CHOGbL 6O3HUKHOGEHUA 6 6030YUWIHOU ammocepe
3emnu uémounoii moanuu (4YM). Ilokazano, umo 6 ocHOGe IIEKMPOPUIUUECKO20 MEXAHUIMA POPMUPOBAHUA IMO20 6UOA
MOJITHUU HAXOOUMCA 80JIHOB0€ NPOOOIbHOE pachnpedesieHue c60000HbIX INEKMPOHOE, OGUNCYU{UXCA 6 NIA3MEHHOM KaHae
auneninou moanwuu (J/IM) na cmaduu npomekanus 6 Hem OTUMENbHOU KOMROHEHMbL MOKA 2P0306020 paspada. H3-3a ma-
106l RIOMHOCMU MOKA 6 Naa3meHHom Kanane JIM na oannou cmaouu paspada 6 Hem RPOUCXOOUmM 0OPA306aAHUE MAKUX
OMHOCUMENbHO OTUMENAbHO CYULeCMEYIOUIUX GOTHOBLIX IJIEKMPOHHBIX NAKEMO08, KOMOpbvle XapaKmepusyiomca cpasHu-
menabHO OONbUWUMU U NOIMOMY BU3YANLHO GUOUMBIMU HabawOamenamu enavane JIM u 3amem UM pasmepamu ceéoux ne-
puoouuecKu pacnpeoeieHHblX 600716 KAHANA MOJTHUU «2OPAYUX» («CE6EMIIBIX») U (XOJT00HLIXY ((MEMHBIX») NPOOOTbHBIX
yuacmkos. bubn. 15, puc. 4.

Kniouesvie cnosa: imHeilHasg MOJIHHUSA, YETOYHAS MOJIHMHA, (PM3HYECKHE OCHOBBLI, IUIa3MEHHBINH KaHAJ IPO30BOI0 paspsiaa,
apeiidyronime cBo6oAHbIE YIEKTPOHBI, BOJTHOBBIE YIeKTPOHHBIE AKETHI, <TOPSTYHe» («CBETJIbIe») H «X0J0THbIE» («TeMHBIE»)
NPOJ0JIbHbIE YYACTKU BOJTHOBBIX JIEKTPOHHBIX NAKETOB KaHAJIa TPO30BOr0 pa3psaa.

Introduction. Well-known and most studied kind of
powerful natural electrical short-time spark discharge in
the air atmosphere of the Earth is the linear lightning (LL)
[1-4], the appearance of which is shown in Fig. 1.

Fig. 1. General view of the brightly glowing plasma channel in
the atmosphere of the long spark discharge of the LL between
the positive charged cloud and ground [5]

As a rule, the length of the plasma channel between
LL storm cloud with a negative (positive) U; potential to
+ (30-50) MV and the ground is measured in hundreds of
meters, and the limit can be up to several kilometers [1-5].
The diameter of the plasma channel of LL in air in
accordance with the [1-5] can range from tens of
centimeters to several meters. Currently, LL physics
thanks to the results of theoretical and experimental work
by domestic [2-4] and foreign scientists and experts [1],
presented in the review of the monograph [5] is presented
at a high scientific and technical level. However, so far in
the engineering and electrophysics of high voltages, the
technique of large (small) pulse currents, as well as low-
and high-current technique of long (short) sparks in the
gas (air) medium lacking scientific and technical data, or
strictly even approximately explain the transformation
(though not as often and not always) in an air atmosphere
LL later in rosary lighting (RL). The emergence of the
RL, or «bead lightning» [1] in the electrically active air

© M.I. Baranov
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atmosphere is a well-established scientific fact,
documented by numerous visual observers of this
relatively rare and interesting natural atmospheric
phenomena [1, 5, 6]. Existing RL theories today are based
on the fact that this kind of lightning in extrahigh voltage
two-electrode system «charged cloud - earth» [1, 6]:

1)is the result of periodic interruption of the plasma
channel lightning cloud or rain;

2)due to the instability of the plasma lightning
discharge channel with a longitudinal shock because it
arises in the pinch effect, leading to its transverse «waist»
and education channel of sausage type;

3)is a series of sphere-like arc discharge, appearing on
the site of an earlier «waste» a large pulse current of a
lightning discharge plasma channel LL in the final stage
of a long course of it a small continuous current;

4)caused by the relatively long emission of
longitudinal sections of a cylindrical plasma channel LL
having an unusually large radius. The past decade with
the advent of the scientific world in these RL theories
have shown that these theoretical approaches have been
poorly reasoned, and in the end not scientifically
consistent.

In this context, the development of a new approach
to scientific explanation of the origin and the short time of
existence in an air atmosphere of such natural phenomena
as the RL is an actual scientific and technical problem,
research expands our knowledge of the surrounding
nature and the physical processes occurring in it.

1. Problem definition. We consider from the
electrophysical position the formation and flow of LL in
an air atmosphere at altitudes up to 1000 m, containing in
its composition many entrained upward (downward) by
air currents atoms of various chemical elements, including
nitrogen N, oxygen O, carbon C, silicon Si, sulfur S, iron
Fe, lead Pb and others. Some of these atoms produced are
molecules of various oxides substances are in an air
atmosphere, especially by-products of combustion and the
organic fuel oxidation in thermal power stations and large
industrial enterprises, rising from the tall chimneys of the
earth's atmosphere with the hot flue waste of their
continued operation. Note that the current of LL at these
altitudes the air in the atmosphere is characterized by two
main components [7, 8]: pulse A4-component (with
normalized amplitude 7,; of up to 200 kA and a duration
1, till 0.5 ms) and long-term C-component (with averaged
1, value over 200 A and duration 1, till 1000 ms). We
suppose that in the event of an air atmosphere plasma
channel LL these atoms (molecules) of matter and their
oxides are involved in the complex physical processes
occurring in the «thin» the atomic level in the core of the
channel having a local cylindrical configuration. Without
going at this stage in these processes, we note only that
these substances will microformations due to the high
temperature in the plasma channel LL (order (20-30)-10°
K [9]) undergo ultrafast processes of impact and thermal

ionization. These atoms (molecules) of a substance will
be the main «suppliers» of additional free electrons in the
LL channel, the electron temperature 7, of which will
support and determine its aforementioned heat flow as it
pulsed stage 4-component of the current and the flow step
it prolonged the C-component of the current of the
lightning discharge. We assume that the motion of free
electrons in the plasma channel LL determines the
transfer of electrical charge from both the negatively
charged part of the storm cloud to ground («lightning of
negative polarity»), and by the negatively charged surface
of the earth to the positively charged part of the storm
cloud («lightning positive polarity»). Required to consider
on the basis of known scientific principles possibility of
RL by a certain transformation in her stage LL flow in its
long plasma channel C-components of the lightning
current as well as establish the main electrical conditions
in the plasma channel LL and air atmosphere, providing a
transformation of one type of lightning in another.

2. The formulation of the proposed hypothesis of
the RL forming in an air atmosphere. According to
[10] the term «hypothesis» comes from the Greek word
meaning «assumption» Applied to our case this term will
mean a scientific hypothesis put forward to explain the
nature of physical phenomena in the RL, sometimes
flowing in electrically active air atmosphere. By
definition, this assumption requires experimental
verification and theoretical justification in order to be
credible scientific theory. Experimental verification of the
phenomenon of the RL was made earlier by his numerous
foreign observers [1, 6]. According to the experimental
data given in [5, 6], RL leakage occurs at the end of the
LL. The RL compared to the LL is characterized by
relatively large time of its existence [1, 6]. Fig. 2,a,b
show the main phase flow of LL and RL, filmed by
observers of natural electrophysical phenomena and
presented in [5, 6]. In Fig. 3 an enlarged form on the
former site of the plasma channel LL presented some
«light» rosaries of RL separated in the area of the channel
of lightning from each other «dark» rosary of RL. Based
on the currently available conclusive experimental data
obtained in direct RL observations in air [1, 6], and the set
of fundamental theoretical and experimental laws wave
longitudinal distribution of drifting electrons in the metal
conductors with a pulsed current [11], proposed here the
hypothesis of occurrence and development in the air
atmosphere of the RL includes the following main
provisions:

e RL is a specific kind of electrical short-long spark
discharge in air arising at the final stage of the flow in the
air atmosphere of LL;

e RL appears on the stage of the flow in the plasma
channel LL cylindrical shape relatively large diameter
long-term C-component of the current lightning, which is
characterized by continuous currents in the hundreds and
tens of Amperes at the length of their flow channel is not
less than 1 s;
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a b
Fig. 2. Main phases of flow in the area of the plasma channel
curved lightning initially the LL (a), and then the RL (b) in an
air atmosphere of the Earth [5, 6]

Fig. 3. General view of the individual «light» and «dark»
rosaries of the RL observed from the ground in an air
atmosphere [5, 6]

e zone of the RL appearance is the main plasma
channel LL, and the duration of the RL of existence in an
air atmosphere of the Earth is determined by the duration
of the flow of small continuous current at a stage long-
term C-component of the lightning current components;

e clectronic current conduction in a plasma cylindrical
channel LL and subsequently arising on its basis a
modified plasma channel RL obeys the laws of quantum
physics, and is characterized by the data channels
corresponding wave periodic longitudinal and radial
distribution of their drifting free electrons initially in the
high channel LL, and then in low-current RL channel;

e RL is a result of electrophysical transformation
occurring in the plasma channel LL with a large pulse
current A- component of the wave electron packets (WEP)
with small and not visible to observers LL their lengths

periodically distributed along the channel of the lightning
discharge on the «hot» («light») and «cold» («dark»)
longitudinal sections in the WEP with large and therefore
visually visible from the ground observers RL lengths of
its relatively «hot» («light»), and «cold» («dark»)
longitudinal sections periodically along a modified
plasma RL channel.

3. Scientific substantiation of the proposed
hypothesis of the RL origin in an air atmosphere. To
begin with, the WEP in the plasma channel of the
lightning discharge on its initial and final stages flow
similar to the WEP, introduced and used in the study [11]
the periodic wave longitudinal and radial distributions
drift of free electrons in the crystal structure of metal
wires with DC, AC and pulsed electric current, a
relatively «hot» with length Az, and «cold» with length
Az, quantized longitudinal portions. The sum of the
lengths of these sections (Az,,+Az.,) forms a quantized
step of WEP longitudinal periodic structures in the plasma
channel of lightning. Moreover, the value of the step
(Azp,+Az,,) is always equal to the length of the half-wave
quantized 4.,/2 de Broglie for drifting in the channel of
free electrons lightning. In turn, the value of 4.,/2 in the
plasma lightning channel is performed as follows
quantum mechanical ratio:

Aen!2=1/n, 1)
where /; is the length of the cylindrical plasma channel of
lightning; n = 1,2,3,..., n,, is the integer quantum number;
n,=2n;* is the maximum value of the quantum number n
[11]; ny is the principal quantum number of atoms ionized
matter [12] presenting in the plasma channel of the
lightning discharge in the air atmosphere of the Earth in
the course of the stage it pulsed 4- and long-term C-
components of the lightning current.

From (1) we see that the minimum value of the half-
wave length of the electron de Broglie 4,,/2 in the plasma
lightning channel will correspond to the maximum value
of the quantum number n = n,. Following classical
quantum mechanical ratio can be used in the estimations
of minimum average 4.,/2 de Broglie half-wave length for
drift of free electrons in the plasma channel of a lightning
discharge [12]:

A 12=h/2(m,vp), 2)
6.626:10* J's is the Plank constant;
m,=9.108:107>! kg is the electron rest mass; vp=0,/(eyn0)
is the maximum value of the mean free electron drift
velocity in the plasma channel of lightning, are formed
when electric breakdown of long air gap in the discharge
system «charged cloud - groundy; 6,,1:4],,1L/(7rdk2) is the
maximum value of the current density in the plasma
channel lightning of diameter dj; e;=1.602:10"" C is the
module of the electron’s electrical charge; n, is the
average value of the density of free electrons drifting in
the plasma channel of lightning.

where h =
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3.1. Assessment of the minimum lengths of the
«hot» Az, and «cold» Az longitudinal sections of
WEP for LL. According to the -calculated and
experimental data presented in [11, 13], the «hot»y WEP
longitudinal sections in a round metallic conductor with a
pulse current of high density in comparison with its
«cold» longitudinal portions substantially different levels
of electron temperature 7, (about 3.5 times). Caused by
this feature is enhanced, compared with the average initial
(up to the current flow) in a cylindrical volume conductor
drifting concentration of free electrons in the «hot»
longitudinal sections of WEP, the middle of which
correspond to the amplitudes of propagating along the
conductor of electronic half-waves of de Broglie. At the
same time in the «cold» longitudinal sections of the
conductor due to the wave nature of the distribution of its
cylindrical volume drift of free electrons occurs reduced
bulk density of considered microcarriers of the charge. As
a result of the longitudinal wave drifting periodic
distribution of free electrons in a conductor is formed by a
non-uniform longitudinal periodic temperature field. In
addition, according to [14], the experimental study the
phenomenon of the electric explosion (EE) in the air thin
round copper wires (length is 60 mm, diameter is 100
mm) by passing-of them from the high-voltage generator
of impulse currents (GIC) sine decaying exponentially
discharge current of high density (9,~6.4:10'* A/m?) in
the explosive destruction of the products dispersed solid
copper (in fact, in «metaly plasma) by the high-speed
photorecording method periodic strata were recorded,
consisting of layered longitudinal periodic disk-like
structures of varying luminosity containing alternating
between a «lighty width Az, and «dark» width Az,
longitudinal sections. These areas formed in pairs in the
low-current discharge air gap GIS with «metallic» plasma
step periodic structure WEP length about (Az,+Az.)~1.76
mm. Obviously, in the case of the specified EV thin
copper wires «light» longitudinal sections of his «metal»
of the plasma in the discharge air gap correspond to «hot»
areas of WEP and its «dark» longitudinal sections -
«cold» WEP areas. In this regard, quite reasonable to say
that the «hot» longitudinal sections of a minimum length
Az, in the plasma channel of lightning arising in extra
high discharge air gap system «charged cloud - earthy,
will meet his «light» longitudinal sections, and «cold
«longitudinal sections Az.; minimum length of the plasma
channel of lightning — its «dark» longitudinal sections.
Fig. 4 schematically shows the quality «hot» («light»),
and «cold» («dark») periodic longitudinal sections WEP
plasma channel of lightning, which occurs in an air
atmosphere of the Earth.

Minimum length Az, of «hoty» («light»), a
longitudinal section of WEP in the plasma channel LL
formed in the extra high discharge air gap system
«charged cloud — land», on the basis of quantum
mechanical uncertainty Heisenberg relations [12] with

regard to drifting it (this channel) free electrons can be
approximately determined from the following analytical
expression [13]:
ey, = eqneoh(med,)” [8+(1 =21 (3)
For the numerical evaluation by (3) of Az, values
we assume that the plasma channel high current flow in
the LL stage it pulse A-components of the lightning
current has the following initial geometrical and electrical
parameters [1, 8, 12]: di=1 m; nE.OZIO25 m‘3; 1,;=100 kA;
5,~1.27-10° A/m*>. Then from (3) follows that Az,~1
mm. With regard to (2) the minimum average length ./2
of half-wave of de Broglie for the case we would be
roughly equal 16/2:0,Seongoh(meém)_1:4.6 mm. As a result,
the minimum length Az, of «cold» («dark») of a
longitudinal section of WEP in the plasma channel LL at
this stage of development of its plasma channel will take
the numerical value of about Az.;~1,/2—Az;;=3.6 mm. It is
seen that values of Az;,; and Az for «hot» («light») and
«cold» («dark») periodic longitudinal sections of WEP
almost three orders of magnitude smaller than the
diameter of the plasma channel dj lightning at the stage of
formation and flow in it LL. Visually capture the viewer
from the ground such sites WEP for LL is almost
impossible.

Fig. 4. Schematic scaleless image of the «hot» («light») and
«cold» («dark») longitudinal sections of the periodic structure of
WERP in the plasma of the curvilinear channel of lightning,
developing in an air atmosphere of the Earth (1 - «light» («hot»)
segment of the cylindrical channel of lightning; 2 - «dark»
(«cold») segment of the cylindrical channel of lightning)

3.2. Assessment of the minimum lengths of the
«hot» Az, and «cold» Az, longitudinal sections of
WEP for the RL. To do this, we assume that at the stage
of the flow in the plasma channel of the lightning
discharge of long-term C-component of the lightning
current adopted diameter of d; =1 m of the channel due to
the inertia of the thermal processes in it and in the
meantime the order of 0.5 ms has not had time to change
and remained so same as in the previous step occurrence
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on it a pulse A4-component of the lightning current
component. In addition, we believe that the average
concentration (bulk density) n. free electrons in the case
of flow along the plasma channel lightning long-term C-
component of the lightning current also remained the
same and approximately equal 7,~10" m™. Suppose that
in this case, a continuous long lightning current is
characterized by the following parameters [7, 8]: 1,,, =100
A; 8, ~1.27-10* A/m’. Substituting these initial data in (3)
we see that in this case the minimum length Az, of «hot»
(«light»), a longitudinal section of WEP in the lightning
channel will be numerically for about Az;;~1 m. From the
calculated ratio )Le/2z0,5eoneoh(meé,,,)’1 we find that at the
stage of the flow in the received plasma channel lightning
long-term C-components of lightning current the
minimum average length A,/2 half wave of de Broglie
numerically will be approximately 4.6 m. Then, the
minimum length Az, of «cold» («dark») longitudinal
section of WEP in the plasma channel of lightning at the
final stage of its course will take the numerical value of
about Az, ~=A./2—Az;,;=3.6 m. The quantitative results for
longitudinal WEP a plasma channel in step lightning
thereon prolonged percolation of lightning current
components conclusively indicate that lightning analyzed
cylindrical channel may be partitioned into a relatively
large and so the «bright» and «dark» detectable visually
by observers from the ground surface, longitudinal
portions (single rosaries, periodically along the flow path
in an air atmosphere described by powerful long spark
discharge. Therefore, according to forth herein
approximate reporting the results of the RL «born» from
the LL flowing in the extra high bit long air gap two-
electrode system «charged cloud - land» in the final
stages of its existence.

