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M.1. Baranov

AN ANTOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 30: PORTRAIT OF THE KHARKOV MATHEMATICIAN,
MECHANICAL ENGINEER AND CYBERNETICIST VLADIMIR LOGVINOVICH
RVACHEV

Purpose. Description of basic scientific achievements, features of personality and way of life of the known Kharkov mathematician,
mechanical engineer and cyberneticist, academician of NAS of Ukraine Rvachev V.L .in the short form is presented. Methodology.
Existent scientific approaches for treatment and systematization of mathematical knowledges, modern achievements in area of meth-
ods of direct solution of linear (nonlinear) boundary problems of mechanics and mathematical physics with the scope terms of differ-
ent types for the physical bodies of difficult geometrical form. Methods of historical method at research of development in society of
analytical geometry, applied mathematics, classical mechanics and mathematical physics. Results. Short information is resulted
about the basic creative and vital stages, and also fundamental scientific achievements of the indicated scientist-mathematician the
scientific legacy of which entered in the treasure-house of world mathematical science. Are some personal qualities of this prominent
soviet Ukrainian mathematician of the 20-th century, forming scientific school on the mathematical method of R—functions and leav-
ing about itself kind memory for thankful students and descendants. Originality. First taught in 1970-th at the known mathematician
of contemporaneity of Rvachev V.L. to bases of the applied mathematics and theory of R—functions by a scientist-electrophysicist
firom the Kharkov polytechnic institute presented for the wide circle of readers a short scientifically-historical essay about this large
scientist-teacher, being based on his scientific labours, published biobibliographic materials and flashbacks of his devoted students-
followers about him. Practical value. Scientific popularization of the special physical and mathematical knowledges and distin-
guished scientific achievements of the known Kharkov scientist-mathematician Rvachev V.L. in area of the applied mathematics,
classical mechanics of continuous media, mathematical physics and technical cybernetics. References 43, figures 13.

Key words: history, mathematics, mechanics, cybernetics, Kharkov region, distinguished scientific achievements.

Ilpugeden Kpamrkuii HAYYHO-UCHOPUYECKUI OYePK 00 U36eCMHOM yueHOM-mamemamuke XapvKosuwjunvl — axademuke AH
YCCP (HAH Ykpaunwt) Peauese B.JI. u o ezo evioarouiemcsa exnaoe ¢ mupogyro mamemamuueckyio nayky. buon. 43, puc. 13.
Knrwouegvie cnosa: McTOpUsi, MaTeMaTHKA, MEXaHHKAa, KHOepHeTHKA, XapbKOBCKasi 00,1aCThb, BbIIAIOLIMECS] HAYYHBIE 0CTH-
JKEeHHUs1.

90th anniversary of Vladimir Logvinovich Rvacheva—  course of lectures on applied mathematics and

famous Ukrainian mathematician,
mechanical engineer and cybernetics dedicated.

Introduction. Papers [1, 2] have previously been
described by the author of a number of portraits of the
outstanding mathematicians of Kharkiv — Ukrainian
Soviet and Russian academics Pogorelov A.V.,
Marchenko V.A and Sadovnichy V.A., as well as a
correspondent member of the Ukrainian Academy of
Sciences Akhiezer N.I., which became in the second half
of the 20th and early 21st century, the personification of
intellectual image of Kharkiv, and close to many of us
Slobozhanshina region. The continuation of this academic
«mathematical» a number of prominent Russian
scientists, mathematicians for such leading scientific and
educational centers of Ukraine as Kharkiv, certainly is
and our illustrious compatriot — Doctor of Physical and
Mathematical Sciences, Prof., Academician of the
Ukrainian Academy of Sciences (NASU) Vladimir
Logvinovich Rvachev [3].

His basic mature creative, scientific and educational
life he spent in the «walls» of the Institute of Mechanical
Engineering  Problems  (IPMach) named  after
Academician NASU A.N. Podgorny and Kharkiv
Polytechnic Institute (KhPI). Author in 1976 while
studying at postgraduate KhPI was fortunate to attend a

foundations of the so-called R-functions performed by
this well-known mathematician and an excellent teacher.
Remembering with a share of nostalgia that «goldeny»
period of scientific research, the requirements of the many
manifestations of extremism in their youth, creative
hobbies and education, I can say that the empty seats in
the classroom in the classroom scientist-maitre V.L.
Rvachev usually not. These sessions aim to proactively
attend professional development of young professionals
and other leading universities of Kharkiv. It is time to his
many disciples and who knew this remarkable Kharkiv
mathematics experts from other fields of scientific
activities to acquaint the general reader with this
significant for the domestic and international public
research and the human figure. So try in the form of short
scientific and historical essay on the basis of scientific
papers by Rvachev V.L. known literary sources, materials
Museum KhPI, photographs from the family archive of
our illustrious scientist and information from the Internet
to «draw» a portrait of this extraordinary personality with
a description of its major outstanding scientific results in
the field of applied mathematics, mechanical engineer and
mathematical physics.

© M.I. Baranov
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1. The main stages of the life and career of the
Kharkiv academic mathematician. Born Rvachev V.L.
(Fig. 1) October 21, 1926 in Chigirin (Cherkasy region) in
a family of teachers [3, 4]. After graduating from high
school in the difficult years of the Second World War, he
worked as an apprentice turner at the «Tashselmashy
(Tashkent). In 1944 he was called to serve in the Navy of
the USSR. After demobilization in 1947 he entered the
Physics and Mathematics of Lviv University named after
Franko. In 1952 Rvachev V.L. graduated from a higher
educational institution of the USSR (Fig. 2).

.

Fig. 1. Outstanding Soviet Ukrainian mathematics, mechanical
engineer and cybernetics, Doctor of Physical and Mathematical
Sciences, Prof., Academician of the Ukrainian Academy of
Sciences (NASU), laureate of the State Prize of the USSR in the
field of Science and Technology, Honored Worker of Science
and Technology, an honorary doctor of NTU «KhPI» and other

universities Vladimir Logvinovich Rvachev (1926-2005) [4]

By the way, in the 4th year of the above university,
he was a scholar of Stalin [4]. After graduating from the
University of Lviv named after Franko and being already
married to his classmate Irina Konstantinova Semiray full
of creative plans Rvachev V.L. again in the ranks of the
Soviet Navy, working as a lieutenant of the Soviet Navy
senior lecturer at the Naval Academy (Pushkino,
Leningrad region) [3, 4]. Despite these harsh
circumstances of life, in 1955, he successfully defended
his thesis on «The calculation of the infinite beam lying
on an elastic foundation» (supervisor Prof. M.J. Leonov)
and becomes Candidate of Physical and Mathematical
Sciences [3, 4]. For family reasons (because of the urgent
need to change the climate for the wife) Rvachev V.L.

and Rvacheva 1.K. in 1955 moved to the warm Sea of
Azov, and both are teachers of the department of higher
mathematics in Berdyansk Pedagogical Institute [3, 4].

It is believed that in the initial period of the life and
scientific formation of Rvachev V.L. Berdyansk is a
period (1955-1963), his life and scientific activity proved
to be a most vivid and fruitful [5-10]. In 1960, he
successfully defended at the Institute of Mechanics of the
USSR Academy of Sciences doctoral thesis on «7he
spatial contact problem of elasticity theory and some of
its applications» [3, 4]. It is believed that in the final
moment of preparation for the defense of the scientific
work on mechanics, he «went to the main result of his
future mathematical discoveries» [4]. Opening concerned
special R-functions («Rvachev functions»), solves the
problem of taking into account a complex geometric
configuration (information) for any technical object
during analysis. Basic scientific work at it for a
fundamentally new direction in mathematics — the theory
R-functions became his short article [11].

Fig. 2. Purposeful mathé;natician Rvachev V.L. after the
Physics and Mathematics Faculty of the Lviv University named
after Franko (1952, Lviv) [4]

In 1963, Doctor of Physical and Mathematical
Sciences, Prof. Rvachev V.L. was invited to work at the
Kharkiv Institute of Mining Engineering, Automation and
Computer Engineering (in the near future, the Kharkiv
Institute of Radio Electronics — KhIRE) to head the
Department of Computational Mathematics [3, 4].
Beginning of Kharkiv period (1963-2005) work for
Rvachev V.L. (Fig. 3) coincided with a period of rapid
development in the Soviet Union cybernetics and

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1



computer science. In this regard, Rvachev V.L. boundary
value problems of mechanics began to consider since the
common position of the theory of science. That is why his
attention was drawn to the problem of geometrical
information specific to a broad class of optimization
problems and mathematical physics solved with the help
of computers — computers [3]. It is believed that the
mathematical theory R-functions proposed Rvachev V.L.,
originated at the crossroads of the classical methods of
applied mathematics, cybernetics and methods of
mathematical logic [3, 4].

Fig. 3. Head of the Department of Computational Mathematics
KhIRE, Doctor of Physical and Mathematical Sciences, Prof.
Rvachev V.L. (third from right) before flying out of the airport
of Paris home after successful participation in the International
Conference on Computational Mathematics and Cybernetics
(1966) [4]

Heading 1967 Department of Applied Mathematics
and Computational Methods in IPMach of the Ukrainian
Academy of Sciences, Doctor of Physical and
Mathematical Sciences, Prof. Rvachev V.L. (Fig. 4),
together with colleagues in the period 1960 — 1980 is
developing the mathematical apparatus of the theory of R-
functions [12-19].

Developing the theory R- functions Rvachev V.L.
drew particular attention to the constructive means of its
implementation. It is the lack of such structural funds so
long restrained use of classical variational methods for
constructing explicitly coordinate functions exactly
satisfy the given boundary conditions for the areas of
complex geometrical shape [3, 4]. Rvachev V.L. together
with their students through constructive theory of R-
functions of functions we have developed a common
approach to the problem of constructing coordinate
sequences known for the main variation and projection
methods [20]. At the same time it was the decision of
problems of mechanics, electrodynamics, thermal physics
and mathematical physics with boundary conditions of
various types for almost any form fields [20].
Mathematical R-functions method in the future was a
universally recognized abbreviation RFM [4].

Fig. 4. Meeting of the Academic Council of [PMach of the
Ukrainian Academy of Sciences, chaired by its director,
correspondent member of the Ukrainian Academy of Sciences
Anatoly N. Podgorny, discuss the achievements of the USSR
Academician V.L. Rvachev (far right) and his students in the
development and practical application of a mathematical
apparatus of R-functions in mechanics
cybernetics, thermal physics, electrodynamics, radio physics
and other technical applications (1985, Kharkiv) [4]

In 1969, Doctor of Physical and Mathematical
Sciences, Prof. Rvachev V.L. was invited by the rector of
KhPI Prof. Semko M.F. to head the department on the
theoretical and mathematical physics at the permanent
place of his work in IPMach of the Ukrainian Academy of
Sciences [4]. During this time period, the search for
effective organization of the numerical solution of
boundary value problems of mathematical physics led
Rvachev V.L. to understand the need to create a new
programming technology [3]. In 1970, under his
supervision in the department of applied mathematics and
computational methods IPMach of the Ukrainian
Academy of Sciences started work on the creation of the
first version of automated programming systems family
«Field» [3, 4]. In the future, by these institutions in the
system «field» become instrumental base for numerical
experiments and solve many practical problems, freeing
mathematicians and engineers in various fields from the
programming process [3].

1972, Doctor of Physical and Mathematical
Sciences, Prof. Rvachev V.L. was elected as
Corresponding Member of the Ukrainian Academy of
Sciences, and in 1978 — full member of the Ukrainian
Academy of Sciences [3, 4]. In 1980, for the
development, creation and implementation of the national
economy of the theory functions R-functions group of
authors of employees IPMach of the Ukrainian Academy
of Sciences as part Rvachev V.L. (head of investigations)
and his disciples Stoyan Y.G., Protsenko V.S., Manko
G.P., Slesarenko A.P., Shejko T.I. and Sinekop N.S. was
awarded the State Prize of Ukraine in the field of science
and technology [3, 4]. We point out that the results of
studies by Rvachev V.L. On the supply side, and he
adjusted his students to use in practice, the mathematical
method R-functions (RFM) for the period of his active
work are reflected in more than 350 [3]. The author also

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1 5



because of the limited scope of this essay is only referred
to their score. These must include at least another two
monographs by the Academician of the NASU V.L.
Rvachev defining certain stages and development
perspectives in science «Rvachev functions». It is
published in Ukraine following books: in 1967
«Geometric applications of algebra of logic» [21] and in
1974, «Methods of the algebra of logic in mathematical
physics» [22].

In my opinion, one of the main factors that led it our
hero scientist in mathematical discovery of special R-
functions features is the fact that this man had an
encyclopedic knowledge. He was the highest expert not
only in terms of pure mathematics, and engineering
cybernetics (the science of the laws governing the
management processes and information transfer machines
[23]), as well as classical mechanics, mathematical
physics and mathematical logic (Boolean algebra, based
on logical operations Similar actions on sets [23]). It is a
synthesis of these unique abilities and knowledge,
focusing it, and brought Rvachev V.L. to consider
opening. Needs practice in solving complex scientific and
technical problems in these areas of knowledge and skill
of Rvachev V.L. in a complex cover such problems, and
brought him to the scientific insight — creation theory of
R-functions.

October 21, 1986 the academic community of
Kharkov and the whole of our country celebrated the 60th
anniversary of the outstanding scientist of our time,
academician of the USSR Vladimir Logvinovich

Rvachev, held at his place of work in the long at his
native I[PMach of the Ukrainian Academy of Sciences

(Fig. 5).

= . *

Fig. 5. Director of IPMach of the Ukrainian Academy of
Sciences, Corresponding Member of the Ukrainian Academy of
Sciences A.N. Podgorny (left) warmly congratulates the 60th
anniversary of his dear colleague, jubilee — Ukrainian Academy
of Sciences Academician V.L. Rvachev (right) (1986 ,IPMach

of the Ukrainian Academy of Sciences, Kharkiv) [4]

Subsequent decades of fruitful scientific and
pedagogical activity in IPMach of the Ukrainian
Academy of Sciences (NASU) and NTU «KhPI» (since
1971 as a professor of the department of the above

University, called since 1981 the Department of Applied
Mathematics, part-time) our domestic scientist Maitre
Rvachev V.L. dedicated individual topical areas of
application in the field of mechanics (contact problems of
elasticity theory and nonlinear problems of the theory of
plates of complex shape), thermal physics,
magnetohydrodynamics, physics, cybernetics (automation
software tasks in solving boundary value problems) and
mathematics (problems in the theory approximation and
atomic functions), to develop him and his numerous
students on the basis of the data created by the world-
renowned creator of the mathematical theory of R-
functions [24-38].

Academician of the National Academy of Sciences
of Ukraine V.L. Rvachev (Fig. 6) at the beginning of the
21st century he has continued the best of their moral
standing and physical strength to work in his areas of
educational and scientific spheres as an academic
consultant IPMach NASU, «his» chair of applied
mathematics at the NTU «KhPI», KhIRE and aerospace
University «Kharkiv Aviation Institute» until his death,
the ensuing 26 April 2005 [4, 39-42].

Fig. 6. The members of the organizing committee of the
international conference on nonlinear dynamics «Nonlinear
Dynamics» (from left to right: Prof. Tovazhnyansky L.L.,
academician of the NAS Rvachev V.L.,Prof. Morachkovsky
0.K., Prof. Kurpa L.V., Prof. Kravets V.A., 2004, NTU «KhPI»,
Kharkiv) [4]

October 23, 2006 in NTU «KPI» in honor of the
outstanding scientist of the XX century in the field of
mathematics and mechanics, the author of scientific ideas
for the theory of R-functions, academician of the NASU
Rvachev V.L. it was discovered a marble plaque (Fig. 7).

2. Main scientific achievements of the Kharkiv
academic mathematician. Scientifically known Prof.
V.L. Rvachev brought the original results of his work on a
solution based on a new mathematical approach of
boundary value problems in classical mechanics,
mathematical physics, thermal physics, electrodynamics,
radio physics and magnetohydrodynamics. We will try to
lower it on the basis of a number of scientific papers [3,
5-22, 24-38] to formulate the basic fundamental scientific
results obtained by famous mathematician, academician
of the Ukrainian Academy of Sciences (NASU) V.L.
Rvachev in these areas of physical and mathematical
knowledge:

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1



e Formulated at the present mathematical level of
knowledge of the centuries-old scientific problem that
goes back to the founder of analytical geometry — the
great French mathematician and physicist René Descartes
(1596-1650) And consisting of the construction of the
equation of a geometric object of any shape he was
initially given a graphic outline or drawing (1960" years);

_ [VTIPAIIOBAB
Do e 13 MTRITEC
7o vexaic, et eop R-GYBKTE
axyi FAH Vi, Tovec JokTOp
HIV <Xl

PBAY0B

BOOTVMEP JOTBHHOBHY
(195- 205

Fig. 7. General view of the marble memorial plaque in honor of
outstanding Soviet Ukrainian Mathematics and Cybernetics,
Academician of NAS of Ukraine, honorary doctor of NTU
«KhPI» Vladimir Logvinovich Rvachev (1926-2005), Opened in
NTU «KPI» in 2006 and mounted on a brick wall of
Mathematical Building of the University

e Developed in relation to the solution of boundary
value problems of classical mechanics, thermal physics,
mathematical physics, electrodynamics, radio physics and
magnetohydrodynamics new mathematical method for
constructing complete systems of basis (coordinate)
functions for geometric objects of arbitrary configuration
with boundary conditions of wvarious types and an
arbitrary functional form of the recording, use the original
special R-function (Rvachev functions) (1960™ years);

e Developed a framework of a new mathematical
theory of R-functions with its numerous technical
applications, one of the main results of which is the
inverse problem of analytical geometry, which consists in
establishing a mathematical equation for a given
geometric object of arbitrary shape, which describes its
geometry and the coordinates of its external borders for
different areas in two- and three-dimensional Euclidean
space (1960 years);

e Submitted the required equation for the inverse
problem of analytic geometry and the coordinates of
external borders (coordinate functions of the boundary
conditions for the boundary value problems in technical
applications) for geometric objects of complex shapes in a
single analytic expression that contains elementary
functions (1970™ years);

e Detail developed and brought to practical
application in solving various boundary value problems of
classical mechanics, thermal physics, mathematical
physics, electrodynamics, the theory of radio physics and
magnetohydrodynamics R-functions is the opinion of
authoritative scholars one of the great scientific

discoveries in the field of applied mathematics of the
second half 20 century (1970™ years) [40-42];

e On the basis of the constructive universal theory R-
function creates a mnew programming technology,
implemented under his supervision in the department of
applied mathematics and computational methods [PMach
of the Ukrainian Academy of Sciences in relation to direct
methods for solving boundary value problems in
mechanics and mathematical physics described by partial
differential equations, in the form automated
programming systems family «Field» (1970™ — 1980™
years);

e Solved large complex application of linear and
nonlinear two-and three-dimensional boundary-value
problems in the theory of elastic plates, rods, hollow
cylinders and other metal complex form, transient heat
conduction of solid bodies of finite size, and the theory of
electromagnetism in relation to radio and antenna systems
with MHD generators R-method involving mathematical
functions (RFM) (1970™ — 2000" years);

o With the aid of his theory of generalized R-functions
and constructively implemented in functional spaces are
widely used in practice the formula of Taylor-Lagrange-
Hermite that will open a new class of finite infinitely
often differentiable functions (atomic functions) that are
of great practical importance for the further development
approximation theory, methods of digital processing of
electrical signals and methods for solving diverse
boundary value problems of mathematical physics (1980™
years);

e He has made a significant contribution to the
development of non-Archimedean calculus, which is
algebraically isomorphic to the classical calculus of
Archimedes, and adapt it to the fundamental problems of
modern astrophysics outer space (1990™ years);

e Established an internationally recognized scientific
school of Kharkiv for mathematical method of R-
functions (1970 — 2000™ years).

Here is the incomplete list of significant for the
world of physics and mathematics community of
scientific results academician of Ukrainian Academy of
Sciences (NAS) Rvachev V.L. for many years of his

active and fruitful work in the field of applied
mathematics, classical mechanics, thermal physics,
mathematical physics, cybernetics and electricity.

Moreover, the results that can be proud of a real
mathematician and who entered the treasury of the world
of mathematics [3, 4, 39-43].