3.3. Evaluation of the possible number of «hot»
Az, and «cold» Az, longitudinal sections of WEP for
the RL. Number #n; of individual rosaries, each
containing one «hot» («light») and one «cold» («dark»)
longitudinal section periodically distributed WEP in the
plasma channel of the lightning discharge in the RL,
taking into account (1) can be formally assessed by the
following approximate formula:

np =2 /4, . 4)

When /; =460 m and 1./2~4.6 m from (4) we obtain
that n;~100. Obtained in the first approximation
quantitative result for the number n; of rosaries in the RL
is in conflict with a numerical indicator of the maximum
value of the quantum number n,, of (1) defined by the
principal quantum number #; of ionized atoms of matter,
caught up in the flow area of the cylindrical channel of
LL and then RL. Apparently, according to the data given
in the above section 1 and staging in the periodic system
of chemical elements by D.I. Mendeleev [12], the
quantum number #,,>n;, applied to the plasma channel of
the lightning discharge in the air at m=6 should not
exceed 2m°~72. This implies certain restrictions on the

numerical values of the possible length /, of the cylindrical
plasma channel of the lightning discharge in the case of
occurrence in it’s the RL, the minimum length 4,/2 of
half-waves of de Broglie electron traveling in the channel,
and the number of n;, of individual rosaries in the plasma
channel of RL.

3.4. Evaluation of the temperature of «hot» Az,
longitudinal sections of WEP in the plasma channel of
RL. We suppose that this temperature due to the initial
non-isothermal electron and ion gas in a long high-current
discharge channel LL will be determined by the electron
temperature 7, of the plasma channel of the lightning
discharge flow at the stage it pulse 4-component of the
lightning current. Taking into account the short duration
of this stage of development of lightning (about 0.5 ms),
the virtual absence of her radial heat transfer from the
channel lightning into the surrounding airspace and LL
relatively large inertia of thermal processes, to assess the
electron temperature 7, of «hot» («light») longitudinal
sections of WEP Az, length in the plasma channel RL in
the light of the approximate calculation of the thermal
state of quasi-neutral ionized gas in the air gaps of high-
voltage spark gaps, given in [11], we can use the
following relation:

T, = S83LL Hoetn)]*, )
where 6.=5.67-10® W-(m*K*™ is the Stefan-Boltzmann
constant [12]; ¢, is the time (in seconds) corresponding
amplitude /,; (in Amperes) of lightning current on the
electrical percolation stage in its long air spark gap pulse
A-component of powerful lightning current.

Assuming that at the initial stage of the development
of LL I,;, =100 kA and ¢, =10 us [4], (5) for the electron
temperature 7, of «hot» («light») rosaries of RL in the
first approximation, we find that it is in the present case It
is about 31-10° K. This calculated level of the
thermodynamic temperature of the plasma channels of LL
and RL corresponds to a known temperature in the spark
channels of high-current electrical discharges in gases [8,
9, 11].

3.5. Assessment of the duration of the existence of
the RL in air atmosphere. The duration #, of existence
of RL after final stage of LL flow can be estimated from
the following relationship:

1 ~qr/ Iy, » (6)
where ¢; is the electric charge flowing on the stage of
continuous long-term C-component of the lightning
current with its average value [,;, modified due
transformed longitudinal sections of WEP plasma channel
of LL.

At g, =200 C [7, 8] and adopted continuous current
value I, ~100 A at this current stage of formation of the
RL the numerical value of the duration #; of occurrence of
this type of lightning will be by (6) of about 2 s. This
value ¢, is significantly longer than the flow of the LL,
including the duration of its initial stage with a large pulse

32 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.2



current 4-component of the current of lightning and its
final stage at the beginning of the course of a long-term
C-component of the lightning current.

3.6. Assessment of geometrical form of «hot» and
«cold» longitudinal sections of WEB for the RL. The
geometric shape of individual rosaries of the RL (its
«light» and «dark» longitudinal sections) must follow the
original configuration of the local cylindrical curved
overall length of the plasma channel LL. Boundary zone
of «light» and «dark» longitudinal sections of WEP in the
RL channel should probably contain the -ellipsoidal
surface (see Fig. 3) caused no abrupt change in these
areas of bulk density n,, of drifting free electrons, and its
smooth change of one of the main universal physical laws
of our nature — exponential law [15]. Because of the
possible longitudinal non-uniformity of distribution of the
majority carriers of electricity (free electrons) in a plasma
channel RL geometric dimensions (length and diameter)
of the individual rosaries («light» and «dark» longitudinal
sections periodically changing WEP) may differ from
each other, and themselves rosaries acquire a deformed
and non-canonical appearance.

4. The formulation of the electrophysical
conditions of the emergence of the RL in air
atmosphere. We give below the main electrophysical
conditions under which, in the author's opinion, the
transformation of LL to RL is possible flowing in air
atmosphere:

e diameter d; of the cylindrical channel of the
lightning discharge in the air a long discharge gap of
extrahigh voltage two-electrode system «charged cloud -
land», the value of the large current to flow in this stage
of the channel impulse 4-component of the current of
lightning and continuous weak current to flow through it
step long-term C-components of the lightning current and
the average bulk density n,q drift of free electrons in the
channel of the lightning discharge should foster it (the
lightning channel) such periodic WEP, longitudinal «hot»
(«light»), and «cold» («dark») sites which vary
respectively, in the range of thousandths parts of a meter
for the LL to a few tens of meters, and for the RL;

e length /; of the cylindrical plasma channel of the
lightning discharge in the air a long discharge gap
extrahigh voltage two-electrode system «charged cloud -
ground» and the minimum average length of de Broglie
electron half-waves 1./2 in the plasma channel of
lightning must satisfy quantum mechanical equation (1);

e in the long air discharge gap extrahigh voltage two-
electrode system «charged cloud — ground» and,
respectively, in a cylindrical plasma channel lightning
should mainly be present are ionized atoms of matter
formed with their electronic subshells and free electrons
entering the plasma channel of lightning will contribute to
the implementation of (1) and n;<n,,.

In the author's view, failure to comply with the
above conditions, in many cases, the flow of air in the

atmosphere of the most studied species of lightning as the
LL and does not cause the appearance of the RL after LL.
Conclusions.

1. A new hypothesis of such a little-studied natural
atmospheric phenomena like the RL and is given in a first
approximation, its scientific basis, built on the
fundamental laws of quantum physics.

2.1t is shown that what may occur in the plasma
channel Lee on stage flow through it for at least 1000 ms
of continuous long-term C-component of the current of
lightning with its values in its decline («tail») in the
hundreds and tens of Amperes.

3.0On the base of the RL electrophysical formation
mechanism from LL may lie the transformation of the
plasma channel lightning periodic WEP and short (up to a
few millimeters in length) «hot» («light») and «cold»
(«dark») longitudinal sections on phase flow in the «hot»
(«light») it a pulse A-component of the current of
lightning discharge in the WEP with their long-term (up
to tens of meters in length) and «cold» («dark»)
longitudinal sections in the final stages of the occurrence
of a lightning discharge in its plasma channel continuous
long-term C-component of the lightning current.

4. The basic electrophysical conditions under which
the possible formation of electrically active air
atmosphere of the Earth RL, appearing in a modified by
this transformation of longitudinal periodic WEP plasma
channel of LL at its final stage of development after the
leakage of the pulse A-component of the lightning
discharge current are formulated.
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ESTIMATING THE LIMIT POSSIBILITIES OF THE STEP CHARGING SYSTEM
FOR CAPACITIVE ENERGY STORAGE

The aim of the article is to estimate the limit possibilities of step-by-step charging the capacitive energy storage which are caused
by the achievement of a balance among the processes of the receiving and losing of electromagnetic energy. Originality. For the
first time a step the charging system as a high power converter for pulsed load was considered, that allow to simplify similar
charging systems and make its chipper while saving output characteristics and common quality. Methodology of the analysis ap-
plied is based on the classic electric circuits theory. All of the resulted carried out, were obtained as the differential equation solu-
tions and its behavior was analyses analytically. Results. The basic diagram of the step-by-step charging system what is an alter-
native to the traditional variant with the step-up transformer was described. This system realizes the serial charge voltage increas-
ing by the separate portions of energy, which has been, accumulated preliminary in the inductive energy storage. The formulas
for estimating the limit possibilities of the step-by-step charging were got. These limits are caused by achieving a balance of the
entering and losing electromagnetic energy. The applicability of the formulas was illustrated by numerical examples. Practical
value. According to the results that were obtained, it is possible to note, that the step charging system is acceptable to be used as a
high power converter for capacitive storage charging. References 5, figures 1.

Key words: capacitive energy storage, step-charged system, analytical analysis, electrical circuits, inductive energy storage.

Onucana NPpUHYURUATBHAA CXEMA CHYNEHYAMO20 3apA0A eMKOCMU, AlbMEPHAMUEHON MPAOUYUOHHOMY 6aPUAHMY C NOGbI-
WAWUM Mpancoopmamopom u npeononazarouieil nociedosamenbHoe NogbluieHUe 3apAOH020 HANPANCEHUA 34 CUEM NOOauU
OMOENbHBIX ROPYLIL IHEPUU, NPEOCAPUMEILHO 3ANACEHHON 8 00MOMKe CREUUANbHO20 UHOYKMUEH020 Hakonumens. Ilonyuenst
hopmynl 013 oyeHKu nPedebHBIX 803MONCHOCHEN CIYNEHYAM 020 3APA0d, 00YC/108/1EHHBIX 00CIMUIICEHUEM Dananca 6 npoyec-
cax ROCMynjaeHus U nomeps I1eKmpomazcHumnou Inepeuu. Ilpumenumocms hopmyn npounniocmpuposana YucieHHbIMU RPU-
Mmepamu. bubn. 5, puc. 1.

Kniouesvle crosa: eMKOCTHON HAKOMUTEH YHEPTHH, CHCTEMA CTYNEHYATOr0 3apsaa, AHATUTHYECKHI aHAJIN3, JJIEKTPHYEeCKHe
1enu, MHIYKTHUBHBII HAKOMUTEIb YHEPTHH.

Introduction, analysis of publications. The tradi-
tional scheme of the capacitor storage charge comprises
two main components: a voltage step-up transformer and
rectifier (Fig. 1,a). Not stopping on description of the
efficiency and highly successful examples of the long
exploitation of the different electrical engineering de-
vices, it should note this scheme is not without shortcom-
ings. Among the most significant shortcomings, the real
performance cumbersome is the main (including weight
and overall dimensions, electronic components, etc.) and
its relatively high cost [1, 2].

So-called step-by-step charging systems for capaci-
tor banks are devoid of these shortcomings. The effec-
tiveness of this charge is based on the «portioned» pump-
ing of the capacitive electromagnetic energy by the volt-
age pulses the amplitude of which increases in time [3, 4].

However, how it follows from a priori phenomenol-
ogical considerations the practical possibilities of scheme
with the immediate implementation of the step-by-step
charging are quite limited.

According to the physical point of view the above
mentioned limitations are caused by the fact when the
next charging voltage pulse comes to the capacitance in-
put a discharge is occurring simultaneously. Upon the
reaching of a balance between the incoming electromag-
netic energy level and the level of its loss the charging
process must stop, and the amplitude of the voltage on the
capacitance (as well as the stored energy!) should be re-
mained unchanged.

The aim of the article is estimating the limit possi-
bilities of step-by-step charging the capacitive energy
storage which are caused by the achievement of a balance

among the processes of the receiving and losing of elec-
tromagnetic energy.

The calculated relationships, the numerical esti-
mates. At the beginning a brief description of the step-by-
step charging scheme for the capacitor energy storage
which was adopted as a calculation model and was shown
at the Fig. 1,b will be given.

K f—
- R.u I |24

K2 R

Up @D L @

2 ]

VD

b
Fig. 1. The schematics charging of the capacitive energy storage:
a — it is the traditional variant with the step-up charging
transformer T b — it is a variant without a step-up charging
transformer
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This scheme consists of 2 major blocks: 1 — induc-
tance L (a block of energy charging) which could be pre-
sented by DC or rectified voltage source with an ampli-
tude U, and 2 — a block which transforms a pre-stored
magnetic energy into electrical energy capacitor storage C
(Ro and R — are current-limiting resistors).

Initially, the switch K| is closed, K, — open. Through
the resistor R, the signal from the voltage source U, enters
in the loop circuit 1 and charges the inductive storage L.

Upon reaching the maximum accumulated magnetic
energy the key K| is being opened and the key K; is being
closed. The transformation of inductance energy L into
capacitive energy C is occurring. The capacitor is being
charged up to some voltage level that is equal to the sum
of the initial value and of some increment.

At the end of the charge switch K, is opened and the
switch K is closed. The circuit takes up the initial state
and the above described process is being repeated.

In solving the problem according to the formulated
aim the mathematical apparatus of the electrical circuit
theory was used [5].

Leaving out the details of integrating the differential
equation which describes the transition process in the
circuit blocks 1 and the necessary mathematical transfor-
mations the final expression for the current in the inductor
can be wrote.

t

UO 7
Jt)=—-2.[1-¢ T |, 1
(1) Ro (1)

where 7y = L/Ry — is the time constant of the «Ry — L»
circuit.

After time to ¢ > 3.7 in accordance with (1)
J()—>J,, = Uy / Ry. It means the current and the electro-
magnetic energy are achieving their maximum.

Further, in accordance with the description of the
processes in the step-by-step charging scheme in Fig. 1
the charge of the capacitor storage C is occurring.

Similarly to the above the details integrating of the
equation of the transition process in the circuit 2 (for open
K; and closed K;) were omitted, and the final expression
for the voltage on the capacitance Uc(f) was written.

Uc(t)ze_&H(J—m]+%-UCO]-Sin(a)t)+

oC ()
+Uco- cos(a)t)],
where 6 = R / 2L - is the damping rate;
2 2. L 1
@ =+ wy —5° —1is the oscillation frequency; wy =—
¢ JLc

— is the own circuit frequency; Ucy — is the initial capaci-
tance voltage; J,, = Uy / Ry — is the inductor current at the
moment of commutation.

The maximum increment of voltage in the arbitrary
cycle relatively to the initial value takes place after time
equaled to a quarter of the oscillation period — &t = 7/2

AUC(’)=UC(T=lj—Uco =
2w

—e 2 K(—’”j+5o -Uco]—Uco},
oC

where & = 6/ @— is the relative damping rate.

Charging time what is equaled to the quarter of the
period is conditioned by the diode presence in the circuit 2.

Accepting the idealization when ¢y — 0 which re-
lates to the maximum possible values of the output pa-
rameters of the charge with the lowest possible energy
dissipation in the active resistance of the circuit according
to the dependence (3) we get

V4 Z
lim AU t=— |=Uy| — |-Uc.,
Sy20 C( ZwJ 0 [Roj G @

U VA 1 L. o
where N=—C%~ 2 — — . [~ s the circuit wave re-
Uy Ry Ry
sistance.

It is clear the condition of the balance in the process
of income and loss of electromagnetic energy is equaled

to zero growth in the next charging cycle, that is

lim AU~ (t = i) — 0. If to take into account that the
5,0 2w
initial value of the voltage on the capacitance in the same
charging cycle is the result of accumulation process start-
ing with the voltage of the external source U, during the
previous cycles it is possible to write Ucy = NU.
According to the remarks above, with help of the re-
lation (4), we find that

N:hzizL. £ (3)
Uy Ry Ry VC

The dependence (5) is the solution of the formulated
aim. It fixes the limiting number of the possible cycles of
the capacitor storage charge to achieve the maximum
voltage value, which is the highest for the given parame-
ters of the system.

Numerical estimates.

Let us, it is necessary to charge the capacitive en-
ergy storage C =1200 pF of the magnetic pulse plant up
to Uy = 2.2 kV by the AC source U, =220 V. An active
circuit resistance of the branch with the magnetic energy
inductive storage is Ry = 0.1 Ohm. [1].

It is necessary to find the next data:

o the required quantity of charging cycles N;

o the value of inductance that ensures the implementa-
tion of the step-by-step charging process L;

o the maximum charge current of the inductive storage
I

e time of achievement of the maximum inductor
current ..

From (5) we find the required number of charge
cycles:

N = Uco = 2200 =
Uy 220

The value of inductance that ensures the implemen-
tation of the step-by-step charging process is also deter-
mined by (5)

L=(N-Ry)*-C=(10-0.1)*-1200-107% = 0.0012 H. (7)

The maximum charging current of the inductive
storage is based on (1),

10. ()
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Uy 220
m = T
Ry 0.1

The necessary time term to reach the maximum cur-
rent at the inductive storage could be find as (formula (1))

t23~i:3-0'0012

=22 KA. (8)

=0.036 s. 9)

Thus, the charge up of capacity C = 1200 uF up to
2.2 kV with mains voltage equaled to ~ 220 V can be car-
ried out during 10 cycles of the step-by-step charge, with
a maximum charging current in the inductance circuit
~ 2.2 kA. The necessary voltage level could be achieved
in~ 0.036 s.

Conclusions.

1. The work and benefits of the capacitance step-by-
step charging system which is a successful alternative to
the traditional scheme with step-up transformer and based
on the portioned energy charge was described.

2. The estimation of limit possibilities of the step-by-
step charging for the capacitive energy storage which are
caused by achievement of balance among the processes of
receiving and losing the electromagnetic energy was ful-
filled.