These results of research and teaching Rvachev V.L.
We received recognition in the community and were
awarded the following high state awards and marks of
distinction [4, 39]:

o Order of the Red Banner of Labor (1961);

e clection corresponding member of the Ukrainian
Academy of Sciences (1972) and full member of the
Ukrainian Academy of Sciences (1978);

e Order «Badge of Honor» (1976);

e award of the Prize of Academician A.N Dinnik of
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the Ukrainian Academy of Sciences (for outstanding
contribution to the development of mathematical physics,
1976);

e awarding of the State Prize of Ukraine in Science
and Technology (for the creation, development and
practical application of the theory of R-functions, 1980);

e Order of Friendship of Peoples (1986)
» rank of «Honored Worker of Science and Technology of
Ukraine» (1997);

e Order of Prince Yaroslav the Wise V degree (2001);

e award of the title «Honorary Doctor» of the National

Technical University «KhPI», Kharkiv National
University of Radio Electronics and the University of
Wisconsin (USA).

3. The scientific school of Kharkiv academic
mathematician. The data presented in Section 2, it
follows that the main scientific development scientist
and mathematician Rvachev V.L. he created a
mathematical theory R-functions with its numerous
technical applications [3, 4, 42]. Due to the complex
work carried out under the supervision of Academician
V.L. Rvachev for a number of decades in [IPMach of the
Ukrainian Academy of Sciences (NASU), NTU «KhPlI»,
KhIRE, KHAI and towards the development and
practical application of the method of R-functions
(RFM), it was formed by a recognized scientific school
in the world [3, 4]. Below in Fig. 8-12 shows some of
the scientists who formed the «backbone» of the
scientific school. At the beginning of the 21st century,
this scientific school has 22 doctors of technical and
physical and mathematical sciences and 70 candidates of
physical and mathematical sciences [4, 42]. Among the
talented scientists and students of Academician of the
NASU V.L. Rvachev. There are two corresspondent
members of the NASU — E. Alexander Evgenievich
Bozhko and Yuri Grigorievich Stoyan working now in
IPMach NASU [4, 41].

Fig. 8. Corresponding member of the UkrSSR Academy of
Sciences Rvachev V.L. on vacation with his disciples IPMach of
the Ukrainian Academy of Sciences and the future D.Sc. and the
winners of the State Prize of Ukraine in the field of science and
technology for 1980: Shejko T.I. (first left) and Slesarenko A.P.
(center) (1972, a suburb of Kharkiv) [4]

P | A~
Fig. 9. Academician of the Ukrainian Academy of Sciences V.L.
Rvachev (center) with his students, followers from IPMach of
the Ukrainian Academy of Sciences: D.Sc. Goncharyuk I.V.
(left) and future corresponding member of the NASU and the
winner of the State Prize of Ukraine in the field of science and
technology for 1980, D.Sc. Stoyan Yu.G. (right) (1978, [IPMach
of the Ukrainian Academy of Sciences, Kharkiv) [4]

Fig. 10. Academician of the Ukrainian Academy of Sciences
V.L. Rvachev (left) with his student D.Sc. winner of the State
Prize of Ukraine in the field of science and technology for 1980
Protsenko V.S. (right) (1986, [IPMach of the Ukrainian Academy

of Sciences, Kharkiv) [4]

Fig. 11. Academician of the National Academy of Sciences of
Ukraine Rvachev V.L. with his talented student, D. Sc. Prof.
Kurpa Lydia Vasilievna — Head of the Department of Applied
Mathematics at NTU «KhPI» (1999, NTU «KhPI», Kharkiv) [4]
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Fig. 12. Academician of the National Academy of Sciences of
Ukraine V.L. Rvachev (right) and his student, D.Sc. Kravchenko
V.F. (left) (1999, Kharkiv) [4]

One of his students, Prof. D.Sc. Lytvyn Oleg
Nikolaevich won the prestigious awards named after
Academician V.M. Glushkov and Academician M.V.
Ostrogradskii of the NASU [41, 42]. Another of his
disciple, D.Sc. Viktor Filippovich Kravchenko became
honored worker of science and technology of the Russian
Federation [43]. Section 1 has been given the names of
six scientists and students from [PMach of the Ukrainian
Academy of Sciences, which became in 1980 the winners
of the State Prize of Ukraine in science and technology.
Many of the students Rvachev V.L. or head of the
department was headed by education in high schools of
Kharkov and other cities of Ukraine (for example, B.N.
Borisenko, V.P. Buzko, V.N. Verzhikovsky, LV.
Goncharyuk, V.D. Kozhukhov, L.V. Kurpa, L.N.
Kutsenko, O.N. Litvin, V.S. Protsenko, N.S. Sinekop, I.B.
Sirodzha, V.P. Fedko, Yu.P. Shabanov-Kushnarenko, T.I.
Shejko, L.I. Shklyarov, A.V. Shmatko et al.) [4, 43].

4. Features of the personality and lifestyle of the
Kharkiv academic mathematician. What was Vladimir
Logvinovich outside his research interests and work?
From the memoirs of his students to be their teacher,
«was the epitome of Kindness and Love to the people»
[42]. This smart, educated and talented man, a
mathematician who became a world scale, organically
embodied and connected scruples, compassion and the
ability to assist the other person, the ability to enjoy other
people's success and ability in science mentoring [4, 42].
They, has seen a lot in his life and in his youth passed
through many sufferings and deprivations during the
1930s (because of the contrived political reasons for the
arrest, conviction and subsequent to the end of his
rehabilitation courageous parents), brought up a whole
generation of scientists and mathematicians who called
themselves «rvachevites» and proud of this title [4].
While on vacation, or at home, it is as a «workaholicy,
firmly adhered to the rules worked out over the years,
«least one hour to devote scientific work at least one page

a day to write about the results of the research» [4].
Mathematics was, as they say in «blood» family of
Rvachev: his parents Logwin Fedorovich and Ksenia
Alekseevna were school teacher of mathematics, Sister
Catherine Logvinovna, having a hard way of life, it has
become a well-known scientist-mathematician (one of the
first in the USSR women-coder and corresponding
member of the NASU) and wife Irina Konstantinova (Fig.
13), which became a 1952 teacher of mathematics in the
higher school of the USSR and reliable support in the life
of Vladimir Logvinovich [4, 41]. Together with her and
her children — a son Valery and a daughter Irina they
deserve «passed through life, enduring all the joys and
sorrowsy» [4, 42].

In [4, 42] worthy and faithful disciple of
Academician of the NASU V.L. Rvachev, Doctor of
Technical Sciences, Prof., Head of the department of
applied mathematics NTU «KhPI» Lidia Vasilievna
Kurpa wrote about his teacher the following remarkable
words: «... members of the Polytechnic University will
always keep the memory of this talented Scientist, great
Teachers and outstanding Person.

\

B
Fig. 13. Beloved wife and vital support of academician of the
NASU Rvachev V.L., Math teacher at the Kharkiv Tank School
(since March 2003 this institution was included as part of the
faculty KhPI) Irina Konstantinova Rvacheva (Semiray) (1965,
Kharkiv ) [4]
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INVESTIGATION OF HIGH-CURRENT INTERRUPTING CONTACTS
WORKING SURFACES MECHANICAL INTERACTION NATURE

Introduction. The nature of the interaction of high-working surfaces of the electrical contact uniquely affects their performance. By the
failure of the contacts in the main drive processes resulting from complex destructive factors affecting their performance. However, not
all processes are studied in detail and give in modeling. The purpose of the paper is to show the possibility of using the method of
holographic interferometry to estimate the plastic deformation in the zone of contact interaction. One of the significant factors affecting
the work of the contact pair is the compressive force of the contact surfaces. Compression discontinuous contact is directly connected
with the processes of elastic and plastic deformation of the contact material, which is particularly evident in the contact details of the
powder or composite materials. The paper focuses on the plastic deformation of the surface layers of discontinuous contact in circuit, it is
believed that it is directly related to the mechanism of conductivity of contacts. As shown, a significant effect on the deformation of the
contact surfaces and renders the working environment, in particular transformer oil. Methodology. Assessing the impact of compression
forces on the deformation of the contact surface was conducted experimentally using the method of holographic interferometry. Results.
Experimental studies, which indicated that the compact and powder materials plastic deformation in and around the area microcontacts
simplistically stated that requires experimental verification. A method for evaluating the state of stress, which affects the formation and
destruction of the local contact spots. Practical value. Using the experimental method of determining the movement of the contact region
allows you to optimize discontinuous contacts from composite and powder materials. References 7, tables 2, figures 4.

Key words: electrical contacts, contact surfaces, deformation of contact materials, method of holographic interferometry.

Xapakmep e3aumoodeiicmeue papouux noepxHocmeil CUnIbHOMOUHBIX IIEKMPULECKUX KOHIMAKMOE8 00HO3HAYHO 6/IUAIOM HA UX
pabomocnocoonocms. K omkasy 6 pabome Konmaxkmoe € OCHO6HOM RPUGOOAM NPOUECCHl, 603HUKAIOW{UEe € pe3ynbmame
KoMneKca hakmopoe 0ecmpyKmugHo auauux Ha ux pabomocnocoornocme. Ilpu smom ne éce npoyeccvl noOpoOHO uzyueHsl
u noooaiomcea mooenuposanuto. OOHUM U3 CyuecmeeHHbIX YaKmopos, enUAIOWUM HA PAOOMY KOHMAKMHOI NAPbl, CYHCUM
ycunue cocamus KOHMAKMHBIX nogepxrocmei. Cocamue paspbléHblX KOHMAKMOG HANPAMYIO CEA3AHO C RPOUECCAMU YRPY2Oil U
naacmuuecKkoil depopmayuu KOHMAKMHBLIX MAMEPUANO08, YMO OCOOEHHO HAZIAOHO RPOAGNAIOMCA HA KOHMAKM-0EMAnax u3
HOPOWIKOGBIX UNU KOMRO3UYUOHHBIX Mamepuanos. B cmamve ocnoenoe enumanue ydensemcsa nnacmuyeckoi degpopmayuu
NOGEPXHOCMHDBIX C/10€6 PA3PbIEHBIX KOHMAKINOE 6 NPOUecce 3aMblKAHUA, NOCKOIbKY CUUMACHCA, YO OHA HANPAMYIO C6A3AHA C
MEXAHUIMOM RPOGOOUMOCHbIO Konmakmoes. Kax nokazamno, cywjecmeennoe enuanue Ha O0epopmayuio KOHMAKMHBIX
nogepxnocmeit okazvigaem u pabouas cpeoa, 6 HacmHocmu mpancopmamopnoe macno. OUenKka eNUAHUA YCUNUA CHCAMUIA HA
Odepopmayuio KOHMAKMHOU NOGEPXHOCIMU NPOGOOUNACH IKCHEPUMEHIMANLHO C UCHOIb306AHUEM MEMOooa 20102pauuecKol
unmepgepomempuu. Ilpusedenst pesyivmamot uccied08anus, 6 KOMOPHIX YKA3LIGANOCH, YMO 013 KOMRAKMHBIX U HOPOULKOBBIX
Mamepuanos niacCmuiecKas 0egopmayus 6Hympu u 60Kpyz 30Hbsl MUKPOKOHINAKNO8 YKA3bI6Aem A YRPOUIEHHO, YUMo mpedyem
IKCHEePUMEHMANbHO20 ymouHeHua. bubn. 7, Tabn. 2, puc. 4.