3. The simple calculated ratios were received. Their
applicability was illustrated by some numerical examples.
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RELAXATIONS LOSSES IN POLYETHYLENE INSULATION OF COAXIAL CABLE
STRUCTURE DURING AGING IN HIGH HUMIDITY CONDITIONS

Introduction. The presence of free moisture in power cables leading to the formation of tree structures - water treeing, which
originate in the amorphous phase polyethylene and are a major cause of degradation of the polymer insulation. They represent
the damage of the polymer size from several microns to 1 mm, developing technology for insulation defects under the combined
action of the electric field and the moisture diffusing from the environment. Water treeing destroys the polymer chain, resulting
in the formation of microcavities filled with moisture. The dynamics of water treeing and subtle properties largely depend on the
composition, morphology of the polymer insulation, chemical nature of the defect, in which they originate. Due to the force of
gravity in the water formed typical only for her region with locally ordered structure - clusters, which cause loss of relaxation.
Purpose. Features presence of relaxation losses in high-frequency range in polyethylene insulation during aging in high humid-
ity conditions of samples power and RF cables. Methodology. Samples of the power cable for the voltage of 35 kV with a cross-
linked polyethylene insulation radial water-blocking protection from moisture and radio-frequency coaxial cable with thermo-
plastic insulation for 1440 hours in a humidity of 100%. The dielectric loss tangent measured resonance method before and after
aging. Originality. Experimentally found evidence of the existence in the polymer cable insulation free water in the form of areas
with locally ordered structure - clusters. It is found that the solid polyethylene insulation in the frequency dependence of dielectric
loss tangent maximum relaxation shown one at 10 MHZ in the initial state, and there are two additional frequency range 500 kHz
- 5 MH7, after moistening. For cross-linked polyethylene insulation characteristic of large width Af of the frequency spectrum in
which the observed relaxation losses. It is obvious that the width of each of the relaxation maxima is associated with characteris-
tic fractal cluster size. It is important that the hydrated solid and foamed polyethylene insulation to show individuality, typical
only for water clusters which are detected by high-frequency dipole relaxation peaks dielectric loss tangent. There is a positive
correlation between the bandwidth Af of relaxation maxima and the rate of decrease of insulation resistance by applying a high
DC voltage. Practical value. Establishing a correlation between the bandwidth of relaxation maxima and the rate of decrease in
the insulation resistance test objects in the laboratory makes it possible to diagnose the presence of free moisture in the power and
RF cables by measuring the insulation resistance in exploitation. References 10, figures 7.

Key words: water treeing, moisturizing cables, solid and foamed polyethylene insulation, dielectric loss tangent, water clus-
ters, relaxation peaks.

Boinonnenvl usmepenun 6 ouanazone wacmom 50 kl'y — 20 MI'y manzenca yzna ouzieKmpuuecKux nomepsb 00pazyoe cujo-
6020 U PAOUOUACMOMHO20 KOAKCUAIbHO20 Kabenell 8 UCX00HOM COCMOAHUY U nocie yenaxcuenus 6 ycnoguax 100% enaorc-
nocmu. Ilocne cmapenus ycmanoeneno nosaenenue 0ONOIHUMENbHBIX PEIAKCAUUOHHBIX MAKCUMYMOE ONA CHIOUWIHON mep-
MOPeaKmuHoll U MePMONIAACMUYHON NOJUIMUIEHOEOU UZONAYUL, YMO 00YCNO6/1eHO 2PYNRUPOBARIEM C60DOOHOT 600bl 6
Knacmepvl coomeemcmeyrowieil gopmol u Gpaxmanvroii paimeprocmu. /Ina Kabeneii co 6CneHEeHHON MEPMONIACIMUYHOU
NONUIMUNEHO60T UZ0AAYUEH 6 He COCIMAPEHHOM COCIMOAHUU NPUCYWE NPOACICHUE PENAKCAYUOHHBIX HOMEPD 3 CUEm HAlU-
YU 600bl 6 2a3000pPA3HBIX 6KAIOUEHUAX. YCMAHO06NIEHA NONONCUMENbHAA KOPPEAYUA MeNHCOY WUPUHOIO NOIOCHL PeSlaKcayu-
OHHBIX MAKCUMYMOE U CKOPOCHIBbIO YMEHbULEHUA CONPOMUGTEHUA U30AUUU OM NPUTIONCEHHO20 6bICOKO20 NOCMOAHHO20 HA-
npaxcenua. bubn. 10, puc. 7.

Kniouesvie crosa: BOAHBIE TPHMMHIH, YBJIaKHeHHe Kaleseii, CIIONIHAS M BCIeHEHHAs] MOJIMITUICHOBAsH M30/Is1Ms, TAHTeHC
yriia IM3J1eKTPHYECKHUX M0Tephb, KJIAcTephl BO/bI, PeJIAKCAIIMOHHbIE MAKCHMYMBI.

Introduction. The presence of free moisture in the
power cable leading to the formation of tree structures, —
water treeing (Fig. 1) [1-7], which are generated in the
amorphous phase of the polyethylene, i.e. on the
boundaries of the grains-crystallites (Fig. 2), and are a
major cause of degradation of the polymer insulation.
Water treeings are damages of polymer sized from a few
microns (Fig. 1, 2) to 1 mm, developing on technological
defects of insulation under the combined action of the
electric field and the moisture diffusing from
environment. Together with moisture aggressive
substances penetrate to the insulation. They destroy the
polymer chains, resulting in the formation of
microcavities filled with moisture.

Dielectric strength in treeing is significantly
reduced, which increases the strength on the undamaged
part of the insulation and accelerates the process of
treeing growth [5]. Aging at the conditions of operation or
tests at increased temperature (90 °C) is significantly
lower than at lower temperatures (20 —40 °C): water

Fig. 1. Photo of emerging water treeing in cross-linked
polyethylene insulation of power cable, obtained by power
electron microscope [4]
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treeing grows less rapidly. The dynamics of water treeing
and their subtle properties largely depend on the
composition, morphology of the polymeric insulation, the
chemical nature of the defect, on which they originate.

Fig. 2 [6]

Problem definition. Water treeing can be
quantitatively described in terms of the fractal dimension,
i.e. the concept of the quantity characterizing the
geometric structure of stochastic objects [8, 9]. Current
concepts in this area connected with the fact that most of
the natural stochastic structures have so-called scaling
symmetry (scale invariance): they are viewed equally at
different magnifications (Fig. 3). With the help of the
algorithm for constructing the stochastic fractals using
iterated function it is possible to model the complex
fractal structure of water treeing in polymer cable
insulation.

a b
Fig. 3. The results of the construction of the classic Julia fractals
(a) and Mandelbrot fractals (b) in the Matlab environment

In accordance with relaxation theory by Dissado —
Hill [10] due to the attractive forces in liquids (water) are
formed area with a locally ordered structure — clusters,
structure, composition and the energy value of the
chemical bonds between molecules which depend on the
type of liquid and solid medium, in which it is situated. In
each of the liquid there are the basic, typical for it,
clusters that define its structure.

In a two-level model, the relaxation of a group of
atoms or molecules (cluster) associated with transitions
from one minimum to the other two variants of the
orientation corresponding to the minima in the potential
curve (Fig. 4).

2 (BDH + kTcM,)

Fig. 4. Energy diagram of a two-layer system:
a — process related with rotational and vibrational intramolecular
oscillations, b — intra-cluster activation relaxation process,
¢ — inter-cluster process of simultaneous exchange of molecules

The difference in energy values between these two
minima, i.e. height of the barrier, which is overcome by
the synchronous exchange of molecules between adjacent
clusters is written explicitly as

Ap=2(Bpy +kT. M,),
where k is the Boltzmann constant, 7, critical
characteristic ~ temperature  (the phase transition
temperature, for example, the glass transition tempera-
ture), M, is the unit vector of the longitudinal component
of the dipole moment of the cluster
Bpy +kT.M, j

kT

The degree of structural ordering of the minimum
size of the average cluster is characterized by the
parameter 0<npy<1. At n = 0 the clusters are not formed,
and the correlation between the processes of reorientation
of molecules absents. When n = 1 the clusters have a
crystal structure in which the processes of molecules
reorientation are fully correlated. Clusters, in their turn,
are part of the inter-cluster formations, the degree of
structural order in which is determined by the parameter
1 — mpy, and 0<mpy<1. Boundary values mpy = 0 and
mpy = 1 correspond to a perfect crystal lattice and the
liquid with an ideal hydrodynamic flow.

For the cluster model by Dissado — Hill the
dispersion relative electrical permittivity e*(w) is
described by the equation

M,= tanh[

-1
YF|1-nl-m;2—n; [1+lw]
n—1

£" (@)~ £opy _[H io J

&g~ €oDH @

» 2 F(l=-n,1-m;2-n;l)

where &,.py is the high-frequency limit of the area of
dispersion, polarization due to the contribution of the fast
polarization species (ion and electron bias) and a high-
frequency relaxation process, F)[...] are the Gaussian
hypergeometric functions.

The above equation corresponds to the Debye

equation forn=0,m=1, w,= 1131 . Maximum of dielec-

P

tric losses &' takes place at @ = @, only in the case n = m.
At each temperature there is a distribution of clusters

in shape and size, which correspond to the mean-square

square of the dipole moment of the cluster ,uc2
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The goal of the paper is investigation of features of
manifestation of the relaxation losses in high-frequency
range in polyethylene insulation at aging of samples of
power and RF cables in high humidity conditions.

Test objects. As test objects samples of the coaxial
cables are used.

1. A new power cable of voltage of 35 kV in single-
phase design with cross-section of aluminum conductors
of 95 mm’ with the cross-linked (thermosetting)
polyethylene insulation, semiconducting shields for
conductor and insulation, copper screen. Design feature is
the presence of semi-conductive hydrophilic water
swelling tapes, providing radial cable protection from
moisture.

2. A RF cable PK-50 with a two-layer thermoplastic
polyethylene insulation without additional radial
moisture protection. Cable for 5 years was in the room,
and the cable ends were not sealed with heat-shrinkable
protective caps.

3. A new RF cable EH4 (PK-75) with a thermoplastic
foam polyethylene insulation without additional radial
moisture protection.

4. A RF cable RG-6 (PK-75) with a thermoplastic
foam polyethylene insulation and protection against
moisture in the original (before operating) state as
hydrophobic jelly after exploitation for 10 years.

Dynamics of changes in the relaxation losses
during hydration. Test samples of the new power cable
and cable PK-50 were subjected to aging in high humidity
at room temperature for 1440 hours (2 months). In the
initial state and after aging the dielectric loss tangent in
the frequency range 50 kHz - 20 MHz by Q-meter VM
560 using resonance method were measured (Fig. 5).

For samples of RF cables EH-4 and RG-6 with foam
insulation measured frequency dependence on the
dielectric loss tangent are shown in Fig. 6.

Analysis of the frequency dependences shows that
there is a manifestation of the general laws of the
relaxation losses in the cables. So, for the power cable
with thermosetting and RF cable PK-50 with
thermoplastic polyethylene insulation (Fig. 5) in the initial
state and after the aging the nature of the frequency
dependences of dielectric loss tangent is identical.

In the initial state we can see the relaxation
maximum I, whose width Af is indirectly related to the
amount of moisture in the insulation: in a new power
cable residual free moisture is considerably less than in
the cable PC-50, which was a long time at natural
conditions. After aging on the frequency dependence of
the relaxation there are additional peaks II and III, related
to the reorientation of polar water molecules in formed
new clusters of different shapes and sizes.

In the new cable EH-4 (see Fig. 6,a) there are three
characteristic relaxation peaks associated with the
manifestation of the dipole polarization of water in
clusters of different shapes and sizes. In the structure of
the foamed thermoplastic polyethylene insulation there
are gaseous inclusions, which are filled with water, as in
the initial state and during operation (see Fig. 6,b).
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Fig. 5. Dynamics of changes in the tangent of the angle of
dielectric losses in cables samples in the process of moistening
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Fig. 6. The frequency dependence of the dielectric loss tangent
of RF cables with foam thermoplastic polyethylene insulation

The correlation between the width of the
spectrum of the dipole peaks and insulation resistance.
Fig. 7 shows the results of the insulation resistance
measurement of the power cable samples (curves 1 and 1)
and radio frequency cable PK-50 (curves 2 and 2')
depending on the applied DC voltage: curves 1 and 2 - the
initial state, curves 1' and 2' - after moistening.
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In the initial state, the insulation resistance of the
power cable is weakly dependent on the applied voltage
(Fig. 7, curve 1). The spectral width Af of the relaxation
maximum I (Fig. 5,a, the upper picture) is small. For RF
cable PK-50 in the initial state the width spectrum Af of

the relaxation maximum I (Fig. 5,b, the upper picture) is
significant (about 6 MHz), which causes a decrease in the
insulation resistance in 10 times when the voltage
increases 10 times (from 500 to 5000 V) (Fig. 7, curve 2).

After aging for the power cable (Fig. 7, curve 1') we
observe the strongly expressed dependence of insulation
resistance on the applied voltage: when the voltage is
increased by 10 times the insulation resistance decreased
to 10,000 times. The bandwidth of the spectrum Af of the
relaxation maxima I - III (Fig. 5, the lower picture)
increased almost 20 times.

For cable PK-50 spectral width Af of the relaxation
maxima I - III (see Fig. 5,b, the lower picture) increased
only 6 times, and as a result, the insulation resistance after
moisture is practically independent on the voltage. For
voltage of 5 kV after aging the insulation resistance
decreased to 100 times relative to the initial state.
Obviously, in a thermoplastic polyethylene insulation
water clusters with similar fractal dimensions are formed.

Conclusions.

So, the evidence of the existence in the polymeric
insulation of the cables of free water in the form of areas
with a locally ordered structure — clusters is
experimentally found.

In the range of measurements of 50 kHz - 20 MHz it
is found that for solid plastic insulation at frequency
dependences of dielectric loss tangent one maximum of
relaxation takes place at 10 MHz in the initial state and
additional peaks appear in the frequency range 500 kHz -
5 MHz after moistening. For thermosetting (crosslinked)
polyethylene insulation large width Af of the frequency
spectrum in which relaxation losses take place is
characterized. Obviously, the width of each of the
relaxation peaks is related to the characteristic fractal
cluster size.

It is important that in the hydrated solid and foamed
polyethylene insulation individual, typical only for water
clusters detected by high-frequency relaxation dipole
maxima of the dielectric loss tangent take place.

There is a positive correlation between the
bandwidth Af of the relaxation maxima and insulation
resistance decrease rate on the applied high DC voltage.
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P. Olszowiec

MODIFICATIONS OF DIODE RECTIFIER CIRCUITS FOR CONTINUOUS
INSULATION MEASUREMENT IN LIVE AC IT NETWORKS

Purpose. In the paper there are described few systems of insulation resistance continuous measurement using an imposed DC test
signal delivered by diode rectifiers. Drawbacks of this technique are pointed out and ways of these shortcomings removal are pro-
posed. Methodology. An improved version of measuring circuit based on a single-phase diode rectifier is presented. Application of
logometric measuring devices is suggested. Results. A new insulation resistance continuous measuring system is insensitive to
network voltages variation and asymmetry. Modified circuit enables also implementation of a simple device for alarming the
monitored network’s insulation deterioration and/or earth-fault protection. Originality. Formulas describing performance of di-
ode rectifiers under asymmetrical supply have not been available so far. Both innovations (i.e. single-phase diode rectifier and
logometric meter) have not been applied widely for implementation of continuous insulation monitoring in live AC IT networks.
Practical value. Use of both innovations will allow to eliminate unrequired dependence of measurement results on variable net-
work voltages as well as their possible asymmetry. Exploitation of diode rectifier circuits for earth fault location is also possible.
References 6, figures 9.

Key words: low voltage AC IT networks, insulation resistance, diode rectifier, insulation resistance decline alarming, earth
fault location.

Ilpeocmaenena paboma pasnvix 6eHMUILHBIX CXEM UIMEPEHUS CONPOMUBICHUS U30TAWUU Cemeli HU3K020 HANPAICEHUS C U30-
auposannoit neumpansio. Ilpugedenst hopmynvt 0na evluucienuUs IKGUBAIEHNMHO20 CORPOMUBTEHUA UBONAYUU NPU ACUMMEm-
puu aunelinblx nanpsaxycenuii cemu. Ilpeonoscenvt cnocodvl ycmpanenus HeOOCMAMKO8 IMUX CXeM C UCHOIb30BAHUEM 0OHO-
daznvix evinpamumeneii. Ilokazanvt 603modNcHOCIMU Peanu3auuu CUCMEMbl CUZHATUIAUUL 0 NOHUNCEHUU CORPOMUGTECHUA U30-
JAUUU U ROUCKA MeCMA 3aMbIKaHUA Ha 3emro. bubin. 6, puc. 9.

Knrwouegvie cn106a: ceTH HU3KOT0 HANPSIXKEHUS] ¢ M30JIMPOBAHHOI HETPabl0, CONPOTUBIIEHHE M30JISALNHU, THOAHBI BHINPSI-
MHUTEJb, CHTHAJIM3AIMS 0 MOHUKEHHH CONPOTUBJICHHS H30JISIIIH, IOUCK MeCTa 3aMBbIKAHUS HA 3eMJIIO0.

Introduction. Insulation monitoring is indispensable
for safe and reliable operation of electric systems. In low
voltage unearthed networks wide application has been
found by insulation monitors based on diode rectifiers. & — = =
However in recent years, in spite of numerous qualities of Eg‘ Ey

) . oy . =+ Ep |
this technology, leading position was taken by isometers S J i 1k |
B 0
CcT H CpT H C

Ry

U-mean =2 Ep ‘m )

)

exploiting superimposed test signal delivered by an auxil-
iary source. Most technical literature is devoted to these al g G ¢ |c | |
new methods [1]. Nevertheless it seems useful to remind |

traditional insulation monitors with rectifier circuits and ‘ TIS ‘
review possible ways of their improvement.

Problem definition. Main qualities of isometers L J
with diode rectifiers are simple construction, lack of an -
auxiliary test signal source, fast response, high accuracy Fig. 1. Scheme A of insulation resistance measurement
and insensitivity to ground capacitances [2]. However in a 3-phase network: TS —separating transformer, DR — full-
these devices have got also few shortcomings limiting ~— “2"° bridge rectifier, Ry — current limiting resistor, £, £, £,

phase voltages of the source, C,, Cp, C. — phase-to-ground
capacitances, G,, Gj, G. — phase insulation leakage conductances

DR|

their application.

This paper is aimed at analysis of existing measur-
ing systems and schemes improved by author, based on
single phase rectifiers.

Existing schemes. Scheme A. The most popular in-

provides information on the sought parameter R;. Its value
is given by formula

sulation monitoring scheme without an auxiliary test sig-
nal source is a system with full-wave bridge rectifier fed
by the monitored network (Fig. 1).

A separating transformer is fed by a line-to-line
voltage whereas its secondary winding is connected by
rectifier and current limiting resistor R, between one of
conductors and ground. Rectified current is a test signal
for determination of insulation-to-ground equivalent resis-
tance R;. Mean value Uy, ..., Of voltage across Ry resistor

\/E'Ebc _UO—mean )

Uofmean

The measurement result does not depend on insula-
tion capacitances as mean values of charging and dis-
charging currents are zero. However R; value depends on
two voltages at a time (£)., and U,) which is the main
shortcoming of this method. It is worth noting that for-
mula (1) is true at any possible distortion of U, voltage
waveform (Fig. 2).

Ri=Ry- 2

© Piotr Olszowiec
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Fig. 2. Waveforms of voltages in scheme A of insulation
resistance measurement in a 3-phase network (example):
A —voltage Uy, B — phase-to-phase voltage

Scheme B. Measurement scheme B (Fig. 3) ensures
continuous insulation monitoring too. Capacitor C is peri-
odically charged by phases B and C through diode D.
When the diode is blocked, the capacitor discharges
through elements connected in series: current limiting
resistor Ry and network insulation leakage resistances.

OEa

| o

Fig.3. Scheme B of insulation resistance measurement
in a 3-phase network: D — diode, C — capacitor,
Ro — current limiting resistor

Just as in scheme A mean value Uy, of voltage
across R resistor is
Ry

Uofmean = Ucfmean m s 3)
from where sought parameter R; is obtained
Ri = RO . UC—mean — UO—mean , (4)

UO—mean
where Uc. .., — mean value of voltage across the capaci-
tor.

Examples of voltages waveforms in this scheme are
shown in Fig.4. There is presented periodical process of
charging and discharging of the capacitor.

For C and R, meeting condition C-Ry >> T (T — pe-
riod of the network voltage), voltage across the capacitor
is practically constant. In this case formula (4) is as fol-
lows
R =R,- \/E'Ebc —Uo-mean . (5)

UO—mean

B zovDcim:d F zavDcio:i HOLD
MAMUAL

Fig. 4. Waveforms of voltages in scheme B of insulation resis-
tance measurement in a 3-phase network (example):
A — voltage Uy, B — phase-to-phase voltage

Scheme C. Three-phase rectifier with star connected

diodes belongs to the most popular insulation monitoring
systems (Fig. 5) [3].

e

S |

1

=

Fig. 5. Scheme C of insulation resistance measurement
in a 3-phase network: D — diodes, Ry - current limiting resistor

In this scheme there conducts diode with the highest
potential of anode. Transition from one diode to another
one takes place immediately when their phase voltages
become equal.

For derivation of formula determining mean value of
U, voltage across R, resistor in a network with asymmet-
rical source voltages E,, E;, E, it is convenient to use ex-
pression for output voltage of a full-wave bridge rectifier
(Fig. 6) [4]:

&,
—E, D, D, D4 U, D, P |Dg
] Pi=11
5 [% |e
L‘l Gi

7

Fig. 6. Three-phase diode bridge rectifier: D, ... D¢ — diodes,
G, — insulation leakage conductance of the positive pole

V2 (E +Ey +E
Ut2-mean = ( < . e ca). (6)

In this system mean value of positive pole-to-ground
voltage [5] is

G; . U'12-mean . 7

G, +G; 2

Ul—mean -
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From (6) and (7) formula for mean value Uy, eq, of
voltage across R resistor in scheme C is obtained

Uomean = \/5 ) (Eab + Epe + Eca) . Ry . ®
2z Ro+R;
From (8) sought value is derived
R = [ﬁ(Eab +Ebc +Eca)
1

2z UO—mean

—IJ-RO. 9)

Elimination of shortcomings of schemes A, B, C.
Main shortcoming of methods A, B, C (except of lack of
self- monitoring) is dependence of calculated parameter R;
simultaneously on the network phase-to-phase voltages
and on U, voltage. These voltages are of course propor-
tional but when using formulas (2) and (4) their current
values must be known. If source voltages vary with time,
simultaneous readings of two voltmeters must be made.

Scale of U, voltmeter can be graduated in kOhms
only if network voltages are known and do not change.

In scheme C an additional difficulty can be caused
by possible asymmetry of the source voltages. In order to
accurately determine R; parameter from formula (9), all
three phase-to-phase voltages must be simultaneously
measured. The latter obstacle can be overcome by a sim-
ple modification proposed by the author.

In a three-phase rectifier with star connected di-
odes only two diodes fed by any phase-to-phase voltage
can be exploited [6] (Fig.7.).

& — |
_,Ec 1 | |
C,] Cp cCT D
a c G c
Ga GI] e

ildiaastn

Fig. 7. Modified scheme of insulation resistance measurement
with two diodes in a 3-phase network

Let the rectifier be fed by phase b -to-phase ¢ volt-

age,

epe () =ey(t)—e, (1) =2 -E,, -sinat ,
and phase a voltage be determined by function
e, (1) = x/E -E, -sin(wt —a), where parameters E,, Ep., a
can assume any possible value.

Current switchover from one diode to the other one
takes place when e,(f) voltage is zero. Within interval
0<t<T/2 diode Dy, is open. According to the I Kirchhoff
law leakage currents (to ground) balance is

(G +Go)-ttg +Ge (= epe +1ug )+ Gy - (ug —ep +¢, )+
dl/lo

_ _ (10)
+Cb'_+Cc'd( ebc+u0)+ca.d(ea eb+u0):0.
dt dt dt
Within interval 7/2<¢<T diode D, is open
(Gc +G0)'MO +Gb '(ebc +u0)+ Ga '(HO —ée. +€a)+

d(ebc+”0)+c d(eq —e.+up) :0.(11)
dt ¢ dt

duo
+C,-—+Cy-
c dt b

Using insulation equivalent parameters of AC side
G =G,+G,+G.and C; = C, + C, + C,, both equations
assume the following form

(Gi+G0)'”0+Ci'%+Ga '(ea _eb)+

(12)
dle, —e d(-e
+Ca'(ad—tb)+Gc'(_ebc)+Cc' (dtbC)z();
(G + Go) g + G- 0 4G ey e )+
dt (13)

d —
+C, ~%+Gb “epe +Cp -

debc -0.
t

After integrating equation (12) within limits 0<¢<7/2
and equation (13) within limits 7/2<¢<T both equations
should be added. As integrals of all capacitive currents
over period T are zero and mean value of any sinusoidal
function is also zero, the following equation is obtained

T
1 V2 E
(G +Go)'?j“odf =(Gi+Go)-Uo-mean =—— k.G, (14)
0
from which the final formula follows

‘/E'Ebc
= =Ry —Z (15)
Gi Uofmean

In this method the result depends on voltage Ej. of
two selected phases. Therefore neither any possible
asymmetry of source voltages vectors E,, E,, E. nor num-
ber of network’s phases play any role.

The main shortcoming of all presented schemes i.e.
necessity of simultaneous readings of network voltages
and U, voltage can be eliminated with help of a system
fulfilling division of two voltages values. Thus for
scheme C there can be used a logometer performing divi-

- Uofmean

2-E
sion of voltages u—Uo,mean and Ugy_,ean  SUP-
T

plied to its inputs 1 and 2 (Fig. 8). Therefore its indication
corresponds to the value given by formula (15). The other
way to avoid the problem is application of stabilized volt-
age source.

=
S,
tb
g 0.50,, 1
-
G |G G

. 11
) , I
R, ]

Fig. 8. Application of a logometer (LM) for insulation resistance
continuous measurement in a 3-phase network

Additional advantages of A,B,C schemes. All pre-
sented schemes of continuous insulation monitoring with
diode rectifiers have got few valuable advantages which
have not been utilized fully in practice so far.

The first one is implementation of insulation level
deterioration alarming. For this purpose a DC overvoltage
relay should be connected in parallel with Ry resistor. For
the relay setting U, it would detect insulation resistance
drop below the threshold equal to
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E _UO—set , (16)
UO—set

where E — voltage of the rectified test current source. For

example in the scheme in Fig. § this is

\/E'Ebc
T

R t=R0.

i—sei

(17)

However a significant shortcoming of this simplest
solution is dependence of the alarm threshold on network
voltage (E) variation for a fixed relay setting Up,. Of
course this disadvantage can be eliminated with help of a
system fulfilling division of voltages or using stabilization
of voltage source. Another solution is application of volt-
age relay supervising sign of the voltages difference

0
UO—mean —-E- >
RO + Ri—set

E= =0.5- Ut2-mean-

which follows from (16).

The second advantage is possibility for implementa-
tion of ground faults location in AC IT networks. Ground
faults can be located by measuring rectified test current
with help of DC current clamp meter (e.g. Kyoritsu or
Fluke). This procedure is illustrated in Fig. 9.

©

=E, I
X L'x
G % |G TK
T M
GIJ Gx

Fig. 9. Application of a scheme of insulation resistance continu-
ous measurement in a 3-phase network for ground fault location:
M — ground fault locator, 7K — DC current clamp meter

As mean value of voltage of all conductors against
ground is the same, mean values of leakage currents from
these conductors to ground are proportional to their insu-
lation-to-ground conductances. When searching for

How to cite this article:

ground fault one can close the clamps around single con-

ductors or multi-wire cables. Microprocessor device M

determines equivalent insulation resistance of the entire

network from (15) and insulation resistance of a single

conductor «x» from the following formula
1 U

R — — X—mean

G, I

X X—mean

(18)

Conclusions.

1. Traditional systems of insulation continuous
monitoring based on multiphase diode rectifiers are
sensitive to variation of network voltages and their
possible asymmetry.

2. Application of a single phase star diode rectifier en-
ables to eliminate the above mentioned difficulties.

3. Attention should also be turned to other qualities of
the presented schemes i.e. insulation level deterioration
alarming and ground fault location.
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NUMERICAL ANALYSIS OF MATHEMATICAL MODELS OF THE FACTUAL
CONTRIBUTION DISTRIBUTION IN ASYMMETRY AND DEVIATION OF VOLTAGE
AT THE COMMON COUPLING POINTS OF ENERGY SUPPLY SYSTEMS

Purpose. Perform numerical analysis of the distribution of the factual contributions of line sources of distortion in the voltage
distortion at the point of common coupling, based on the principles of superposition and exclusions. Methodology. Numerical
analysis was performed on the results of the simulation steady state operation of power supply system of seven electricity consum-
ers. Results. Mathematical model for determining the factual contribution of line sources of distortion in the voltage distortion at
the point of common coupling, based on the principles of superposition and exclusions, are equivalent. To assess the degree of
participation of each source of distortion in the voltage distortion at the point of common coupling and distribution of financial
compensation to the injured party by all sources of distortion developed a one-dimensional criteria based on the scalar product of
vectors. Not accounting group sources of distortion, which belong to the subject of the energy market, to determine their total
factual contribution as the residual of the factual contribution between all sources of distortion. Originality. Simulation mode
power supply system was carried out in the phase components space, taking into account the distributed characteristics of distor-
tion sources. Practical value. The results of research can be used to develop methods and tools for distributed measurement and
analytical systems assessment of the power quality. References 8, tables 6, figures 3.

Key words: power quality, factual contribution, point of common coupling, voltage asymmetry, voltage deviation.

Ha ocnose umumayuonno20 mooeaupoeanus npoeedeH CpasHUmMenbHylili AHAIU3 MAMEMAMULECKUX MoO0enell pacnpedenenus
axkmuueckux 6Kk1A006 NUHENHBIX UCMOYHUKOE UCKANCEHUIl 6 UCKANCEHUE HANPAN}CEHUIl 6 MOouKe 00uie20 npucoeOuHenus,
KOnopbvle 0CHOGAHbL HA NPUHUUNAX HAN0MCEHUA U UCKTI0YeHuA. Ilonyuennvie pe3ynomanmyl no360aunu coenanty 6v1600 00 K-
BGUBAICHMHOCIMU 08YX MAMEMAMUYECKUX MOOEICH U UX NPOU3BOTbHOM 6blOOpEe 0N PeueHUs 3a0adi pacnpedesileHus (axmu-
YeCKUX 6K1a008 JIUHEUHBIX UCMOYHUKOE UCKAMNCEHUI 8 UCKAMCEHUEe HANPAMNCEHUNl 6 moyuKe oduezo npucoedunenus. bubin. 8,
Tabm. 6, puc. 3.

Knrouesvie cnoga: KavyecTBO JIeKTPUUECKOH IHeprun, GakTHYeCKUl BKJIAA, TOYKA 00LIEro MpHcoeIUHEHMs], HECUMMETPHs

Haﬂpﬂﬂ(el—[l/lﬁ, OTKJIOHCHHE HAIIPSAKEHUS.

Introduction. Non-compliance of power quality
(PQ) to established standards are the reasons the marriage
of products, equipment damage, and additional power
losses both in consumers and electrical energy (EE) sup-
pliers [1]. According to some estimates [2] annual eco-
nomical losses in several countries due to the low PQ
arise USD 10-20 bln. For certain sectors of production
decrease in PQ can cause damage to 3.800.000 EUR per
event [3]. Obviously, if this happens, it becomes a ques-
tion of determining those responsible for lowering the PQ
and compensation of economic damages to the injured
party. The answer to it is to solve the problem of the dis-
tribution of factual contributions (FC) of sources of dis-
tortion (SD) in the distortion of the voltage at the point of
common coupling (PCC) [4].

Problem definition. One of the new directions of
development of the FC SD distribution methods in volt-
age distortion at PCC involves the use of mathematical
models, drawn up in phase coordinates, given the distrib-
uted nature of SD in the power supply system (PSS),
which are based on the principles of superposition [5] and
exclusion [6].

A mathematical model of the distribution of FC of
linear SD (undistorting the sinusoidal voltage waveform)
in the voltage distortion is based on the principle of su-
perposition, involves the expansion of distorting parts of
voltages in each PCC from the activities of all SD accord-
ing to the following expression:

n n
T -1
ZUdisi:A ><Yundisledisi > ()
i=1 i=1

where A4 is the incidence matrix; Y, is the matrix of

undis
undistorted nodal conductivities of the PSS and EE con-
sumers; 14, ; is column matrix of distorted currents char-

acterizing the i-th active or passive element with SD.

A mathematical model of the distribution of FC of
linear SD in the voltage distortion is based on the princi-
ple of exclusion, involves determining the distorting of
the voltage in each PCC, introduced by the i-th SD, by the
following expression:

SDi
Udis i~ Ugis - Ugfv ' 5 (@)
rae Uy, the matrix of distorted parts of voltages in the

ex SDi

PCC from common action of all SD; U, is the ma-

trix of distorted parts of voltages in the PCC with ex-
cluded distorted part of the i-th SD.

To check the adequacy and the comparison of the
proposed new mathematical models of the distribution of
FC of linear SD in voltage distortion at PCC it is neces-
sary to perform the numerical analysis.

The goal of the investigation. To perform numeri-
cal analysis of mathematical models of distribution of FC
of linear SD in voltage distortion in the PCC, based on the
principles of superposition and exclusion.

Results of the investigation. We consider the
PSS of seven EE power consumers (C) (see Fig. 1)
consisting of a energy supply (ES), generalized electri-
cal network (EN), a power transformer (T) and three
overhead lines (OL).

© Yu.L. Sayenko, D.N. Kalyuzhniy
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Fig. 1. Power supply system of seven consumers of EE

The parameters of equivalent circuits of the elements
of the considered PSS and EE consumers reduced to the
voltage of 380 V are the following. The voltage on the

buses of the ES: Qis =232 /0° V
=232 £240° V; Qgs =232 /120° V. Equivalent

resistances of the generalized EN:
Z"N = 0,008 + j0.148 Q0 Z5Y = 0.008 + j0.04 O

Z gN = 0.008 + j0.056 Q. Equivalent resistances of EE

consumers:

i 75 .0 VAN® V)

1 72+3.7 6.5+,3.0 6.74+ 3.5
2 6.9 +j5.2 7.7 +j3.7 6.87 +,3.9
3 13.7+j5.2 15.1 +j4.7 14.2 +j4.6
4 9.7+j3.2 8.9+3.1 10.5+;3.5
5 63+;19 6.8+;1.4 72+;19
6 17.2+/7.1 19.8 +,8.1 15.6 +j6.5
7 13.9+,3.9 14.9 +j4.9 15.1+;4.5

Resistance of  the power transformer:

zZ PhT = 0.00105 +j0.0072 Q. Conductivity of the power

transformer: Y, r =0.001375 + j0.0021 S. Specific re-

sistance of the OL: Z% = 1.26 + j0.34 Q/km; 2410 =

=1.97+j0.345 Q.

According to calculations carried out, the steady
state operation of the considered PSS is characterized by
parameters given in the Table 1. It follows from them that
in the PCC No. 5, to which EE consumers C4 and C5 are
connected, the coefficient of asymmetry of voltage by the
zero sequence K and steady state deviation of the volt-

age oU, exceed the normal allowable values [7]. On this

basis, for the PCC No. 5 we determine FC of all SD in the
distortion of its voltage.