Kniouesvie cnosa: 3neKTpHYeCKHe KOHTAKTBI, KOHTAKTHbIC NMOBEPXHOCTH, Ae(OopMAalNsi KOHTAKTHBIX MaTepHAJIO0B, MeTO[
rojorpapuyeckoiit nHTeppepomMeTpuu.

Introduction. The mechanism of the conduction of
current through the contact is determined by the state of
the contact surfaces and contacting conditions. It is
known that the compressive force is one of the main
factors shaping the nature of the contact interaction.
Without sufficient compressive force the contact
resistance increases, or conductivity of contacts is
completely broken. The conductivity is proportional to the
compression force, leading to the first elastic and then
plastic deformation of the contact surfaces. Naturally,
together with the change of compression force, the
internal mechanical stress in the contact material changes.
Distribution of plastic deformation of powder and
composite materials is more complicated than for
compact (cast) materials and assessment of the behavior
of the surfaces contact-details made from these materials
should be based on experimental observations, rather than
simplified models.

The goal of the paper is to demonstrate the
possibility of wusing the method of holographic
interferometry to estimate the plastic deformation in the
zone of contact interaction.

Modeling of contact surfaces interaction.
Experimentally proved that a decrease in compression
force in 2 times, transition resistance of contact-pieces
depending on their size can be increased in 4 times or
more. For high-current contacts there is an empirical
relationship [1] showing that the contact resistance R, is
mainly a function of the compression force, and the role
of other factors, such as surface films is secondary and is
taken into account by correction factors:

k-(1+3-a-T)
Ro=—— 3
C
o,1-p)"
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where a is the resistance temperature coefficient, 1/°C; T
is the temperature of the contact’s heating, °C; P, is the
contacts compression force, N; k, m are the coefficients
taking into account contact materials and contacting
nature.

The desire to find the general laws of the transition
resistance of the compression force leads to the modeling
of contact problems in the simplified model. For example,
at the contact interaction simulation as a compression of
two elastic spherical surfaces. According to the Hertz
formula, the radius of the contact area of this model will be:

r:09.3fﬂ
9 E b

where P, is the contacts compression force; r.y is the
effective radius of curvature of the contact surfaces; E is
the contact materials modulus of elasticity [2].
In this case, the contact resistance can be expressed
by the formula
€

a Pc1/3'
In the range of compression force from 20 to 500 N,
which is typical for most of the switching devices, the

4

value of the empirical coefficient £ can be taken as
follows: for copper 47-10° Q-kg'?; for brass 200-10°
Q'kng

At the plastic nature of the contact interaction, when
the radius of the area of collapse is given by equation

r= .
o

4

where o, is the collapse resistance of contact materials,
the contact resistance of contact is assessed as [2]

k

c = 1/
PCI/Z

where the coefficient koadgduuuenr k for some contact
materials are presented in Table 1.

Table 1
Contact materials properties
. Coefficient & for high-current contacts,
Contact materials 12
Qkg

Copper 1.0-10*
Silver 0.5-10*
Brass 6.7-10"

Steel 7.6:10™*

The ratio between the applied load and the actual

contact area can be represented as
Pu=C-H-4;,

where 1/3<C<1 is the coefficient taking into account the
elastic component of the deformation of the contact
surfaces; H is the hardness of the contact material taking
into account the temperature; 4; is the actual contact area.

Guided by similar models, contact problem is solved
by using computer by numerical methods simultaneously

with evaluation zones of contact interaction with the
elastic and plastic deformation.

There are software packages that allow to simulate
these processes and to ensure their control. These
requirements largely correspond to software packages for
finite element analysis (e.g. ANSYS), which have
recently been widely used in the calculations of various
mechanical structures.

A common approach to solving the problems of
contact interaction of solid surfaces is reduced to a
phased implementation of the following basic steps of
calculation [3]:

1. Creation of solid objects that represent the geometry
of the switching contacts, and their meshing.

2. The determination of a contact pair.

3. Appointment of the target and contact surfaces,
elements of which are interconnected by physical
constants and allow to take into account the kinematics of
the deformation of the contact.

4. Determination of the key features of elements and
actual constants of contact surfaces.

5. Determination of motion of a rigid contact surface.

6. Specification of the necessary boundary conditions.

7. Setting options of force loading and the problem
solution.

8. The solution of the contact problem.

9. Analysis of the results.

As an example a 2D picture of the contact
interaction of the main contacts of the contactor of the on-
load tap-changing transformer KHOA 110/1000 may be
considered. Fig. 1 shows elements of the contact pair in
the form of closed elastic-plastic bodies covered with the
finite element (FE) mesh.

]
i

Fig. 1. An example of the use of the finite element analysis to
study the interaction of pairs of contact:
1 — movable contact; 2 — fixed contact

The introduction of such techniques, provided the
stability of the mechanical properties of the contact
surfaces, allows to solve contact problems quickly and
with greater accuracy. However, when assessing the
effect of the compression force it is necessary to take into
account the mechanical properties of contact materials (at
operating temperatures), configuration and
microgeometry of contacting surfaces, as well as the
mechanical and adhesive properties of surface films and
others. Such a number of factors suggests that analytically
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it is impossible to establish a general pattern for the
compression forces ensuring optimal operation of the
contacts [4].

Experimental determination of the contact
surface deformation. Simulation methods do not allow
to adequately take into account the real nature of the
interaction of the contact details for long term of use,
due to the development of destructive processes on their
surfaces. It is not only the shielding effect of surface
films, the effect of which is well known [5], and the
plastic deformation of the contact surfaces. The cause of
this is the high value for the compressive force of the
contact surfaces, electrothermal processes, and
plasticizing effect of the environment, such as
transformer oil.

In general, the deformation of the surface layer has a
complex mechanism, because the plastic material of the
contact can not only spread but also to penetrate into the
body contact. Under the influence of the compressive
force varies and the internal mechanical stress in the
contact material. The force of compression is set to the
maximum possible for a particular contact pair not only
improves the conductivity, but also leads to deformation
and destruction of the contact surfaces during operation,
and hence reduces their efficiency.

Particularly, these processes are shown in the
contact pairs of powder and composite materials. The
widespread use of multi-component powder materials for
discontinuous contacts in high-switching devices is a
common practice. The work of these materials is of
interest because of their specific behavior that requires
more detailed study.

Multicomponent powders and composite materials
generally have a sufficiently high strength, due to the
presence of the frame structure. Consider this as an
example of a contact material KMK-b20, used for high-
current contacts in the contactors of the on-load tap-
changing transformer (Fig. 2).

Frame consisting of solid compounds based on W,
Ni or Ti, Cr, Zr receives mechanical stress from the main
compression force and displacement, which stabilizes the
amount of strain in the material and contact surface. To
improve the antifriction and ensure the hardness value of
the contact pair in the material composition is
administered as a solid lubricant of molybdenum
disulfide, graphite and others. Plastic conductive base
(copper) of powder material largely relieved by the
application of compression force and the biasing force,
and it is only the volume adjacent to the area of direct
contact, experiencing stress.

Furthermore dissipation of mechanical energy due to
the compression and friction of the contact surfaces when
switching occurs and accumulation of residual stress at
the sites of actual contact [6]. Because of the random
shape and dimensions of irregularities, as well as their
locations on the friction surface, the residual stresses are

randomly distributed over the surface and over time. An
important role is played and by the porosity of the
structure. If in some areas in a given time is an
accumulation of internal energy (elastic deformation), the
other process may be reaching a maximum decay with the
release of heat or the formation of fracture nucleus. The
area of increased ductility generally coincides with the
area of greatest stress, i.e. the central region touch pad.
After multiple cycles of closure-opening contacts are
prerequisites for the emergence of cracks, leading to the
destruction of the working surfaces of the contact pair.
Presence of stochastically arranged in the powder material
porosity evident as fracture cracks and ductility in the
contacting zone.

isolating
media
r [0)
C,MoSy / carbides / N frame
Ti,.CrZr phase Ti,Cr.Zr
b

Fig. 2. The structure of the multi-component powder
material (a) and model of the contact surface (b)

Behavioral fluctuations of contact surfaces of the
compact and powder materials, can be seen on the model
of the contact pairs in the design of the on-load tap-
changing transformer PHTA 35/320. For comparison, the
moving contacts materials were chosen copper M1 and
powder material KMK-b20. The material of the fixed
contact in both cases was brass JIC 59-1.

In the experiment the method of investigation of
contact interaction of solid bodies using holographic
interferometry, which allows to record the displacement
vector of points of the contact area by a double exposure
of the subject of observation under a light source of
coherent radiation is used.
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During the experiment, the contacts were fixed in
the support prism with loading device and were the
subject in a holographic pattern as shown in Fig. 3. The
original survey was carried out on the contact plate in the
unloaded condition. Subsequently a repeated exposure of
contacts loaded compression forces P, Q;, O, on the same
photographic plate.

If the thus obtained double-exposed hologram
illuminate by a copy of the reference wave, then there is a
holographic image of the contact pairs with superimposed
grid of fringes. The strips are located on the subject, and
on the adjoining area. Photocopies of such holograms are
shown in Fig. 4.

Quantitative estimation of the deformation of the
contact surface was carried out by monitoring the
deflection of the interference fringes of the so-called zero-
order band. In this case, the zero-order interference fringe
is defined as a single, it does not change its position when
the double exposure. Visually, this is defined as the
maximum bright band on the interferogram [7].