According to the mathematical models (1) and (2) in
the equivalent circuit of the individual elements of the PSS
and EE customers distorted part of SD must be extracted
and identified [8]. If SD is a passive longitudinal element,
its equivalent circuit will be determined by a series connec-
tion of two resistances, one of which describes the undis-

torted part (Z,
( dts

undis

), and the other — distorting part

). If SD is a passive cross element, its equivalent

circuit will be determined by the parallel connection of two
conductivities ¥ "7“’" and Y df For SD, which is an ac-
tive element the equivalent circuit is provided as a serial
connection of two EMF ( E'7¢ undis and E dElg ).

Determination of distorted part of any SD by voltage
asymmetry is based on the deflection of its parameters
from some symmetric state, for example for passive SD:

el el el
Fy+Fp+lfc .

Fundis _

L A(B.C)et -3 3)
dis undis

Fonet =E pn = F pher

The basis of determination of distorted parts of the
SD by the deflection voltage are the principles of compli-
ance with the required voltage levels on the ES buses and
in control nodes of the PSS voltage as well as load of the
individual elements of EN and EE consumers not exceed-
ing permissible or maximum permissible values for them.

So, in the case of excess power of consumer above
the maximum permitted its distorted part will be charac-
terized by the following conductivity:

di. * 2
YpthCz = Agph Ci/Uph Ci» 4)
where 48 PhCi is the part of the phase power of the i-th

EE consumer, exceeding its maximum allowed value;

1% PhCi is the phase voltage of the i-th EE consumer.

Distortion of the actual voltage on the ES buses

(E {)‘;ZCES) from the value required by the PSS operation

mode ( E ”’Zd]’:_ss ) will characterize its distorted part:

dis undis fact
EphES EphES_EphES ®)

In our case, the maximum permitted power of elec-
trical loads of each EE consumers are listed in Table 2.
On operation mode conditions of the PSS the voltage on
the ES buses must be maintained as 1,065-U,,,,, . Voltage

regulation by the power transformer is not performed.

On the basis of the above expressions and addi-
tional information about the PSS operation, distorted
and undistorted parameters of all its SD are determined
(see Table 3 and Table 5). According to the mathemati-
cal models (1) and (2) the distribution of FC of linear
SD in distortion of the voltage in the PCC No. 5 corre-
sponds to the data given in Table 4 and Table 6. For a
more visual representation these results are presented in
Fig. 3 in graphical form.
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Fig. 3. Graphical representation of the distribution of FC of linear SD in voltage distortion in the PCC No. 5
on the base of the mathematical model: (1): a) by the voltage asymmetry; ) by the voltage deviation

We estimate the divergence of results for the dis-
tribution of FC of linear SD in distortion of voltages in
the PCC No. 5, obtained on the basis of (1) and (2)
mathematical models, by the relative root-mean-square

deviation:
i [ (7[,” ) Re(Qdu(z))]ZJr
i=1 [Ide,S ) Im(Qggi )]Z 0

= -100%,  (6)
Z [Re(fdm )]2 [Idels )]Z
i=1
where 7 is the total number of SD; symbols 1 and 2 corre-
spond the mathematical model (1) and (2), respectively.
In our case, o by the voltage asymmetry is 6.4:10° %,
and by the voltage deviation — 8.1:10* %. These values
lead to the conclusion of equivalence of (1) and (2)
mathematical models and, consequently, their arbitrary
choice for the solution of the problem of the distribution
of FC of linear SD in the voltage distortion in the PCC.
We analyze the obtained FC distributions. Firstly,
FC distribution of linear SD in the voltage distortion in
the PCC is a vector (two-dimensional) quantity. It is ob-
vious that in such a form the FC can not be used for the
distribution of financial compensations for the reduction
of PQ and it is necessary to provide a corresponding one-
dimensional criterion. We set as the basis of the one-
dimensional criterion of the FC distribution the FC scalar
product in vector form:

= (U1 P 0P s ey, {w ga,@.mm I
i=1

Such an approach means that this criterion assesses

FCDSi

the FC by projections of vector FC U ;¢ on the total

vector of the voltage distortion in the PCC U P CC . Omit-

ting the module in the expression (7) it is p0351ble to addi-
tionally take into account the effect of the voltage distor-
tion compensation introduced by separate SD. In our case,
this effect is most clearly demonstrated by the vectors

QOFC €4 and QgCC6 (Fig. 3,a).

Secondly, in the voltage distortion in the PCC No. 5
all SD PSS take part. Here, FC SD outside the PCC No. 5

may be comparable to or greater than FC SD connected
directly to the PCC considered.

Third, the discrepancy of the FC (U ﬁis =

= yhee®s g2y petween all SD (Fig. 3,b) which is

caused by not taking into account or the inaccuracy of the
determination of distorted parts of some SD is possible.
To eliminate it is enough to group the unknown or ill-
defined SD, belonging to the same subject of the energy
market, for example, the PSS, and to determine their total
FC by excluding from the total distortion level voltages in
the PCC:

FC PSS
Udls

On the basis of the above, a one-dimensional distri-
bution of the FC by the voltage asymmetry in the PCC
No. 5 will be:

PCCNe5 2FCCi
Udzs - Udzs ®)

EN C1 c2 C3
8.610° 1.0 13.43 536

FCpg;»% 4 15 16 17
1331 5524 8.77 2.9

Assuming that distorted parts of the SD part from
the side of the EE customers are identified accurately and
distorted parts of the SD from the side of PSS elements
are grouped, the one-dimensional distribution of the FC
by the voltage deviation in the considered PCC will be:

PSS Cl 2 c3
80.64 4.46 10.56 0

FCpg;» % 14 5 6 7
434 0 0 0

The obtained results show that most part of the pay-
ments for compensation of economic losses for the sub-
jects of the energy market in the PCC No. 5 from the
voltage asymmetry falls on EE customers C5 (55.24 %)
and C2 (13.43 %), and from the voltage deviations — on
the PSS (80.64 %) and EE C2 customer (10.56 %).

Conclusions. Mathematical models of determination
of FC of linear sources of SD in the voltage distortion in
the PCC, based on the principles of superposition and
exclusion, are equivalent. To assess the degree of partici-
pation of each SD in the voltage distortion in the PCC and
the distribution of financial compensation to the injured
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party between all SD, a one-dimensional criterion of FC
distribution based on the scalar product of vectors is de-
veloped. Not accounting the group of SD, belonging to
one subject of the energy market, permits to determine
their total FC as the discrepancy of the distribution of FC
between all SD.
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G.A. Senderovich, A.V. Diachenko

THE RELEVANCE OF DETERMINING RESPONSIBILITY FOR VIOLATION
OF POWER QUALITY IN TERMS OF VOLTAGE FLUCTUATIONS

Purpose. The purpose of work is the analysis of scientific and technical information for determination of expediency of researches on
the determined calculations of individual share of suppliers and consumers in violation of quality of electric energy on indicators of
fluctuations of voltage. Methodology. Today the indicators characterizing fluctuations of voltage aren't considered: scope of change
of voltage (60U, and dose of a flicker (P,). These indicators represent long changes of characteristics of tension that assumes potential
opportunity for studying of regularities of their emergence and the determined distribution of responsibility for these violations be-
tween subjects. Results. As showed by results of research: fluctuations of voltage make negative impact on sight of the person and
functioning of the electric equipment; in a network there is a large number of possible sources of fluctuation of tension; there are
ways of identification of fluctuation of voltage; there are methods of decrease in fluctuation of voltage. The analysis of literature
didn't reveal development by definition of responsibility of subjects for violation of requirements to quality of electric energy regard-
ing fluctuations of voltage. Originality. Performance of development in this direction will make definition of responsibility for viola-
tion of quality of electric energy fuller and basic. Practical value. This research will allow to develop further the metering device
which defines responsibility according to the current legislation, and has flexible algorithm for further improvement. to the legisla-
tion, also has flexible algorithm for further improvement. References 12, figures 7.

Key words: quality of the electric power, indicators of quality of the electric power, electromagnetic compatibility, fluctua-
tions of tension, fliker, scope of change of tension, definition of responsibility.

B cmampve paccmompensl uzuueckue npoyeccol npu Ko1eOAHUAX HANPAICEHUS, CROCOObL UIMEPEHUA U PACYHEM 08 NOKA3ane-
Jell ux XapaxKmepusyouux, éiuanue Koaeoanuil Hanpax)@cenus Ha INeKmpoooopyoosanue u MeponpuUAmMUs RO €20 CHUNCEHUIO.
Coenan 6b1600 0 YenecoodPA3ILOCHU NPOBEOEHUA UCCTE006ANHUIL NO ONPedeIeHUI0 OMBEMCMEeHHOCIU CYOBEeKMO8 6 cilyuae npe-
BbIUEHUA KONEOAHUAMU HANPANCEHUA OONYCIMUMBIX 3Ha4YeHuil. bubn. 12, puc. 7.

Knrouesvie cnosa: Ka4ecTBO 3IeKTPOIHEPTHH, MOKA3ATEIH KauyecTBA YIeKTPOIHEPTHH, JIEKTPOMATHHTHASI COBMECTHMOCTH,

KOJIe0aHUs HalpsizKeHUusd, (lmmcep, pasMax U3MEHECHHUsI HANIPAKEHHs, Oolipe/ie/IeHHe OTBETCTBEHHOCTH.

Introduction. Electrical energy as a product is used
in all spheres of human activity, has a set of specific
properties, and is directly involved in creating other types
of products, affecting their quality. The concept of
electrical energy quality (EEQ) is different from the
concept of quality of other types of products. Each
electrical customer (EC) is designed to operate at actual
nominal parameters of electric energy, which are
characterized by indicators of electrical energy quality
(IEEQ). Degree of conformity of real and nominal IEEQ
established by GOST characterizes EEQ.

Maintenance of requirements for EEQ on-site
production does not guarantee their availability at the
place of consumption, as the IEEQ influence the technical
characteristics of the network and EC modes and
exploitation. EEQ 1is also characterized by the term
«electromagnetic compatibility». Under electromagnetic
compatibility they mean the ability of EC to function
normally in its electromagnetic environment (in the
electrical network to which it is connected), without
creating unacceptable interference to other EC, operating
in the same environment.

Problem definition. Increase EEQ is an actual task
of development of power industry, aimed at reducing
electricity losses, increasing the service life of electrical
equipment, ensuring the conditions of the normal process
of electrical consumers. An important condition for

improving the EEQ in electric networks of Ukraine is the
interested the subjects of distribution and consumption of
electricity. The way to improve the interest to ensure the
necessary EEQ passes through the introduction of
financial responsibility of suppliers and consumers for
exceeding pre-admissible deviation of the IEEQ, in
particular, and voltage fluctuations (VF).

Today we can say that the development of methods
and techniques for determining the equity entities of the
distribution of electricity in the liability for breach of
EEQ in three-phase power networks for the following
IEEQ and their characteristics: coefficient of asymmetry
of voltage on the negative sequence and zero sequence
(Kyy, Koy), distortion factor of sinusoidal voltage curve
and the coefficient of the n-th harmonic component of the
voltage (Ky, Kyw), as well as steady state voltage
deviations (6U,). A complex technique that combines
three techniques mentioned is also developed [1-4].

Not considered indicators characterizing VF:
magnitude of voltage change (6U,) and flicker dose (P,).
These indicators, like previous ones, are long-lasting
changes in stress characteristics, which suggests the
potential for the study of the laws of their occurrence and
the determined allocation of responsibility for such
violations  between  subjects. Implementation of
development in this area will make the determination of
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responsibility for violating EEQ more comprehensive and
fundamental, that in the future will develop a metering
device, which determines the liability according to the
legislation in force, and has a flexible algorithm for
further improvement. Such a device should fix the
deviations of all the above parameters, and make a
generalized conclusion about the responsibility of the
parties.

The goal of the work is analysis of scientific and
technical information to determine the feasibility studies
on deterministic estimates the equity providers and
consumers in violation of the EEQ in terms of voltage
fluctuations.

Results of investigations. When
customers are working with rapidly changing shock loads,
in the mains power consumption abrupt shocks arise. This
causes a change in the mains voltage swings which can
reach high values, for example, the inclusion of an
asynchronous motor with a high starting current
multiplicity. These phenomena are caused by
technological installations with rapidly varying mode of
operation, which is accompanied by lashing out active
and reactive power, such as a drive reversing rolling
mills, electric arc furnaces, welding machines, etc.

We represent the power supply of the consumer in
the form of equivalent circuit (Fig. 1) in which E,, is the
equivalent EMF of the system; U is the voltage on the
busbars of the receiving substation; Z,,, is the equivalent
resistance of the connection with the system; Z,.q is the
equivalent resistance of the load of the enterprise.

electrical

L, Py
stst — ! d’ Zload
| | — | ]
U —

Eo
Fig. 1. Equivalent circuit of the customer’s power supply

Changing of the voltage U on the busbars of the
receiving substation caused by external to the electrical
network of the consumer exposure, it can be seen as a
consequence of changes in the EMF of the system Ej.
On the assumption of the immutability of the load
resistance (Z,.s = const) the reduction of £, reduces the
current / on the load lines and power consumer Py,
raising Ey,; — to increase of I and Pj,.q. In fact, when
changing the voltage U the load resistance Z;,,; may vary
somewhat, but in general, this change corresponds to a
positive regulatory effect of active load voltage [5].

If the source of the VF is located in the electrical
network of the consumer, the voltage U changes in the
tire receiving substation is due to varying load at constant
EMF system (Zj,,s = const). The value of voltage U is
determined by the voltage drop on the resistance of the
connection with the system Z,. If we neglect the
transverse component of the voltage drop, which is
typical of the distribution network, we can write:

U= Esyst _ Pload rsyst(_;Qload " Xsyst ,
where Py, Olouq are the powers of the customer’s active
and reactive load, respectively.
As mentioned above, VF is characterized by two
parameters [5]:
o magnitude of the voltage fluctuation (6U,), %;
o flicker dose (Py, Py,).
The scope of the voltage U, is a quantity equal to
the difference between the values and U; and U,
consecutive extremes (or extremum and the horizontal
portion) of the envelope of the fundamental frequency of
the mean-square value of voltage values determined in
each half period as a percentage of the nominal voltage.
The scale of change of voltage is calculated
according to the formula, %:

U, _lvi—vid 100,
nom
where U;, U.., are the values of following one another

extrema in accordance with Fig. 2.

!lt-;g E zf\ta

Fig. 2. Voltage fluctuations

Appearing at any point in the system VF distribute
and toward the low voltage busbars substantially without
attenuation, and the high-voltage bus bars - with damping
amplitude. This effect is depending on the short circuit
power (Sqc.5s) System. When propagating in any direction
VF of the frequency spectrum is retained, and the
attenuation factor or amplification (Kjy;) [6] is given by:

K5Ut = 1+(Ssc.syst/Snom.t)'Usc >

where S, is the power of the short circuit of the sys-
tem; S,om. 1S the rated power of the transformer; U,, is the
voltage of the transformer short circuit.

Repetition frequency of voltage changes (f5u,), (1/s,
1/min) is determined by the expression:

f&U[:m/T,

where m is number of voltage changes by the time T;
T is the time measuring interval taken equal to 10
minutes.

If two voltage changes are occurring at intervals less
than 30 ms, then they are treated as one. The time interval
between the voltage changes is:

Ati i1 = i1 =t -

Assessment of the admissibility of the range of

voltage changes by means of the curve of the permissible
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range of fluctuations of the frequency of repetitions of
voltage changes or the time interval between successive
voltage changes (Fig. 3).

N
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Fig. 3. Curves of permitted values dU/(f)

EEQ at the point of common coupling with periodic
VF, meander-shaped (rectangular, Fig. 4), according to
the relevant requirements of the standard, if the measured
amplitude of voltage changes do not exceed the values
defined by the curve of Fig. 3, for relevant repetition of
frequency of voltage variations (Fjy) or the interval
between the voltage change (Af;;+1).

The duration of the voltage measurement is the time
interval from the start of a single measurement to its final
value [5].

10 ms

10 ms

Fig. 4. Voltage fluctuations of arbitrary shape (a)
and meander-shaped (b)

On the other hand based on [7] there is used the
method of «partial reactions» [8], the objective and
unambiguous assessment of the VF is only possible by a
dose of flicker.

VF of power supply (typically of less than 1 min),
including the single quick change of voltage, cause the
occurrence of flicker.

Flicker is subjective human perception of the
luminous flux of artificial light sources fluctuations

caused by fluctuations in the mains voltage, which
supplies of these sources [5].

The intensity of the voltage flicker characteristic
power VF taking into account the characteristics of visual
perception and brain human vibrations of the luminous
flux of incandescent lamps completely like VF.
Incandescent lamps are the most massive loads sensitive
to the VF to a greater extent than television sets,
computers, electronic and microelectronic  control.
Intensity Flicker is expressed in dimensionless units;
ordinates of the standard curve of acceptable values VF
oU(f) (Fig. 3) corresponds-corresponding values flicker
intensity determined over 10 minutes with a probability of
99 % P, = 1.

Flicker dose is a measure of human susceptibility to
the effects of fluctuations in the luminous flux caused by
VF in the supply network for a specified period of time,
which is measured by the standard flickermeter.

Time perception of flicker is the minimum time to
subjective human perception of flicker, voltage
fluctuations caused by certain shape.

Standard [5] determines a short-term Pg, and long-
term Py, flicker dose (determined in short term
observation time interval equal to 10 minutes at a long
interval — 2 hours). Initial data for calculation are the
flicker levels, measured by flickermeter — a device, which
is modeled sensitivity curve (frequency response) of the
human organ of vision [9].

The visual perception process when VF is simulated
on the basis of the theory of the passage of the composite
signal through a nonlinear dynamical system. Fig. 5
shows the frequency response of the visual analyzer,
adopted by the IEC. The upper limit of the frequency of
the VF, affecting vision, taking into account the time
constant of the filaments of incandescent lamps is about
35Hz at 6U, t <10 % [10].

g0
'y
1
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e

06 N
/

04

02
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Fig. 5. Frequency response of the visual analyzer
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where g(f) is the variable coefficient of amplification of
the inertial system (eyes), dependent on the oscillation
frequency f.
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The short-term flicker dose (Ps;) can be determined
by calculation making measurements on the observation
interval TS = 10 min. In this case, the following formula:

0,0314 py1+0,0525 pi;+0,0657 p3g+
Py = ’
40,28 Py +0,08 Psgs

where Py, Pis, Pss, Pios, Psos are the levels of flicker,
which values have been exceeded during 0.1; 1; 3;10; and
50 % of the time interval of observation 7. Index «s» in
the formula indicates smoothed values P;, P3, Pjo, Pso.
Smoothed values are calculated by the following formu-
lae [5]:

Psos = (P30+ Pso+ Pso)/3;

Pios = (Pe+ Pg+Pio+ P13+ P17)/5;
P3s=(P22+P3+P4)/3;
Pis=(Po7+P1+P15)/3.

Because the time constant of the device is 0.3 s, the
Py, value can not be changed quickly and for Py,
smoothing is not required.

Interval of 10 min of observation, used in assessing
the short-term flicker, convenient to assess VF created by
technical means with a short duty cycle. In cases where it
is necessary to take into account the cumulative effect of
several loads of interfering randomly (e.g., welding
machines, electrical motors), or take into account the
sources of flicker with a long and varying the duty cycle
(e.g., electric arc furnace), it is necessary to assess the
long-term flicker dose. For this long-term dose of flicker
(Py,) is determined based on the measurement of short-
term doses of flicker (Pr,) with respect to the period of
observation, associated with long working duty cycle or
period during which the observer can perceive flicker,
such as a few hours, using the expression:

1 12 3
PLi={ 5 2Py
12 k=1

where Pgy (i = 1, 2, ... N) are the successive values of
short-term flicker dose on k-th time interval T for a long-
term observation period 7} [5].

EEQ by the flicker dose meets the requirements of
the Standard, if the short-term and long-term flicker
determined by measuring for 24 hours, or calculation, do
not exceed the limit values: for short-term flicker — 1.38
and for long-term — 1.0 (at VF with a shape different from
the meander) [11].

Voltage fluctuations in the power network lead to the
following consequences:

e fluctuations in the luminous flux of lighting (flicker
effect);

e deterioration of the quality of television receivers;
violation of the x-ray equipment;

false operation of control devices and computers;
malfunction of converters;

e torque fluctuations on the shaft of rotating machines,
causing additional power losses and increased wear and

tear, as well as violations of technological processes that
require a stable speed.

The degree of influence on the operation of the
equipment is determined by the oscillation amplitude and
frequency.

Load fluctuations of high power, for example,
rolling mills, causing a moment's hesitation, active and
reactive power local power generators.

Vibrations and voltage dips deeper than 10 % may
result in the extinction of the discharge lamp re-ignition,
depending on which type of lamp can occur only after a
considerable period of time. With deep vibrations and
voltage failures (more than 15 %) may fall contacts of
magnetic starter, causing disruptions in production.

Sharp VF have negative impact on the dynamics of
movement of trains. Current jumps and traction caused
VF, reduce the reliability of the contactors and are
dangerous in terms of occurrence of slipping. For electric
rolling fluctuations are dangerous of the order of 4-5%.

The increase in electricity losses during in-plant
networks caused by VF with amplitude of 3 %, does not
exceed than 2 % of the initial value of the losses.

A the metallurgical factories VF more than 3% lead
to a mismatch of speeds drives continuous stands of metal
rolling, which reduces the quality (stability of thickness)
of the rolled strip.

In the production of chlorine and caustic soda VF
cause a sharp increase in anode wear and decrease
performance.

Voltage drops when producing chemical fiber stop
cause the equipment to which the restart of 15 minutes
spent in the event of failure of the equipment 10 % to 24 h
at 100 % of equipment failure. Reject product is from 2.2
to 800 % of the tonnage of the technological cycle. Time
of the full restoration of technological process is up to 3
days.

Noticeable influence fluctuations and voltage drops
at low power asynchronous motors. This poses a risk for
textile, paper-making and other industries with high
demands on the stability of the rotation speed of electric
drives. In particular, the VF on chemical fiber plants lead
to a non-stable rotation of the winding device. As a result,
nylon thread, torn, or manufactured with non-uniform
thickness.

GOST 32144-2013 determines the effect of VF on
lighting systems that affect a person's vision. Blinking
light lamps (flicker effect) causes bad psychological
effect of fatigue and body as a whole. The degree of
eye irritation depends on the size and frequency of
blinking. The strongest impact on the human eye
blinking light having a frequency of 3 ... 10 Hz, so the
allowable fluctuation range of the voltage in the low:
less than 0.5 %. The degree of influence depends on
the type of light source. For example, under the same
VF incandescent lamps have a much greater impact
than discharge lamps [5].
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VF with amplitudes of 10 ... 15 % can lead to failure
of the capacitor, and the gate rectifier units.

In the steel mills to the number of receivers that are
sensitive to the VF are continuous mills rolling.

When VF arise swing turbogenerators. For turbo-
generators themselves are not dangerous swing, however,
being transferred to the turbine blades, they can activate
the speed controllers.

Noticeable is influence on VF asynchronous motors
of small capacity. Fluctuations are unacceptable for the
textile, paper-making and other industries, particularly
high demands on the accuracy of maintenance of speed
drives, which are mainly used asynchronous motors.

We studied in detail the effect of voltage
fluctuations in the electrolysis plants. VF with amplitudes
of 5 % caused a sharp increase in anode wear and reduced
service life.

VFs have a significant impact on the resistance
welding. This affects both the impact on the quality of the
welding process, and welding control operation
unreliability. On the voltage quality in resistance welding
networks imposed severe restrictions on the scope of
voltage changes: 5 % to weld ordinary steel, and 3 % for
the welding of titanium and other high-temperature steels
and alloys. Duration of admissible VF management
apparatus resistance welding machines is limited to no
more than 0.2 s to avoid false operation of these devices.

VF adversely affect the operation of radio
equipment, disrupting their normal operation and reduces
service life. Interference in television pictures appear at
frequencies of 0.5 ... 3 Hz and noticeable mainly in still
images.

For power consumers sensitive to VF, are also
computers, X-ray machines, etc. When operating in the
computer control mode is sometimes only one or two
scale fluctuations with 1 ... 1.5 %, so that a failure has
occurred in any cell of the machine and, as a
consequence, any error in control commands or in the
calculations carrying out.

Measures to reduce VF. Separation of loads and
static reactive power compensators (STC) are used to
reduce VF.

Separation of loads. To separate rapidly changing
and relaxed loads various circuits and devices can be
used. The simplest is a scheme based on the use of a dual
reactor: calm and rapidly changing load connected to
different sections (windings) of the reactor (Fig. 6). Due
to the fact that the mutual ratio between sections M # 0,
the voltage drop in each of them at load currents /; and 7,
are represented by expressions:

AU = jxp (I =k - 12)5

AU = jxp -(In—ky - 1),
where x; is the inductive reactance of the reactor section;
ky = M/ is the mutual inductance factor
k= 0.5-0.6.

In the ideal case when I, = I, we have:

AU 211(2)'xL(1_kM) .

The voltage drop due to mutual inductive connection
is reduced by 50-60 %. When [, # I, decrease in the value
of AU is obviously smaller. Scale voltage changes
depending on the resistance of the melting energy system
to the busbars, which is connected to the reactor.

Application of this scheme to connect the electrical
arc furnace (JICII — 5MT) and can, in some cases, to
provide on the busbars «relaxed» load VF whose value
does not exceed maximum permissible value.

Application of dual reactor more efficient when the
coupling coefficient between the windings (sections) is
equal to unity; this is possible by using reactors with iron
core. In this case, you can select the parameters of the
reactor so that the influence voltage drop caused by
a load resistance section to an adjacent mains.

35 (110) kv
10000 kV-A

10kV
PBECIL-10-2x1000-0,56

6 (10)kV

2800 kV-A .

ACN-5MT

Relaxed load

Fig. 6. A circuit using a double reactor for voltage stabilization
at shock loads

For rapidly changing and relaxed loads transformer
with split windings are also used. When connected to one
branch of the LV transformer winding calm load, and the
other — rapidly changing relationship between the values
of the Range of voltage change at the respective busbars
AU, and AU, and can be represented as:
4k

| 2 4,

where ks the splitting factor of 3.34 — 3.64. The average
value is taken &k, = 3.5.

When we extract rapidly changing load on a separate
transformer overall resistance is reduced to the value of:

till the value X¢. Then the scope of the VF on a stable
load busbars decreases X/ X times, and on busbars of
rapidly changing load it increases X/(X¢+Xp,) times [11].

When using transformers with split windings for
networks 6-10 kV electric arc steelmaking furnace of
small capacity VF on busbars of «relaxed» load can also
be within acceptable limits.

Reducing the VF by using STC. VF compensation
in this case is carried out by compensating reactive
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power (RP) surges. For compensating the effect of the
time lag in the generation of the RP compensator should
be minimal, so as not to cause an increase in the level of
the VFE. For example, if compensation pounce RP
rectangular shape (Fig. 7,a) with a certain time lag A¢
instead of one there are two pounce RP (Fig. 7,b), and
the level of the VF increases.

Equally important is the question of choosing the
power of the STC. Maximum capacity compensating STC
related to the maximum span VF, which can be
compensated for, by the following expression:

1
Qk.max = Qmax '(I_P_ﬂ] 5

0s(9)

where Py, is the flicker intensity.

a b
Fig. 7. Graphs of changing of load’s RP: @) summary graph of
load’s RP and STC’s RP (solid line) and STC’s load (dotted
line); b) summary graph of load’s RP and STC’s RP

The calculation of this formula gives overestimated
results (the error of 5-10 % depending on the degree-fine
dispersion range of the VF) [12].

In addition to the activities listed above must use the
best solutions, we scheme with minimal additional power-
governmental expenses, which include:

e approaching the high voltage source to large power
consumers with rapidly changing load;

e reduce the induced drag of the external power
supply lines (e.g., rejection of busbars, a decrease in the
inductance of the reactors);

e provide power to large power consumers with
rapidly changing load on individual lines coming directly
from the power supply (main substations, heat-electric
generating plants, and others);

e compliance with the optimal level of short-
circuit power in the network feeding the power-
consuming equipment with rapidly changing load
within 750-10000 MVA;

e to limit the self-starting motor at VF planned to
reduce, if possible, the time of action and automatic
circuit reclosers and application of high-speed network
security, as well as the use partial step in which the most
important are only the engines, and the rest are disabled;

e use the parallel operation of power lines and
transformers in the main substations (with the closed
section switch);

e to limit the VF at consumers voltage loss in the line
reactor in normal operation should be no more than 4-5 %
of the rated voltage;

e reduction of the supply network impedances. By
increasing the sectional line conductors is reduced (R),
and the application of series compensation device reduces
the total (X). Disadvantages are increased capital costs,
and the use of a longitudinal compensation is dangerous
rise in short-circuit current at (X — 0).

Conclusions.

1. The problem of voltage fluctuation is relevant
because:

e voltage fluctuations have a negative impact on
human vision and operation of electrical equipment;

o the network has a large number of possible sources
of voltage fluctuations;

e there are ways to identify and methods to reduce
voltage fluctuations.

2. 1t is required to ensure the interest of the subjects of
the distribution process and to reduce the energy
consumption level of the VF to acceptable values. As an
incentive to promote the interest of the authors consider
the introduction of subjects of responsibility for violation
of requirements for the EEQ), in particular VF.

3. Analysis of the literature revealed no developments
to identify the subjects of responsibility for violation of
requirements for the EEQ in terms of voltage fluctuations.
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THE STRUCTURAL AND PARAMETRICAL ORGANIZATION OF ELEMENTS
OF A POWER SUPPLY SYSTEM IN THE CONDITIONS OF NETWORK CENTRISM

Purpose. Development of indicators of the structural and parametrical organization of effective active and adaptive system of
service of power supply systems in the conditions of ideology of Smart Grid. Methodology. In the conditions of application of
ideology of Smart Grid for increase of intellectualization of electrical power system there is a need of introduction of the principle
of a network centrism in the structural and parametrical organization of elements of power supply systems that involves
performance of conditions on implementation of provisions of the principle of Situational Awareness. The essence of this
principle consists in that, information on a condition of system has to be presented in the form convenient for the analysis,
recognition, transfer, distribution and storage, to be coordinated for flexible and optimum development at the subsystem and
object-by-object levels. Results. Structural and parametrical optimization of elements of power supply systems in the conditions of
a network centrism and the concept of SG involves use of provisions of the theory of systems and concepts of multicriteria
optimizing synthesis. It is offered to use the modified adaptive indicator of the generalizing effect of synthesis of structure of
active and adaptive system of service of power supply systems in the form of a difference of the generalizing effects: the
introduced option of structure of system and basic. Originality. Introduction of an adaptive indicator of synthesis of system of
service of power supply systems considers the concept of «service of system on the basis of a responsey in the presence of false
and true refusals. Practical value. Use of the specified indicator will allow to specify procedure of selection of competitive options
for the purpose of definition of a set of admissible structures which meet the requirements of criterion function. References 9.

Key words: Smart Grid, network-centric control system, active and adaptive system of service of power supply systems,
productive actual response.

B cmamuve paccmompenvt menoenyuu pazsumun u RPURYURLL OP2AHUZAUUY UHIMENIEKMYANbHBIX IHEP2OCUCIEM NPU 66€0eHUU
nouamua cemeyenmpusma 6 ycaoeuax uoeonozuu Smart Grid. B kauecmee pewenusa 3adau yKkazannoiu npooaemamuku
npeonazaemcsa co30anue AKMUEHO-AOANMUEHON CUCHEMbL, Peanu3yiouieil KORUERUUIO «OOCIYHCUBAHUA CUCHEMbL HA OCHOBE
omknuka». bubmn. 9.

Knrouesvie cnosa: Smart Grid, cerenmeHTpuyeckass cucTeMa YNpPaBJieHHS, AKTHBHO-aJaNTHBHAsl cHCTeMa O0CJIY:KMBaHUS

3HEProcUucTeM, pe3yIbTATHBHbINH (PaKTHYECKHI OTKIMK.

Introduction and problem definition. In the
electric power system of the world and Ukraine is not the
first year they are working on the «intellectualization of
networks» — Smart Grid (SG). Currently, the ideology of
building of intellectual energy networks the SG [1] (a
term is introduced by Michael T. Burr in 2003 [2] — one
of the most significant and developed at the
modernization of the global energy industry. In the US
and Western Europe, a number of large and more small-
scale projects for the transition of power industry as well
as housing and utilities to «smart gridsy SG [3] are
realized. Fundamentally new approaches are such in
which the leading role is assigned to the kernel of the
power system — the electrical network as a structure to
ensure effectiveness of connection of the generation and
consumer.

At the same time there is still no comprehensive
concept of the formation of structural-parametric grid
elements and the organization of information and
intellectual bases of increase of efficiency of management
technologies based on the SG.

Analysis of recent investigations and
publications. Backgrounds of world community interest
in the idea of SG concept are clear: growing indicators of
resource consumption, increasing the cost of electricity
production, the existing network of energy supplies
rapidly respond to fluctuations in the economic sphere.

With the increasing demands of the international
community used the production model and the delivery of
energy resources cease to be satisfactory; for example, the

current amount of electricity losses in networks of
Ukraine is more than 25 % [4]. These and other factors
are pushing the government and power generating
enterprises of various countries for the speedy
implementation of the principles of SG concept.

In general, a power supply networks, developing the
concept as part of SG, you can make the following
demands: adaptability, efficiency, accessibility and
opportunity for feedback, safety, information security,
complexity and integration functions SG [5].

At the moment, the most acute problem of power
systems as an element of the Ukrainian electricity system
in order to increase energy efficiency and reduce prices
for consumers.

The goal of investigations is development of
indicators of structural and parametric organization of
effective active-adaptive service system of power systems
in a Smart Grid ideology.

Main research materials. Currently, there is the
evolution of energy systems — from the simplest forms,
using basic networking technologies in the energy sector,
to more complex forms within SG network-centric
concept with elements of nature, which are based on the
latest generation of Internet technologies and implement a
model of energy activities.

The concept of network centrism means building
and maintaining up to date common to the whole image
of the real situation of the system in the most clear and
simple form. Usage information field should allow to
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perceive the whole image of the system as a whole at this
time interval based on the system response to ongoing
changes in its status under the influence of various
factors.

The successful solution of management tasks within
the framework of network-centric approach is to maintain
this image in the most complete and reliable and able to
implement the provisions of Situational Awareness
principle [6] (integrated complex perception and analysis
for the benefit of a single system).

The existing information infrastructure in Ukraine
with its traditional practice justified solutions of
information and communication problems in the difficult
conditions of the territorial, technical and natural-climatic
nature, it requires new approaches, taking into account
the need to meet the challenges of the country's transition
to an innovative path of development.

It is necessary to consider and use the new principles
of active-adaptive power system on the basis of network-
centric concept. The main of them is the use of all types
of information, the development of traditional and new
sources of information, based on the principles of
adaptive  structural-parametric  elements of the
organization of energy systems; improving the quality,
safety and reliability of data collection, processing,
storage and distribution of information.