W

| [z
12

3

Fig. 3. A sketch of the holographic interferometry by double
exposure method:
1 —laser JII-38; 2 — divider; 3 — mirror; 4 — lens; 5 — the object;
6 — photographic plate

Fig. 4. The scheme f the load (a) and the hologram of contact
pair (b): 1, 2 — fixed and movable contacts; 3 — supporting prism

Determination of deformation performed by records
taking into account the position of the zero-order fringe
and displacement vector directed perpendicular to the
surface of contact. The difference in compliance sections
of the contact surfaces is clearly seen by the number of
interference fringes. The closer their net, the more
displacement. In this clearly indicates the difference of
the bands on the steel prism and on contact.

Calculation of movement of the contact surface
reduces to a multiplication of the interference maximum
sequence number the numerical value of the wavelength
of the radiation source (in this case 0.3162 um).
Conditionally designating by serial numbers light strips
on the image, offset is determined by the formula

Z(x)= ﬂ
2
where Z(x) is the displacement, um; N is the number of
strips; A is the wave length, um.

Study of displacement of the contact surface is
carried out in a static mode. During the experiment the
force P was changed stepwise in the range of variation of
the force of compression contacts of the real device.
There was a possibility to supply transformer oil to the
contact zone that simulate the conditions of work of
contacts in the oil-filled switchgear. Data obtained by
using the following methods, are shown in Table. 2.

Table 2
Maximal displacements of the contact surfaces at various
load conditions, um

Material Load P, N HardnessHB
1300 2700 4000
M1 [0.632/1.264*(1.264/3.160*|4.100/8.010*| 100-110
Ké\glg_ 0.630/1.900*|1.900/6.320*|4.480/8.220*| 120-150

* presence of transformer oil in the contact zone

According to the experimental results it can be seen
that the comparison of the degree of deformation of the
contact surfaces of the compact (cast) and powder
materials in terms of their hardness is not quite correct,
since deformation of the contact surface is greatly
affected by homogeneity of the structure and porosity of
the powder materials.

This method may determine the limit load for
contact material without resorting to their destruction,
as well as to predict the behavior of contacts for long
term use.

Conclusions.

1. By the method of holographic interferometry it is
possible to investigate the interaction of surfaces of
breaking contacts of high-switching devices. The
experimental results provide a more accurate picture of
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the deformation of the contact surface, taking into account
a variety of factors that can not be taken into account in
the simulation.

2. The influence on the deformation of the contact
surfaces of the external environment in the oil-filled
switchgear that at high loads of more than twice the
increases displacement of the contact surface without
visible damage under compression is demonstrated.

3. The use of the experimental method of determining
the movement of the region near contacts allows to
optimize operation of breaking contacts from composite
and powder materials. For example, it was found that for
the contactor of the on-load tap-changing transformer
PHTA 35/320 the compressive force shall not exceed
4,060 N, and the maximum deformation of the contact
surface values of 8-11 pm.
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USING OBJECT-ORIENTED DESIGN PRINCIPLES IN ELECTRIC MACHINES
DEVELOPMENT

Purpose. To develop the theoretical basis of electrical machines object-oriented design, mathematical models and software to im-
prove their design synthesis, analysis and optimization. Methodology. We have applied object-oriented design theory in electric
machines optimal design and mathematical modelling of electromagnetic transients and electromagnetic field distribution. We
have correlated the simulated results with the experimental data obtained by means of the double-stator screw dryer with an ex-
ternal solid rotor, brushless turbo-generator exciter and induction motor with squirrel cage rotor. Results. We have developed
object-oriented design methodology, transient mathematical modelling and electromagnetic field equations templates for cylindri-
cal electrical machines, improved and remade Cartesian product and genetic optimization algorithms. This allows to develop elec-
trical machines classifications models, included not only structure development but also parallel synthesis of mathematical mod-
els and design software, to improve electric machines efficiency and technical performance. Originality. For the first time, we
have applied a new way of design and modelling of electrical machines, which is based on the basic concepts of the object-
oriented analysis. For the first time is suggested to use a single class template for structural and system organization of electrical
machines, invariant to their specific variety. Practical value. We have manufactured screw dryer for coil dust drying and mixing
based on the performed object-oriented theory. We have developed object-oriented software for design and optimization of induc-
tion motor with squirrel cage rotor of AIR series and brushless turbo-generator exciter. The experimental studies have confirmed
the adequacy of the developed object-oriented design methodology. References 12, figures 2.

Key words: electric machine, object-oriented, class, object, template, inheritance, hierarchy, designing, mathematical model-
ing, electromagnetic field, optimization, algorithm.

Boinonnen ananuz npumenumocmu meopuu 00beKmMHO-0PUESHMUPOSAHHO20 AHATIU3A 8 NPOCKMUPOSAHUU U MAMEMAMUYECKOM
MOOenuposanuu IneKmpudeckux mamun. Paccmompenst 00veKmuo-opueHmuposantvle Mooeau INeKmpudecKux MauuH, CuH-
me3 KOmopuwlxX 0CyweCmennemcs KaKk Ha 0CHO8e NOJIONCEHUL MeopUuu IJ1eKMPOMAZHUMHO20 NOJIA, MAK U HA OCHO8e Oughghepen-
UUABHBIX  YPAGHEHUIl  IIEKMPOMAZHUMHBIX  NEPEXOOHBLIX  NPOUECCO8. npeumyuwecmea
OPUEHMUPOBAHHO20 NOOX00a 6 npoekmuposanuu. Onpedesiensl 0CHOGHbBIE NPUHUUNBL 00BEKMHO-0PUECHMUPOBCAHHO20 NPOCKMU-
posanua. bubn. 12, puc. 2.

Knrouesvie cnoga: 3nekTpuyecKasi MAlIMHA, 00beKTHO-OPMEHTHPOBAHHBIM, KjIacc, 00beKT, 1a0Ja0H, HACIel0BaHHe, Hepap-
XHsl, IPOEKTHPOBaHHE, MaTeMaTHYeCKOe MOJeJHPOBaHNe, JJIEKTPOMATHUTHOE T0J1e, ONTHMH3aLUsl, AJITOPUTM.

Obocnosanvt 00veKmno-

Introduction. Development and modernization of
electric machines (EM) with high technical and economic
performance is a priority for today's enterprises of electric
machine industry [1, 2]. The development of new versions
of EM is realized by an individual approach to each
project.

However, the existing design methods based on
the sequential organization of design stage, do not
allow to implement the tasks associated with the
following:

1) there is no possibility of the automated transfer of all
or part of the project to create a new, which has both
common features with the base, and their own;

2) there is no mechanism of inclusion in your existing
project data dependencies of other projects;

3)it is impossible to apply modern methods of
optimization based on an object-oriented representation of
data;

4) the cost of resources for the design at the traditional
sequential approach significantly inferior to the object-
oriented systems.

In this connection, an important task is to validate
such a design technique that will not only reduce the time
of design work, but also to improve the process of

creating of the EM due to the transfer of design
techniques from the pre-formed database to a new
combination of the EM components.

In [3-6] principles, methodology and
implementation of object-oriented design (OOD),
mathematical modeling and optimization of EM have
been described. In this paper, the principles of object-
oriented analysis (OOA) are considered in the realization
of an integrated project of EM from calculation to
optimization.

The goal of the work is the solution of the problem
increasing the technical and economic parameters of EM
and shortening their development by using OOD.

Problem definition. Traditional design is
accompanied by so-called «procedural» approach to
solving the problems of the calculation of the electrical
machine. The project, built on the basis of a procedural
method is divided into calculated blocks, each of which
performs a certain sequence of actions completed and has
clearly expressed-linkages with other units of the project.
Calculations are divided into successively performed
points with a set of formulas rigidly interconnected by
input and output data. A large number of links between

© N.N. Zablodskii, V.E. Pliugin, A.N. Petrenko
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the calculated blocks and data, in turn, gives rise to
several problems: first, the complicated structure of the
project; secondly, the project becomes difficult to make
changes. The development costs of these projects are very
high, which affects the additional material costs and
higher cost of production. In this connection, such an
organization of the EM design which would allow to
increase the efficiency of the development of new
projects, as well as modification of existing ones with
minimal resource and time consuming, is of great
importance in today's electrical machine industry.

Object-oriented design implements the concept of
problem solving, using models based on the concepts of
the real world. The fundamental elements are the class
and object [7]. The classes allow to carry out the
construction of individual components having simple
tools. The object at the same time brings together a data
structure (parameters with calculated procedures).

The underlying idea of the OOD is to join data and
actions performed on that data, in a single unit, which is
called an object. As an example, Fig. 1 shows the
structure of the OOD to the DC motor.

Object-oriented project may be represented as
«Electrical Designer» when from out-established blocks a
new EM modification is assembled. Thus, Fig. 2
illustrates OOD of a screw motor with a massive rotor
which is composed from modules of the induction motor
(IM), machine with a massive rotor and screw.

DC motor
calculation
Main pole Auxiliary pole Armature
calculation calculation calculation
Collector
calculation

Fig. 1. Inheritance tree of DC motor in the OOD

IM with squirrel- Massive rotor
cage rotor calculation
] I |
+ .

| Screw IM with massive
rotor
L

Fig. 2. Synthesis of the OO project of the screw IM
with massive rotor

Creation of new projects at the OOD, as well as
modification of existing ones is based on the experience
of previous designs, resulting in a significant reduction in
development time, reduces the probability of introducing
errors into the new project.

Results of investigations. In OOD the project is
represented as discrete objects, which contain the data and
computational blocks with a set of formulas and logical
connections [3, 7]. The characteristics and the basic
principles of construction of the object in this case are:
individuality; classification; inheritance; polymorphism.

Considering the theory of OOD, we go out from the
point which assumes a basic class of generalized EM,
descendants of which are well-known types of EM. By
inheritance, using OOD principles discussed, added to or
cut off those features which lead to the synthesis of a
specific model of EM.

As the base, in terms of the OOD we accept
Maxwell equations of classical electrodynamics [8]:

rotE = —a—B,
. ot

divD =p, )
- - 0D

rotH =J +—,
. ot

divB =0.

In (1) vectors of electric field strength £ and mag-
netic field strength H are connected by the relations:

DZSSOE, E:uuoﬁ, J =cE, 2)

with vectors of electric D and magnetic B inductions,

vector of the electric current density J , which represent
the medium response on the presents of the electromag-
netic field in it. Respectively, p is the volume density of
the electric charge, g, and L, are electric and magnetic
constants, o is the conductivity, € and p are dielectric and
magnetic permeabilities of the medium.

An analysis of the work performed shows that
Maxwell equations (1), (2), which are fundamental to the
theory of EM, fully confirm the stated principles of the
OOD, thus proving the viability of the object-oriented
approach in the design of EM. Thus, the development of
theoretical bases of the OOD, in addition, that it improves
the efficiency and quality of design does not contradict
the principles of formation of electromagnetic structures
in EM.

Practical implementation of the OOD has been made
in the programming language Java [6]. In the project were
implemented stages of the design, including
electromagnetic calculation as well as thermal, reliability,
economic.

Used object-oriented optimization algorithms, such
as the Cartesian product of the sets (CPS) and genetic
algorithm (GA), make it possible to perform calculations
of the machine with all possible combinations of variable
variables within specified limits and at a predetermined
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step while changing variable
parameters [9, 10].

To improve the efficiency of the algorithm of the
CPS sampling procedure combinations authenticated the
restrictions it has been modified by the authors that the
increased performance of the algorithm is more than in 10
times [11].

Genetic optimization algorithm in the classical
formulation was modified and practically realized by the
authors for the EM data sample, and adding changes in
the range of varied variables without invasion into the
internal structure of the algorithm [12].

After the completion of the last phase of
optimization automated parametric design of optimal
motor in AutoCAD or COMPAS with automatic
generation of design and drawing documentation is
performed [6].

OOP principles allow not only synthesize the EM
design techniques, but also consider their mathematical
models of hereditary succession of the base class and
descendant classes. This will go to the designing as a
complex task, decisive problems of obtaining the
parameters and characteristics of EM in steady-state and
transient modes. Here, automated generation of
mathematical model of a random kind of EM at the design
stage is performed.

The system of equations of the EM of basic
machine describes the energy conversion process and
consists of four Kirchhoff equations, equations of the
electromagnetic torque and movement. Based on the
analysis mathematic models of different types of EM, a
table of modifications, allowing to generate their
model using OOD principles is built. Synthesis of
models of EM was accompanied by the formation of
the table of modifiers, which are the coefficients or
terms, changing the matrix of basic parameters of the
mathematical model [3].

Using a template class of generalized EM and
selecting certain features, you can go to the object of
particular EM [4]. A mathematical model of transient
processes in at the OOD is formed on the base of the
hierarchical tree of inheritance, modifiers tables compiled
for the designed machine.

Practical implementation of the OOD of the EM is
confirmed by the utilization at industrial enterprises of
Ukraine.

The screw induction motor (SIM), manufactured by
JSC «Pervomaisky Electromechanical Plant named after
K. Marx» was developed and implemented in the
production process of mixing and drying of coal sludge at
JSC «Central Concentration Plant Selidovskayay.

For the SIM, the object-oriented design
methodology was compiled, it was practically
implemented in the programming language Java, object-
oriented mathematical simulation of electromagnetic

simultaneously the

transients and the analysis of the distribution of the
electromagnetic field were performed.

Using the principles of OOP techniques and a
computer program in Java language for the optimal design
and the study of transient modes of an induction motor for
electric rolling stock have been developed. The results of
calculations were the basis of field calculations in 2D and
3D formulations to improve the thermal performance of
the motor.

As an object of design was also considered a multi-
phase brushless synchronous exciter BTB-12(15) (State
Plant «Electrotyazhmash», Kharkiv) designed for systems
of the brushless excitation of the turbine generator
(BETG) of 80 MW. Object-oriented class structure of the
BETG project was implemented in the form of software
in Java.

As an object of design an asynchronous motor with a
squirrel-cage rotor of AWP series was considered,
developed at the company Special Design Bureau
«Ukrelectromachy. In the course of the work done object-
oriented design was done, a computer program in Java
was created, multi-criteria optimization of the IM using
the CPS algorithm was made. As a result of optimization
parameters of the IM with squirrel-cage rotor were
obtained having improved in the comparison to the base
case, the technical and economic performance.

Thus, the technique of the OOD of the EM was
practically implemented in the projects that have received
practical application in industry.

Conclusions.

1. Object-oriented design has allowed to realize the
formation of project methods and mathematical models of
EM by using information of base classes of the project
using modifiers and operators of synthesis. Unified
template allows to transfer elaborated project data to new
versions of EM.

2. Object-oriented methodology of mathematical
modeling of EM allows the synthesis of mathematical
models of the existing types of EM, and to predict the
possible modification of new structures.

3. The use of OOD principles leads to a significant
reduction in terms of the design, along with opportunities
to perform engineering design optimization, mathematical
modeling of electromagnetic transients and the analysis of
the distribution of the electromagnetic field of EM in the
frame one project.

4. The use of object-oriented methods of optimization is
allowed to raise such technical and economic performance of
EM such as efficiency, cost, power factor, improve the
performance of starting and operating characteristics.
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RESEARCH OF THE APPLICATIONS POSSIBILITY OF INTERFACE RELAY
IN HYBRID SWITCHING SYSTEMS OF BISTABLE ACTUATORS WINDINGS

Purpose. Development of methods of experimental determination of action coordination characteristics of semiconductor and
mechanical switching elements in systems of hybrid commutation of bistable actuators coils taking into account contact bounce
of mechanical switching elements. Consideration of the application possibility of interface relay as mechanical switches, and the
definition of the duration of the intervals to ensure coordination of the relay operation with semiconductor switches.
Methodology. Experimental determination of the time intervals between the moments of switching transistor which controls the
relay coil, and power transistor when the switching on and off operations using a hybrid switching device are performed;
statistical processing of experimental results. Results. The durations of the time intervals between the moments of switching of
semiconductor and mechanical switching elements in systems of actuator coils hybrid commutation are experimentally
determined. A way of a significant reduction of the duration of the indicated time intervals is considered and experimentally
confirmed. Originality. The scheme of the power circuit of the control system with hybrid commutation of the actuator coil
circuit, which differs from the known schemes that the only semiconductor switching element performs functions of the current
switching on and off, and electromechanical relay contact elements act as a router interconnecting electrical circuits during dead
times. Practical value. The use of hybrid switches instead of switches with semiconductor switches will significantly reduce the
cost of the actuators control system, as well as reduce their sizes. References 6, tables 1, figures 6.

Key words: bistable actuators, interface relays, contact bounce, hybrid switching.

Ilpeocmasnenst pe3ynbmamst IKCREPUMEHMATILHBIX UCCTE006anuil Opede32a KOHMAKMOo8 UnmMepPelicHbIX penle npu 6vlnoHe-
HUU ONEPayull UX GKIIOUEHUS U OMKIIOUEHUS 8 HOPMATBLHOM Pedcume U 8 pexcume ycKkopenus cpabamviganus. Ilpueooamcsn
PeKoMenoauuu o RPUMEHEHUI0 MAN02A0apuUmMHbLIX UHMEPHENCHbIX peie 8 CUCeMax YRPAGieHus KOMMYMAyUOHHbIX ANnapa-

moeé ¢ 2ubpuoHoll KoMmymayueil 1eKmpuiecKux yeneii 00Momok ducmadinbHuix akmyamopos. buobmn. 6, radmn. 1, puc. 6.
Kniouesvie cnosa: 6ucTadniIbHbIE aKTYaTOPBI, HHTEPdeiicHbIe pese, Apede3r KOHTAKTOB, THOPHIHAS KOMMYTALHS.

Introduction. Vacuum switching devices for medium
voltage networks occupy a dominant position in the rele-
vant market segment, and in the medium voltage contactors
segment the share of vacuum devices is greater than 90 %.
The invention of highly coercive permanent magnets
(Masato Sagawa, 1982), as well as progress in the creation
of microprocessor devices and high-power electrolytic
capacitors allowed to create switching devices with highly
reliable electromagnetic drives (e.g., devices by ABB —
circuit breakers VM1 and contactors VSC), which provide
the necessary power characteristics and practicallu do not
consume energy after closing and opening operations. In
these devices polarized bistable actuators with two coils are
used [1], and to control their winding — a microprocessor
system with semiconductor switching clements — power
transistor and two thyristors (Fig. 1).

mc| | DD1 / VSO

R

DD2 /SZ Vsl
[
L =
YO ZRVD Y1
DD3 g VT
[

Fig. 1. Driving power circuit of activator windings control
system of switching devices by ABB: YI, YO — windings on
and off; VT — power transistor; VSI, VSO — thyristors,
switching circuits of corresponding windings; VD — diode;

R —resistor; DD1 ... DD3 — drivers; MC — microcontroller;
C — electrolytic capacitor

+
1I®)

In on operation, the microcontroller MC through
driver DD3 injects the control signal to the gate of the

transistor VT and through driver DD2 a short current
pulse to the control electrode of the thyristor VSI, and as
a result the actuator on winding YT connects to the power
source, which role the role a storage electrolytic capacitor
C performs, which is preliminary charged through the
converter (not shown in the diagram) to the voltage Uc. In
this thyristor remains open after the termination of the
control pulse. At some time, the actuator armature starts
moving and after the end of its movement by the
command of the position sensor the controller stops
supplying the control signal to the transistor, and as a
result it is locked practically immediately, and the
thyristor remains in the open state, since at this moment
of time the diode VD opens and current in the winding
YL, closing through the thyristor VSI, diode VD and
resistor R, begins to subside by a curve close to
exponential, until it drops below the level of the holding
current of the thyristor VSI. At this moment, the thyristor
VSI locked, simultaneously with it diode VD also locked,
then the device is ready for the next operation — off op-
eration, which is similar to on operation, but by connect-
ing to a capacitor C of YO winding by using transistor
VT and thyristor VSO.

Some disadvantage of the considered control system
is the need to withstand some pause between operations
that is between the moment of closing of one of thyristors
(VSI or VSO) depending on the sequence of operations
and transistor VT wunlocking when performing a
subsequent operation. It is difficult to check the fact of
thyristor locking, so the algorithm of windings contrrol
should assume quite a long pause (a few tens of
milliseconds) between operations, else a command
injection to unlock the transistor VT and thyristor VSO at
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open thyristor VSI will not lead to the disconnection of
the switching device and can cause a serious accident if it
is necessary to disconnect the device immediately after
switching it to a short circuit.