The current stage of technology adoption in the
SG grid of Ukraine is characterized by dependence on
the processes of formation of «smart grids» of foreign
technology solutions. The reason is the lack of clearly
expressed in a network of information-analytical and
expert-analytical support of the Ukrainian economy,
namely:

e technical, organizational and legal problems of
collection and processing of expert information used for
management decision-making [7];

e lagging behind in the implementation of modern
information tools and strategic-level control systems in
the power industry [8].

When considering the performance characteristics of
energy systems it is often necessary to carry out repair
and maintenance works. With the introduction of the
network centrism provisions it is proposed to use the
concept of «service system on the basis of response»
(SSR). This concept allows to increase the possibility of
repair units of high-voltage transmission lines and
substations for their application not distributed objects.
The introduction of the SSR concept is aimed at servicing
specific object (digital substation, power lines, power
system status monitoring subsystem elements, etc.),
located in a particular area and at a particular time, and
which currently require maintenance in accordance with
the response of the system. In this connection, it is
possible to reduce the total number of units involved by
virtue of their pitting and more efficient operation.

For real network-centric management system there
are no obstacles in the number of units on the scale of
action to restore the operating condition of high-voltage
lines and digital substations. There are only obstacles to

the effectiveness of the repair teams, that is, the ability of
the selected outfit of forces and means to execute with
reasonable efficiency the appointed time restore
operability constituent element of the power system.

To build an effective active-adaptive power
system’s maintenance system (PSMS), built on the
principles of network centrism it is necessary that it
should based on the supremacy of communication
systems, allowing real-time to receive and transmit
information packets huge variety of customers, including
centralized and distributed transmission. The PSMS of
specified control type should be based on thorough
preparation of the composition of repair crews, exploiting
the system. Such an approach would greatly reduce the
staff and reallocate responsibilities of team members to
perform peculiar to their office tasks.

As one of the main elements of the proposed PSMS
an unmanned aerial vehicle — UAV (quadrocopter,
multicopter, hexacopter, etc) can act [9]. UAV operation
mode is determined by the list of PSMS performed tasks
within the main tasks of the power system. Among them
— the control of the operator of the current events on the
power system objects, control of repair when restoring a
high-voltage lines, control of compliance with the
requirements of labor protection and work with high
voltage, remote control supply voltage after the recovery
cycle uptime grid on the relevant sections of high-voltage
lines, etc.

The problem of synthesis of PSMS in general
formulation involves the use of a systematic approach. It
is proposed to solve this problem apply the general
indicator of the effectiveness of the selection options
PSMS structure of the system, using the concept of the
SSR.

The general formulation of the synthesis problem is
as follows:

W =max {OE,(x)-OE,(x)}, at
C,, — min,
where OE,(x) is the summarizing effect of the
implementation of the introduced version of the PSMS;
OE(x) is the summarizing effect of the implementation of
the basic variant of the structure of the PSMS; X is the
feasible region; C,, are non-productive expenditures.

This index is constructed as the difference between
generalizing effects: the introduced version of the PSMS
system structure and base one.

The expression for the generalizing effect of
synthesized PSMS structure will look like:

n
OE, (x) = (O BP.iPyi kgi(RO ;= C;)x

: i=1 (1)
X Hexp(_{ﬂ'qij + ﬂ'clj}tpy)) - Cd 5
Jj=1

xXeX;

where P; is the apriori probability requirement to perform
the corresponding subsystem of the i-th problem; P, is
the probability that it will not disrupt the implementation
of the i-th problem due to lack of operational subsystem;
P, is the probability that it will not disrupt the
implementation of the i-th problem of setting the i-th by
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subsystem defective mean; kg, is the availability of the i-th
subsystem; RO;; is the actual cost value of the effective
response in the performance of the i-th problem; C; are
the costs associated with the implementation of the
selected option maintenance subsystem for the i-th
subsystem and the measurement of parameters of the
subsystem during operation; A, A.; are the intensities of
sensible and latent failures of the j-th component of the
i-th subsystem; #,; is the time during which the explicit
and latent failures are examined; C; are costs associated
with the operation of the system of the PSMS.

Using the concept of the SSR for the PSMS system
expressions for RO;; and C; will be the following:

ROﬁ = RObl + ROCI,
Ci=Cpi +Cqjs

where RO,; and C; is absolute value terms the effective
response of the actual costs and, depending on the
decision of the i-th problem by the corresponding
subsystem; RO,; and C,; is the actual cost value effective
response and costs arising from the introduction of the
concept of the SSR.

In general, for the steady operation mode of the
system of the PSMS:

ROy = ZPIJZ Ojjks
J=l k=l
m m
bi Z Z l]k’
J=l k=l

where P; is the probability of finding of the i-th
subsystem in each of j-th states during operation; ROy,
Cj is the actual cost value of effective response and costs
derived from the proper use of the i-th subsystem in the
transition from from the state j to the state k; Py, is the
probability of transition of i-th subsystem from the state j
to the state k£ in the process of solving the current
problems.

Values of ROci and C,; are described by expressions:

ci = Z by (ROCPU ( Lsij ))Pl] ( Lsij )‘D Ocpiij . ( sij ) “)
Z ( cpl/ ( sij ))Py (tsij )Ccnbij (tsij ) > (5)

where ROCP,»,(tSI»j) and Ceif(ts;) are the components of
effective response and actual costs of the j-th component
of the i-th subsystem for #,-th service time; RO, (%)
and C,p(ty;) are the unconditional effective components
of the actual response and costs of the j-th component of
the i-th subsystem for f,;-th service time.

Values of RO;; and Cj; will be determined by
random matrices of discrete values of the size of the
system in steady state operation of the PSMS:

ROy; ROy, ... ROy,

RO ROpp; .. ROy
[r0;]- o ©

2

3)

ROy ROy ... ROy

Values of RO,,;(t;) and C,(ty;) are described by
matrices, similar expressions (6). The values of these
matrices are chosen for the corresponding time ;.

In the operation of the PSMS system there are
situations when the j-th component of the i-th subsystem
can be on service, not take into account the nature of the
SSR concept, depending on the reliability of the means
used, which leads to the presence of components
ROi(ty;) and Cgty). These components are also
described by matrices of the type (6).

Taking into account the expressions (2) — (5), and
taking into account that the components of ROy, Cy,
ROi(t), Copiltsy) are described by expressions of the
type (6), we obtain an expression of adaptive index
summarizing the synthesis effect of PSMS structure,
which has been modified for the SSR concept:

£, =3 Rk 10- (<05, )y )

i=1 =1

1-Py; L
[ RO —C,
X[m} 12:1 Z k( ik — ,,k)

+ z {P (ROcpt/ ( Slj ))Pl (Sl] )ROC bl] ( Sij ) (7)
J=

-5 (CCPU' (fsij ))Pu (tSi/' )Ccpbi/ (tSi/' )}] x
14

XHGXP( (ﬂ“qu +ﬂ“cu) L pij )_(Pu(cu +(Kp +E)K+Cm))’

where fB; is the probability of latent failure of the j-th
components of the i-th subsystem; P;; is the probability
of finding of the j-th components of the i-th subsystem in
good and working condition; P,; is the probability of
finding the j-th component of the i-th subsystem in use
with a latent failure; P, is the probability of the adoption
of the system of the PSMS in operation; C, are the current
annual costs of operating of the system of the PSMS; K|,
is the rate of renovation of components of the system of
the PSMS; K is the regulatory cost-effectiveness ratio; £
are non-recurring costs during commissioning of the
PSMS system operation; Py(t;) is the probability of
service of the i-th subsystem of duration f,; because of
false or latent failures; C,, is the payroll staff fund.

Conclusions. In the conditions of application of
«Smart Grid - opportunities» to improve the
intellectualization of the Ukrainian electricity system with
active-adaptive power supply network there is a need to
introduce the principle of network centrism in structural-
parametric organization of the elements of energy
systems. This optimization of the elements of power
systems under conditions of network centrism and SG
concept involves the use of the theory of systems and the
concepts of multi-criteria optimization synthesis. The
proposed modification of the adaptive index summarizing
the effect of synthesis of the PSMS structure that takes
into account the concept of the SSR in the presence of
false and true bounce, will clarify the competitive options
selection process to determine the set of possible
structures that meet the requirements of the target
synthesis function.
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A METHOD OF COMPLEX AUTOMATED MONITORING OF UKRAINIAN POWER
ENERGY SYSTEM OBJECTS TO INCREASE ITS OPERATION SAFETY

The paper describes an algorithm of the complex automated monitoring of Ukraine’s power energy system, aimed at ensuring
safety of its personnel and equipment. This monitoring involves usage of unmanned aerial vehicles (UAVs) for planned and un-
planned registration status of power transmission lines (PTL) and high-voltage substations (HVS). It is assumed that unscheduled
overflights will be made in emergency situations on power lines. With the help of the UAV, pictures of transmission and HV'S will
be recorded from the air in the optical and infrared ranges, as well as strength of electric (EF) and magnetic (MF) fields will be
measured along the route of flight. Usage specially developed software allows to compare the recorded pictures with pre-UAV
etalon patterns corresponding to normal operation of investigated transmission lines and the HVSs. Such reference pattern to-
gether with the experimentally obtained maps of HV'S’s protective grounding will be summarized in a single document — a pass-
port of HVS and PTL. This passport must also contain the measured and calculated values of strength levels of EF and MF in the
places where staff of power facilities stay as well as layout of equipment, the most vulnerable to the effects of electromagnetic
interference. If necessary, as part of ongoing monitoring, recommendations will be given on the design and location of electro-
magnetic screens, reducing the levels of electromagnetic interference as well as on location of lightning rods, reducing probability
lightning attachment to the objects. The paper presents analytic expressions, which formed the basis of the developed software for
calculation of the EF strength in the vicinity of power lines. This software will be used as a base at UAV navigation along the
transmission lines, as well as to detect violations in the transmission lines operation. Comparison of distributions of EF strength
calculated with the help of the elaborated software with the known literature data has been presented also. The difference be-
tween the proposed method of monitoring and the existing methods is full automation of the complex control of a number of pa-
rameters characterizing the state of the external power grid facilities, as well as its basic electrical parameters. This will be possi-
ble due to usage of specially developed software for recognition of optical and infrared images, as well as pictures of lines of
equal EF and MF strength. References 12, figures 4.

Key words: power line, electric and magnetic fields, automated monitoring, unmanned aerial vehicles.

Cmampsa noceaujeHa ORUCANUIO ANIZOPUMMA KOMNIEKCHO20 A8MOMAMUIUPOSARHO20 MOHUMOPUH2A 00bEKM08 IHEePeMuU1ecKoll
cucmemul YKpauHwl, Hanpasiennozo Ha obecneuenue 6e3onacnocmu YYHKUUOHUposanus ee 06opyoosanus u nepconana. /lan-
Hblil MOHUMOPUHZ NPednonazaem Ucnoab308anue decnunomuvlx aemamensuvix annapamos (bIIVIA) ona nnanosoii u eénenna-
HOB0Il pecucmpayuu cocmoanua aunuil nekmponepeoauu (JI2I) u evicoxosonvmnuvix noocmanyuit (BII). Ilpeononazaemcs,
umo eHenanogvle 001emul Oyoym npouszeodoumscsa npu asapuiinvix cumyayuax na JI3I1. C nomowwio BIIVIA 6yoym 3anucel-
samuca c 6030yxa kapmunwl JIDIT u BII ¢ onmuueckom u un@hpaxkpacuom ouanazoHax, a maxKHce UsMepamycsa HanpANCeHHoCmu
ux anekmpuuecxkozo (I11) u maznumnozo (MII) noneii 60onb mpaccel nponema. Hcnonv3oeanue cneyuanbHo papadomannozo
npozpamMmnozo odecneuenus nozeonum cpasuums pecucmpupyemsie BIIVIA kapmunol ¢ npedsapumenbHo CO30AHHbIMU IMA-
JIOHHBIMU KADMUHAMU, COOMEEMCMEYIOWUX WIMAMHBIM pexcumam padomol konmponupyemoix JIII u BIl. Takue smanonnsle
KapmuHovl 8 COBOKYRHOCHU ¢ IKCHEPUMEHMATILHO NOIYUEHHbIMU Kapmamu 3aujumnslx 3azemnenuii BII 6yoym ceedenvt ¢ eou-
Holil 0okymenm — nacnopm BII u JIDII. /lannvtit nacnopm 001cen cooepicams maKice UsmMepeHHble U paccuumantble 3Haue-
Hus ypoeneit nanpaxcennocmeii 311 u MII ¢ mecmax npedviganus nepconana IHePzemMuUyeckKux 00veKmog u pacnonoiceHus
000pydosanus, naubonee ya36uUMo20 K 6030€liCHEUIO ITNeKMPOMAZHUMHBIX nomex. IIpu neodxooumocmu 6 pamKax 6blnOJIHEHUA
npo6oOOUMO20 MOHUMOPUHZA OYOYM OAHbI PEKOMEHOAUUU NO KOHCHMPYKUUU U PACHONOHCEHUIO ITIEKMPOMAZHUMHBIX IKPAHOB,
CHUMCAIOWUX YPOBHU INEKMPOMAZHUMHBIX 6030 CMEUIl, U MOJIHUEOME0008, YMEHLILAIOWUX 6EPOAMHOCING NOPANHCEHUA MOII-
Hueil uccnedyemvlx 00vexkmos. B pabome npuseooamea ananumuyeckue gulpajx;cenus, KOmopuvle 1e2iu 6 0CHO8Y pa3padomaHHo2o
npozpammnozo odecneuenusn ona pacuema nanpax;cennocmu I 6 okpecmnocmu JIJII. /lannoe npozpammuoe odecneuenue
O6yoem ucnonv3oeano é Kauecmee 6azoeozo npu nasuzayuu BIIVIA eéoonv JIDII, a maksce ona pacno3nasanus Hapyulenui 6
pabome JIIII. Ilpusedeno maksice cpasnenue 3asucumocmeit nanpsaxycennocmu 11, paccuumannvix ¢ nOMousbI0 OAHHO20 RPO-
2PAMMHO20 0Decneyenus, ¢ OAHHLIMU, U36ECMHLIMU U3 Tumepamypvl. Omauyue npeonazaemoii MemoOuKu MOHUMOPUH2A Om
CYULEeCMBYIOWUX COCIOUN 8 MOM, YN0 KOMNJIEKCHbLI KOHMPOb PAOG RAPAMEMPOS, XAPAKMEPUZYIOUWUX 6HeUIHee COCHOANHUE
00beKmoe Inepzocucmemol, @ MAKHce ee OCHOGHBLIX INEKMPUUECKUX NAPAMEmPOE OyOym HOIHOCHbIO AGMOMAMUIUPOEAHDL.
Dmo cmanem 603M0icHbIM 6 pe3yibmame UCNONb306ANUA CREYUATILHO PA3PAOOMANHO20 NPOZPAMMHOZ0 0fecneuenus no pac-
NO3HAGANHUIO ORMUYECKUX U UHPPAKPACHBIX U300padceHUll, a makKyce Kapmuu aAunuil paenoil nanpayxcennocmu 11 u MII.
bu6n. 12, puc. 4.

Kniouesvie ciosa: TMHUM J1eKTpoONepeaun, YIeKTPUIeCKoe H MATHUTHOE 1oJIe, AaBTOMATH3HPOBAHHBII MOHHTOPHHT, GecIH-
JIOTHBIE JIeTaTeIbHbIe aNNapaThl.

Introduction. Currently, the problem of guarantee- is extremely important. Such a monitoring should be di-
ing the energetic security of Ukraine is very important.  rected to prevent emergency switching of power transmis-
Here, the monitoring of the state of electrical energy sion lines (PTL) as well as to recover as soon as possible
transmission systems from producer to electrical customer  their working capacity if such a switching takes place.
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One of more perspective modern methods of the PTL
state diagnosing is monitoring by using unmanned aerial
vehicles (UAVs). Such a monitoring is developed in Rus-
sian Federation (RF) [1], as well as in Europe [2], China
[3], Brazil [4] and other countries. Here, the PTL state
check is carried out by the way of its optical registration,
registration by using infrared imagers, as well as registra-
tion of partial discharges taking place in insulation.

As analysis of reasons of PTL faults in RF which
power network is rather like Ukrainian one shows they
take place mainly on PTL 110 kV — 86 %, 11 % — PTL
220 kV, and 3 % — PTL 330-750 kV [1]. Such a distribu-
tion of fault numbers is proportionate to the correspond-
ing PTL length. Most number of PTL faults in RF is re-
sulted by damage of wires and lighting guard ropes —
56 %. Other reasons of PTL faults are such damages as
insulator breakdowns — 19 %, tower damage — 15 %, and
damage of other PTL elements — 10 %. In the correspon-
dence with present statistics sharp increase of PTL faults
takes place in spring and summer because of bridging of
insulation gaps by green plantations. There are a lot of
PTL faults because of vandalism such as insulator chain
damage, theft of wires and PTL tower elements, throwing
over on PTL wires, etc. [1].

Problem definition. From above-stated it is follow-
ing that on-line testing of the state of PTL as well as high-
voltage substations which represent an integral part of the
power-supply system and removal of the fault sources can
be very effective. The aim of this paper is to develop an
algorithm of the complex automated monitoring of ob-
jects of the power network of Ukraine directed to guaran-
tee its safety operation.

Materials of investigations. An algorithm to carry
out monitoring of objects of the power network of
Ukraine. Patented engineering solutions are known
which aim is to guarantee the traffic control of UAVs by
using electric field (EF) strength or magnetic field (MF)
strength [5, 6]. These solutions can be used to develop a
method of monitoring of objects of the power network
of Ukraine safety. Such a method envisages creation of
passports — etalon patterns describing PTL and substa-
tions operation in normal mode. Passport data — etalons
should include optical images of investigated objects
and their images in infrared band obtained by infrared
imagers. Besides, such passports should include distri-
butions of electric and magnetic fields strength obtained
by using calculations and measurements in determined
distances over the PTL as well as in determined dis-
tances under high-voltage substations. It is supposed that
UAVs with given periodicity will carry out aerophoto-
graphy of investigated objects in optical and infrared
bands as well as to measure their EF and MF strength. It
is supposed that extraordinary flies will be carried out at
PTL faults to determine place and character of damage.
Comparison by the developed software of data collected
during UAVs’ flies with passport data as investigated
object’s etalon will permit to take operative decisions on

its current state: to remote arose failures which presence
can result in faults, or to find places of faults if it was
impossible to avoid them.