A polarized actuator with one coil [2] and the return
spring is much simpler from designing and technological
points of view, however, to perform on and off operations
the coil must create oppositely MMF, which can be
achieved either by winding two coils and control them
alternately, either by using one coil included in the
diagonal of the bridge formed by four power switching
devices such as transistors. In the system shown in Fig. 2,
to perform on operations (I) of the switching device,
microcontroller MC through drives DD1 and DD?2 injects
signals to the gates of transistors VT2 and VT3, and
performing the off operation (O) — to gates of transistors
VTI and VT4.

e VTlg VDI
DDI ’J VN VT2|K ng

_L_IJ_ Y |—|<_|
0> |
DD2

VT3 VD3

—IK ZS VT4|}% ng

Lt
1)

Fig. 2. Driving power circuit of actuator winding control system
included in the diagonal of the bridge formed by four transistors:
Y — actuator winding; VT1 ... VT4 — power transistors, controlled
through drivers DD1 and DD2 (by one double driver for the
half-bridge); VDI ... VD4 — diodes, providing energy recovery,
accumulated in the winding, in the electrolytic capacitor C after
locking power transistors; MC — microcontroller

Power transistors and drivers for them are expensive
elements, therefore of interest to consider the use of a
hybrid switching of actuator windings circuits. With refe-
rence to the actuator control with one winding, a power
circuit may appear, for example, as shown in Fig. 3.

MC VDl VD2
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Fig. 3. Power circuit of a control system with hybrid switching
of actuator winding circuit: Y — actuator winding; VT1 — low-
power transistor controlled directly by the microcontroller MC;
VT2 — power transistor controlled through the driver DD; VDI,
VD2, VD3 — diodes; C — electrolytic capacitor; KM — relay with
two change-over contact groups

Hybrid switching of electrical circuits, suggesting
the presence in switching devices of both mechanical
(contact) and semiconductor switching elements, is one
of the most promising directions of development of
electric apparatus [3 — 6], combining advantages of cir-
cuits switching by mechanical and semiconductor
switching elements. In this hybrid switching is used
primarily to increase the breaking capacity and electri-
cal durability of apparatus that perform operations on
and off. In hybrid switches unlike conventional switch-
ing devices, current on and off functions are performed
by only the semiconductor switching element (transis-
tor), and the mechanical switching elements (contact
groups of relays) perform the functions of a router,
switching electrical circuits during dead times. The use
of hybrid switches of this type instead of the existing
semiconductor switches will significantly reduce the
cost of the actuators control systems, as well as reduce
their sizes. This direction of hybrid switching is rela-
tively new, so the study of the characteristics of the
processes that occur in such switching, have some
promise both in theoretical and in practical terms.

The aim of the work. The control algorithm of relay
coil and power transistor given by the microcontroller
must coordinate their work clearly and avoid interruptions
in the opening relay contacts at the open transistor to
prevent the occurrence of the arc on the relay contacts.
Any switching operation in the electromagnetic relay is
accompanied by contact bounce, which is due to the
peculiarities of the structure of their contact systems. Co-
ordination of the relay and power transistor operation has
to take into account and this factor — the transistor should
be open not earlier, what the end of contact bounce, that
is not before the operation of the relay on or off will end
completely. Relay manufacturers do not present in the
specifications such the characteristic as duration of a fully
completed operation on and off taking into account
contact bounce, accompanying an operation that does not
allow the use of relay in hybrid switching systems under
the manufacturers warranty. Applying one or another
relay in hybrid switching system, the manufacturer of the
switching device should be based on reliable results of
experimental investigations, taking into account the
random components of the relay timing characteristics.
Here, the experiment must be based on a certain method
of experimental determination of the time intervals
between the moments of switching transistor which
controls the relay coil, and the power transistor at
performing on and off operations of the switching device
the development of which is one of the goals of this work.

Another goal is to develop recommendations for the
reduction of the duration of these intervals, because their
reduction improves the breaker speed — one of the most
important characteristics of the switching device.

A method of experimental determination of the
time intervals between the moments of switching
transistor which controls the relay coil, and the power
transistor. The control algorithm for transistors VT1 and
VT2 in the considered system (Fig. 3) implies that for any
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switching state of the apparatus transistor VT1 initially
have to be obligatory locked. This means that after the
full completion of on operation of the switching device, if
after this for a predetermined time interval A¢, sufficient
to ensure that the current in the coil after the transistor
VT2 locking decreased to near zero (this time is
experimentally determined and in real apparatus does not
exceed 100 ms) does not come the off command, the
microcontroller closes transistor VT1, with the result that
the relay is switched off, its contacts come in initial
condition, preparing electrical circuits to carry out the
subsequent on  operation. The  microcontroller
continuously monitors the state of the switching device,
and if the ion command comes when the apparatus is
switched on, no action is taken, and if the the on
command comes when the apparatus is switched off, the
microcontroller performs two consecutive actions: 1)
sends a signal to unlock the transistor VT1, whereby, the
relay KM switches on, the relay contacts switching state
is changed, the power circuit of the control system is
prepared to perform the on operation of the apparatus,
and 2) sends a signal for unlocking transistor VT2,
whereby the actuator is activated and the apparatus
switched on. At the on operation of the apparatus, the
power transistor has to be opened no earlier than the end
of relay contacts bounce, so the duration of the period of
time between #, between the moments of unlocking
transistors VT1 and VT2 should be guaranteed more than
the interval between the moment of voltage supply to the
relay coil KM and the moment of guaranteed end of
contact bounce.

If the external command to off the apparatus comes
when the apparatus before it was switched on longer
than above mentioned duration of period of time Az, the
unlocking signal to the transistor VT2 controller issues
immediately. If the off command comes during the on
operation switching of the switching device, the
controller has to interrupt the on operation, locking the
transistor VT2, wait for the signal from the apparatus
contact position sensor that its main contacts come into
the open state (during this time current in the actuator
coil will decrease to almost zero), after that to lock
transistor VT1, and to give a signal to the transistor
VT2 unlocking not earlier than in the time interval #,0
between transistor VT1 locking moment and the
moment of guaranteed completion of the bounce of the
break contact of the relay KM.

Durations of periods of time #,; and #,o0 depend on the
characteristics of the relay selected for operation in a
hybrid switching system. Interface relays intended mainly
for switching automation circuits have attractively small
dimensions and at the same time sufficiently large current
ratings surpassing the possible values of the currents in
the windings of medium voltage vacuum switchgear
actuators. For example, the relay RT (Schrack, Austria) or
relay RM84 (ABB, Relpol, Poland) with housing
dimensions of 29 x 12.7 x 15.7 mm and weight 14 g
allow holding current in continuous mode up to 8 A and
peak currents up to 15 A. These relays have a sufficiently

high speed — about 7 ms when switching on and 2 ... 3 ms
when switching off. It should be borne in mind that in
catalogues values of off time at mechanical opening of
the relay coil circuit, which suggests that the energy
stored in the winding is dissipated in the intercontact gap
of the apparatus, switching this coil circuit and/or in the
spark quenching circuit, connected in parallel to contacts
of this device are indicated. If the switching operations
are performed by a transistor interrupting the current al-
most immediately, the winding is required to be shunted
by a «demagnetizating» diode, which opens automatically
at the time of closing of the transistor shorting terminals
of the winding, so that the current gradually decreases
according to the law, which is close to an exponential and
cumulative energy dissipates in winding resistance. As a
result, the duration of fully completed operation of the
switch off of the relay increases from 2 ... 3 ms (at
mechanical switching off) to 16 ... 20 ms. It is also
important to consider the fact that there is a statistical
spread of durations of periods of time #, and #,0 not only
by comparing these characteristics at the relay from
different parties, but even in the same relay. To determine
ty ¥ t,o values the experiment was carried out, the scheme
of which is shown in Fig. 4.
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Fig. 4. The scheme of the experiment to determine the time
intervals Aty 1 Atyo: Q — switch quaranteeing protection against
overloads and short circuits; HL — warning lamp; T — auto-
transformer; VD1 — diode bridge; R1 — resistor, through which
the capacitor C of high capacity (about 10,000 uF) charges; PV
— voltmeter; KM — relay with two changeover contact groups (in
the diagram one group is shown); R2 — auxiliary resistor (set if
the voltage on the capacitor exceeds the nominative voltage
relay coil); RS — shunt for current oscillography in the relay
coil; VS — thyristor; VD2 — «demagnetizating» diode; R3, R4 —
resistors of the thyristor control circuit; SV1, SV2 — buttons for
the relay on and off; H1, H2 — incandescent lamps (thyristor
load); A — changer; R5, R6 — divider (registrator of the bounce
of relay contacts)

A method of experimental determination of the time
intervals #,; and #,o includes the following sequence of
actions.

1. Turn the switch Q.

2. Using the autotransformer T set the required voltage
Uc of power supply of relay (capacitor C), which is con-
trolled by the voltmeter PV.

3. Prepare the oscilloscope to the recording process.

4. Push the button SB1 and fix on the oscilloscope
processes of change of current in the coil and the relay
contact bounce when it is turned on.
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5. Using the autotransformer T set the required voltage
Uc of relay power supply.

6. Prepare the oscilloscope to the recording process.

7. Push the button SB2 and fix on the oscilloscope
processes of change current in the coil and the relay con-
tact bounce when it is turned off.

Typical oscillograms of the processes on and off the
relay with the power supply voltage Uc which equals to
the rated supply voltage of the relay coil Us, in this case —
48 V are shown in Fig. 5, and 5,b. From the oscil-
logramms it is shown that the time of relay on which is
independent of the presence of «demagnetizating» diode
approximatly corresponds to data of relay specification,
and time off due to indivated diode is substantially greater
than the value specified by the manufacturer.

Reducing the duration of intervals between the
moments of switching transistor that controls the
relay coil, and the power transistor. The duration of
time intervals #,; and f,0 can be significantly reduced if
the relay coil with rated supply voltage Us to connect to
the source with a nominal voltage U, superior the value
Us, through a series resistor, the resistance of which is
chosen so that in the steady state on the winding the
established voltage equals to Us. Besides, the time con-
stant of the relay coil circuit will increase and the current

in the coil during the process of the relay on will grow
faster, and in the process of the relay off will decrease
rapidly until the beginning of the movement of the arma-
ture. Although, as the results of experiments show, the
speed and time of armature motion as well as the time of
the contacts bounce remains approximately the same as
when the relay operates in the «normal» mode, the total
value of the duration of the time intervals #,; and #,o sig-
nificantly reduce compared with the corresponding dura-
tions in «normal» mode.