Utilization of an unmanned system to compare most
important parameters describing normal operation of in-
vestigated objects (PTL and high-voltage substations) will
also prevent illegal power takeoff from the power net-
work. Analysis of such parameters can be used for opti-
mization of operation modes as well as structure of inves-
tigated energetic objects.

Besides, such passports should include maps of
placement of high-voltage substations’ systems of protec-
tive grounding which play a key role to guarantee safety
operation of personnel and equipment. Here, such maps
should be obtained as a result of MF strength measure-
ments during the current flow by protective grounding. To
obtain reliable information on actual state of the protec-
tive grounding system (PGS) it is proposed to connect a
current generator to it and measure the MF density over
the earth surface. The map obtained in such a way will
reflect real placement of the protective grounding sys-
tem’s elements. It will give a possibility to assess the reli-
ability of protection of the investigated object by the pro-
tective grounding system at various short-circuit failures
and, if necessary, to develop recommendations on restora-
tion of damaged parts of the PGS as well as on its devel-
opment and modernization. Obtained in such a way data
on placement of elements of the protective grounding
system are used as initial data for the developed software
which permits to build distributions of equipotential lines
and EF strength on the earth surface, to determine levels
of step voltages and touch voltages as well as impedance
of the grounding system. By these distributions conclu-
sions on the reliability of the existing protective ground-
ing systems are done. If necessary, in the frame of the
carried out monitoring recommendations on the design
and placement of electromagnetic shields utilization of
which permits to decrease electromagnetic exposures
level will be made [7].

The next important system which secures safety op-
eration of energetic systems is their lightning protection
system. By the developed software using the method [8]
distributions of probability of lightning hit on the high-
voltage substations’ territory will be built and, if neces-
sary, recommendations on development and moderniza-
tion of existing lightning protection system will be given.

By using maps of EF and MF strength distributions
at PTL and high-voltage substations operation obtained as
a result of measurements and calculations of the EF and
MF strength as well as by using reliable maps of the pro-
tective grounding systems, plans of the safety movement
of the high-voltage substations’ technical personnel and
placement of equipment especially sensitive for possible
electromagnetic exposures will be prepared.

To develop the monitoring system of the energetic
system objects’ safety, methods for EF and MF strength
calculation are necessary. Here, at the absence of the per-
sonnel in the EF exposure zone analytical methods can be
used.
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The main parameter which characterizes the PTL
electromagnetic field and does not depend on the kind of
the PTL load is the EF strength. Let’s describe in detail
principles of the developing the software used to realize
the proposed method of the complex monitoring of ener-
getic system’s objects.

Analytical methods of PTL EF calculation.

To use analytical methods for the PTL electrical
field strength calculation the following assumptions
should be taken:

e it is supposed that PTL wires are parallel infinite
long cylinders which charge is uniformly distributed
along their axes;

e voltage in the PTL wires changes by the sinusoidal
low with frequency of 50 Hz;

e phase displacement in time between PTL wires’
voltages equals 120°;

e the earth surface is supposed flat, and earth proper is
supposed absolutely conductive in the comparison with
air and having zero potential;

e presence of towers, buildings, technical and biologi-
cal objects in the PTL zone is not taken into account;

e presence of additional strands (lightning protective,
compensative, etc.) is not taken into account;

e it is supposed that the PTL wires are in the air with
relative dielectric capacitivity equals €, = 1;

e root-mean-square values of the electric field strength
are determined near a plain which is perpendicular to the
PTL wires’ direction in the area of the maximal wires
approaching to the earth.

At the mentioned assumptions values of potentials,
specific charges and EF strength can be written in the
symbolic form for complex quantities, and the electric
field can be presented as a sum of the PTL wires’ electric
fields and their mirror images relatively the earth surface
[9, p. 84, 93].

Typical cases of the PTL wires placements are
shown in Fig. 1.

If PTL wires are bundle the equivalent wire’s radius

is calculated by the formula [9, p. 42]:
1

r=(M~rph-aM_l)ﬁ,

where M — number of bundle wires of the PTL phases; 7,
— radius of the PTL phases wires’ section [m]; a — radius
of the circle on which PTL bundle phases are placed [m].

In the general case of the arbitrary placement of the
PTL wires the capacity value per the unit of length is cal-
culated by the formula [10, p. 96]:

2re &
CS = B
I \/h1 hy s Yngmy ey
r x/ﬁz' 3y 3y

where h,, hy, h; — distances from the earth surface to each
PTL wire; r5, 23, 131 — distances between PTL wires; 7>,
7, 1310 — distances between PTL wires and their mirror
images.

yl
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¢
Fig. 1. Typical cases of the PTL wires placements

In the case of the vertical placement of PTL wires as
it is shown in Fig. 1,a the PTL capacity per the unit of
length is calculated by the formula:
2re,.€

CS =
In ZD%/E .3 Pinin * Piin + D) - (Byyipy +2D)
2h

r nin T D) 2h i +2D)-(2h ;. +3D)
where D — distance between PTL wires [m]; %, — mini-
mal distance between PTL wires and earth (4, = min{#;,
hy, h3}) [Mm]; €. — relative dielectric permeability of the
medium (air) in which the PTL wires are; g, = 0.885-107°
F/m — electrical constant.

In the case of the horizontal placement of PTL wires
as it is shown in Fig. 1,b the PTL capacity per the unit of

length is calculated by the formula [10, p. 96]:
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2re &

CS:

" 2hyin - D

r~3\/(4h§ﬁn +D?) [k + D?
In the case of the PTL wires placement in the apexes
of the equilateral triangle as it is shown in Fig. 1,c the

PTL capacity per the unit of length is calculated by the
formula:

C 27e, &
G =
In| Qg h‘%‘i“'(hmin+D\/§/2)
" (4h2in +D?) [(2h_, +D3/2)* +D? /4]

Complex values of the azimuthal and axial compo-
nents of the PTL EF strength in the point P(x,, y,) (see
Fig. 1,a) are calculated by formulae [9, p. 68]:

Uph 'CS %

Ex (xp,yp)=
27e,.&)

_|: X1 —Xp _ X —Xp :|+
(i =xpf+(+yp) (o —xpf +(h-yp)

X

J{lﬂ-ﬁj,{ it B Xy —Xp 2} :
272 ) (-xpP (i +ypf  (va—xp) +(hy—yp)

+[l—j\/§}-|: X3—Xp _ X3—Xp :|
| \2 72 (5 —xpf + (s +ypf  (v3—xpf +(h3—yp)

. U, C
Ey(xp,yp)=—25x
27e,€
{ h+yp . h—-yp }r
(i —xpf +(+ypf (o —xpf+(—yp)
" +[1+j\/§]4{ hy+yp - h22*J’P 2}
272 | (xy—xpP(y+yp)f  (xa—xp) +(hy—yp)

hy+yp hy—yp }

i o
| 2 72 (—xpf +(is+ypf  (x3—xpf +(ls—yp)

Root-mean-square value of the electric field strength
in the point P(x,, y,) is calculated by the formula:

. 2 . 2
E(xPaJ’P):\/Ex(xPayP)| +‘Ey(xPaYP)‘

>

where |Ex(xp,yp) Ey(xp,yp)| — modules of the com-

plex values of the azimuthal and axial components of the
PTL EF strength in the point P(x,, y,).

On the base of these formulae a software permitting
to calculate EF strength in the PTL vicinity is developed.
Comparison of root-mean-square values obtained by us-
ing this software with data from [11] are presented in Fig.
2,a, 3,a and Fig. 2,b, 3,b, respectively. In Fig. 4,a, 4,b the
same comparison with data from [12] is presented.
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Fig. 2. Calculated dependences of the EF strength in the section

perpendicular to the wires of the PTL 150 kV on the distance of
1 m from the earth surface
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Fig. 3. Calculated dependences of the EF strength in the section

perpendicular to the wires of the PTL on the distance of 3 m
from the earth surface
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Fig. 4. Calculated dependences of the EF strength in the section
perpendicular to the wires of the PTL 500 kV on the distances of
0.5m, 1 m, 1.5 m from the earth surface

Conclusions.

1. A method of complex automated monitoring of PTL
and high-voltage substations representing key elements of
power supply system of Ukraine is developed.

2. A software for calculation of the EF in PTL vicinity
is developed and tested. This software is necessary for the
navigation of UAVs — the main element of the described
monitoring system as well as for assessment of electrical
parameters of investigated energetic objects.
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THE PROBLEM OF CORRECT CHOICE OF FERRITE BEADS

A ferrite bead is a passive electrical element used to suppress high-frequency noise in electric circuits. This is one of the simplest
and the cheapest type of filters. Thus, such filters are widely used in electric and electronic apparatus for both domestic and in-
dustrial purposes. It would seem that such a wide application of these elements suggests that methods for their correct selection
and use are well-defined. However, this is not quite true. Table 1, figures 11.

Key words: ferrite, filters, electromagnetic pulse.

Deppumosslii punbmp — RACCUGHBLIL INEKMPUUECKUI KOMNOHEHM, UCRONb3YIOWUICA O NOOABICHUA B8bICOKOYACHOMHBIX
nomex 6 I1eKmpPUYecKux Uensax. Imo 0OUH U3 camvlX RPOCMBIX U 0euiésblXx munoe uibmpos. Oueeuono, UMEHHO NOIMOMY
Qunompel maxozo muna Hawau camoe WUPOKOe NPUMEHEHUE 6 INEKMPOHHOI U INeKMPOMeXHUYecKoll annapamype KaxK ovl-
moe020, MaKk u npomvluLlennozo nasnavenus. Kasanoce o0vl, npu maxoit wiupokoii pacnpocmpanennocmu IMux 1emMenmos
MemoouKa ux npasuibHozo 6blO0Pa U NPUMEHEHUA 00TIICHA ObIMb XOPOULO 6CeM U3GECHHA. Y6bl, HA CAMOM Oeile 8ce 0KA3A10Ch

He maxk npocmo. Tab6in. 1, puc. 11.
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Fig. 2. Miniature Filters Built Based on Ferrite Elements (FE)

and Designed for Installation on a Printed Circuit Board

The ferrite bead is the simplest type of the filter: it is
characterized by low cost and significant attenuation of
short electromagnetic pulses (similar to high-frequency
signal) in conductors connected to electronic apparatus. It
is shaped as a ring (cylinder) filter put on the conductor
(see Fig. 1).

Fig. 1. Ferrite Elements (FE) of Ferrite Bead Filters

The impedance of the winding consists of one or
several turns of a control cable run through the ferrite ring
and is too low both for low-frequency operating signals
and for commercial frequency alternating current At the
same time it is too high for high-frequency (short pulse)
signals within the selected frequency range which de-

Fig. 3. Design of Ferrite Beads Providing Fast and Convenient
Installation on Conductors

Such filters can be widely used in electronic

pends on the number of turns, material and size of the ring
itself. This results in significant attenuation of pulse and
high-frequency noise penetrating such cables. Attenuation
provided by such filters is in the range of 10-15 dB.

Numerous companies manufacture dozens of such
filter types both miniature, designed to be installed on the
printed circuit boards inside the apparatus (see Fig. 2),
and those suitable for the installation on the conductor
(cable) itself. For the sake of installation convenience
such filters are often made as two matching semi-rings
(semi-cylinders) located in snap-in plastic covers. This
provides fast and convenient installation of the filters on
the conductors (see Fig. 3).

equipment: in control circuits, in circuits of logical and
pulse signal transmission, and in communication cir-
cuits (see Fig. 4).

Electronic equipment

Ferrite ring
Cable

from noises
area

Fig. 4. Ferrite Ring Filter Installed on a Control Cable Entering
the Electronic Equipment
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FE-based filters are manufactured by numerous
companies as given in Table 1.

Frequency ranges shown in Table 1 do not corre-
spond to the certain filter type, but describe the frequency
area provided by certain companies. Actual frequency
ranges of certain filter types are much lower than shown
in Table 1. Fig. 5 shows examples of frequency ranges of
different types of materials used in FE manufactured by
Fire-Rite Products Corp.

Table 1
Frequency Response of FE-based Filters Manufactured
by Different Companies
Company name | Frequencies intervals for filters produced
by companies, MHz
Fire-Rite Products 1-1000
Corp.
Ferrishield 30 —2450
Ferroxcube 0.2 -200
Murata Miniature filters for PCB mounting
NEC/Tokin 0.1 -300
Parker Chomerics 30 -200
Laird 30 —2000
TDK 10 -500
Leader Tech, Inc 1-2450
Waurth Elektronik Miniature filters for PCB mounting

-

1000

1 10
Frequency, MHz

100

Fig. 5. Frequency Ranges of Different Material Types
(designated by numbers) used in FE Manufactured
by Fire-Rite Products Corp.

Despite the apparent simplicity and cheapness (1-10
USD) ferrite filters are not as simple as they seem. Their
effectiveness depends on the numerous parameters, such
as: material type, equivalent frequency of current pulse to
be attenuated, size of FE, number of turns of the conduc-
tor passed-through the FE, the value of the DC-
component in the conductor, temperature, etc.

The frequency response of the filter depends on sev-
eral parameters, primarily on the FE material type. Man-
ganese-zinc ferrites (Mn-Zn) with relative magnetic per-
meability (magnetic inductive capacity) p = 600 — 20.000
are usually used for frequency range of 0.1 MHz — 2
MHz, and for IMHz — 2.45 GHz — nickel zinc ferrites (Ni
— Zn) with relative magnetic permeability p = 15 — 2000
are used. Different ferrite mixes are also used during the
manufacture.

Apart from the frequency response the impedance —
is another very important parameter of FE-based filter. It
defines the level of noise suppression.

To a large extent the impedance of FE-based filter is
also determined by the type of material used and by the
operating frequency (see Fig. 6).

A

Impedance, Ohm
=

Frequency, MHz

Fig. 6. Dependency of the Impedance of FE-based Filter
on the Material Type and Frequency

As FE-filter has inductance, capacitance and active
resistance (see Fig. 7), it is apparent that filter frequency
response and impedance also depend on FE size (particu-
larly on its length, see Fig. 8).

| 1€
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Fig. 7. Equivalent Circuit of FE-based Filter
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Fig. 8. Dependence of Filter Impedance Z on the Ferrite
Element Length L made of two types of material (43 and 61)
manufactured by the Fire-Rite Products Corp.
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As shown in Fig. 8, the filters having longer FE al-
ways have higher impedance with all other parameters
being equal. This results from higher inductance of filters
with long FE.

To a large extent the impedance of FE-based filters
also depends on the number of wire turns passed through
the FE (see Fig. 9). As shown in Fig. 9 the starting imped-
ance of the filter with several wire turns is great compared
to the one-turn filter. However, the further increase in noise
frequency makes filters with several turns less effective
compared to filters with one turn which can result from the
higher capacitance of the filter with several turns.

Also, FE-based filters have another unpleasant char-
acteristic: their properties depend on the value of the DC-
component of the passing current (see Fig. 10). This re-
sults from the change of FE magnetic properties under the
existence of the DC-component of the current.

| & d g
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10 000
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Impedance, Ohm

1 10 100 1000
Frequency, MHz

Fig. 9. Typical Dependency of Filter Impedance on the Number
of Turns (designated as 1-3) Passed through the FE
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Fig. 10. Influence of the DC-component on Filter Characteristics

The presence of inductance and capacitance in the
filter equivalent circuit (see Fig. 7) provokes the hazard of

How to cite this article:

resonance under the certain frequencies. This can lead to
another problem of such filters — such as amplification of
noise instead of its attenuation.

So, if there are so many factors influencing the filter
parameters, what are the basics to correctly select the fil-
ter ensuring effective protection against electromagnetic
noise under a wide frequency range? It is tricky. This is
especially due to 1) unavailability of standards unifying
the procedure for measuring the parameters of such fil-
ters, and 2) different methods of measurement used by
different manufacturers. Due to all these problems it is
almost impossible to compare the parameters of filters
produced by different manufacturers.

According to the above analysis the following
method for the correct selection of FE-based filter can be
recommended:

1.In order to ensure the effective noise suppression
within the maximum frequency range it is required using
at least three in-series filters installed on the same con-
ductor (cable). Such filters should be made of different
materials providing maximum filter impedance within
low- (0.1 MHz), medium- (300 to 500 MHz) and high-
frequency range (2 to 2.45 GHz). Three filters installed
in-series on the same conductor also allows for eliminat-
ing the resonance, as they have different characteristics
and thus significantly different resonant frequencies.

2. Manufacturer data can be used only for preliminary
filter selection. Afterwards it is required to test the noise
suppression effectiveness within the full frequency and
current range needed for the customer.

This test can be done on the unit consisting of the
high-frequency pulse generator simulating the noise sig-
nal within the actual frequency range, and of the receiving
unit, such as oscilloscope, spectral analyzer or electronic
voltmeter with the extended frequency range. The genera-
tor should be connected to the input of the receiver using
the cable equipped with the filters (see Fig. 11). The
measured generator output voltage within the required
frequency spectrum (with and without filters installed on
the cable) characterizes the value of signal attenuation on
the filters and enables selecting the proper set of filters
providing necessary attenuation of high-frequency signal,
as well as ensuring that there is no resonance within the
full frequency operating range.

Filters

Generator Receiver

Fig. 11. Test Unit Designed to Check the FE-based filter
effectiveness
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