For example, if a circuit consisting of the relay RT
winding with rated supply voltage Us = 48 V, and
auxiliary resistor R2, whose resistance is six times higher
than winding resistance, to connect to a source voltage 7
x 48 =336 V, then in the steady state on the winding the
established voltage will equal to 48 V. Here, typical
oscillogramms of process on and off the relay and contact
bounce will appear as shown in Fig. 5,c and 5,d. From the
oscillogramms it is shown that time intervals #, and f,o
substantially reduce compared with «normal» mode, and
this being primarily due to reduction of the time constant
of the winding circuit, and the slope of change of current
in the winding at the end of movement of the armature as
well as the duration of contacts bounce still practically the
same as they were in the «normal» mode.
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Fig. 5. Typical oscillogramms of the relay RT on and off with rated supply voltage Us =48 V:
a — relay on, voltage of the control circuit (source) Uc= 48 V; b —relay off, U-=48 V;
¢ —relay on, Uc =336 V; d —relay off, U- =336 V

The temporal characteristics of the relay of the same
type (even from the same batch) may differ significantly
from each other. Therefore, in order to make a correct
conclusion about the necessary duration of time intervals
ty and fyo in hybrid switching systems, it is necessary for
the selected type of relay to perform measurements of
indicated durations for sufficiently large number of relays
and to carry out statistical processing of experimental
results. We investigated the temporal characteristics

(during on and off operations) of the RT relay with
winding rated supply voltage Us = 48 V at two values of
the voltage of the control circuit (source ) Uc= 48 V and
Uc =336 V. 20 relays were used in the experiment with
two contact groups each for a total of 40 contact groups.
The experimental results are shown in Fig. 6, where by
dots cumulates are shown — accumulated frequencies of
values of time intervals #,; and #,0, do not exceed the
values (in ms) indicated on the x-axis.
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Fig. 6. Cumulates and normal distribution function, built on the results of experimental determination of the values of time intervals
ty; and o, corresponding on and off operations of the RT relay with winding rated supply voltage Us =48 V: 1 — relay on, voltage of
the control circuit (source) Uc= 48 V; 2 —relay off at U-=48 V; 3 —relay on at U-=336 V; 4 —relay off at U-=336 V

The solid lines in Fig. 6 show the normal distribution
functions F(¢), built on the basis of expression

F(t):{l+erf(ot_._jl§ﬂ,

where ¢ is the current value of the time interval (¢, or #,0);
4 is the mathematical expectation (average value of the
sample) of a random variable; o is the root-mean-square
deviation of distribution; erf is the error function. Results
of calculations of the average (according to the
experimental data) values, root-mean-square values, and
the probable limit values of the duration of time intervals
ty; and o for the RT relay with winding rated supply
voltage Us = 48 V are presented in Table. Cumulative
curves in this case are very similar to the curves of
normal distributions, therefore, with a high degree of
reliability it can be argued that the coordination of
operation of the relay RT and the semiconductor switch
will be provided, if the interval between the moments of
their switching will exceed the value of g+ 3 - g, taken
from the last column of the Table.

Table

Results of experiment for determination of duration of time
intervals f,; and #,0 for the RT relay with winding rated supply
voltage Us =48 V

Quantity Uc, V u o t+3-o
tor 48 7.46 0.24 8.18
o 48 17.3 1.06 20.5
tor 336 4.78 0.26 5.56
4o 336 8.51 0.56 10.2
Conclusions.

1. Switching of actuators windings circuits in which
functions of the current on and off are assigned to the
semiconductor switching element, and the mechanical
switching elements perform the functions of routers,
switching electrical circuits during the dead times, is a
relatively new direction of the hybrid switching opening
prospects of simplification, reduce the sizes and proce
reduction of actuators control systems.

2. The hybrid switching of actuators coils circuits
requires a clear coordination of moments of switching
semiconductor and mechanical switching elements. The
method of experimental determination of the time inter-
vals between the moments of switching these

How to cite this article:

elements taking into account contact bounce of mechani-
cal elements is developed. The possibility of using the
interface relays as mechanical switches is considered, the
durations of the intervals to ensure coordination of the
operation of these relays with semiconductor switches are
determined.

3. A technique of a significant reduction of the
duration of the intervals between the moments of
switching semiconductor and mechanical switches in
actuators control systems, providing the increase of speed
of switching devices is considered and experimentally
confirmed.
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V.1. Milykh, N.V. Polyakova

DETERMINATION OF ELECTROMAGNETIC PARAMETERS AND PHASE
RELATIONS IN TURBO-GENERATORS BY THE AUTOMATED CALCULATION
OF THE MAGNETIC FIELD IN THE SOFTWARE ENVIRONMENT FEMM

The theoretical bases of calculation of electromagnetic quantities and time-phase relationship are presented for the turbo-
generators. This is done by numerical calculations of the magnetic field in the software environment package FEMM (Finite
Element Method Magnetics). A program which controls calculations and organizes the issuance of the results to a text file is
created on the algorithmic language Lua. The program is universal in terms of a turbo-generator models, as well as steady-state
modes of their work with a minimum of input data. The exciting current of the rotor and the phase currents of three-phase stator
winding in accordance with their initial phase are given for the calculation of the magnetic field. The key function for the
analysis of electromagnetic parameters is the calculated angular function of the magnetic flux phase stator winding. The
expansion in the harmonic series is carried out and amplitude and initial phase are received for this function. Next, the phase
EMF and voltage, phase shifts between all values, active power, electromagnetic torque, the magnetic flux in the gap and other
parameters are determined. The presented Lua script is a prototype for a similar calculation software of electric machines of
other types. References 9, figures 6.

Key words: Finite Element Method Magnetics, program FEMM, turbo-generator, electromagnetic parameters, phase
relationships, automated calculations, Lua script.

Ilpeocmaenensvt meopemuueckue OCHOGbL pacuema IJIEKMPOMAZHUMHBIX GeNUYUH U UX (DaA306bIX COOMHOUWIEHUIl OnA
mypoozenepamopos. Imo peanusyemca nymem HUCIACHHBIX PACUENO08 MAZHUMHO20 NONA 6 npozpammuom naxeme FEMM.
Pacuemvt asmomamusupoeansvt nocpeocmeom co30AHHOU NPOZPAMMbl HA anzopummuieckom sazvike Lua. Ona ynpaenaem
pacuemamu u opzanusyem vloaiy pe3ynbmamos 6 mekcmoswlii gain. Ipeocmasnennsiit ckpunm Lua ynugepcanen u mosicem
ROCIYICUMb RPOMOMUNOM AHATIOZUYHOZ0 RPOZPAMMHO0 Ofecneuenus O Opyeux Munoe rieKkmpuyeckux mawiun. buobn. 9,
puc. 6.

Kniouesvie cnosa: mporpamma FEMM, TypOoreHepaTop, 3/JeKTPOMArHUTHbIEe IapameTphbl,
aBTOMATH3UPOBaHHbIE pacyeThl, Lua ckpunr.

(l)aSOBbIe COOTHOIIICHMS,

Introduction. Widely known software FEMM [1] is
effective for the calculation of three-dimensional
magnetic fields (MF) of electrical machines (EM), classic
design with almost in-plane plane MF within their active
part. For example, this applies to the turbo-generators
(TG) [2]. This program is freed calculators from the
development of implemented mathematical models and
programming and has a fairly user-friendly interface.

An additional means of facilitating the work of users
of the program FEMM are scripts in the algorithmic
language Lua, integrated into it. For example, in [3] our
program is described, which automated construction of
simulation models of TG, in [4] the program of automated
calculations of their electromagnetic processes is given.
Efficiency of Lua script is that programs are written once,
and used countless times, and by any number of users.

This paper continues the series of works started in
[3, 4]. And its purpose is to present the script Lua,
automating the preparation of a series of electromagnetic
parameters and phase relations in EM by the numerical
MP calculations in the software environment FEMM. It is
made on the example of TG — one of the largest and
responsible of their representatives [5].

Object of investigations. For illustration here, as in
[3, 4], we have TG 340 MW. Its parameters are further
presented in the file of initial data.

Electromagnetic system of the TG shown in Fig. 1
by its cross-section. Highlighted phase zones of a two-
layer shortened three-phase stator winding A-4, B-B and
C—C'. Shown used rectangular (x, y) and polar (r, o)

coordinate system, the longitudinal d transverse g axis of
the rotor.

The basis of the developed Lua script is prepared in
advance for the environment FEMM computational
model of the electromagnetic system of the TG. We do
this through a script Lua, presented in [3], and in the
absence of such — in «manual» mode, in accordance with
the instructions of the software FEMM.

Fig. 1. Model of the electromagnetic system of the TG
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in its cross-section

View on the computer screen in the environment
FEMM (file type — Femme Document) of the calculation
model of the TG presented as a whole in Fig. 2, and in
Fig. 3 its fragment is presented. Visible marks of physical
properties of the blocks — limited regions of the
calculation area. Marks Fel, Fe2 and Fe3 set the
magnetization curves of ferromagnetic materials, m0 —
permeability, m0 — magnetic permeability p,=4--10"
H/m, marks iA, iB, iC — phase currents, Ir — rotor current.
Addition of + or — to the mark of current indicates its
direction: if the current at this time is positive, then at this
point it is taken with the appropriate sign. The number
after the colon indicates the number of effective
conductors in this block. Circles around marks indicate
the maximum size of the triangles in the structure of the
finite elements formed by program FEMM.

The fragment in Fig. 3 is taken from the right half of
a complete model from Fig. 2, the rest of all similarly
formed in accordance with and model in Fig. 1. In
particular, the left half of the signs of currents is opposite
to that seen in Fig. 3.

Fig. 3. Fragment of the physico-geometrical model of the TG

Mentioned blocks in the FEMM-model are
combined in groups to operate with them as units of the
calculation area. From the designated group number [3] is
here used: 2, 3, 4, 5, 6, 7 — the phase zones 4, B, C, 4, B,
C of the stator winding, 9 — entire rotor (see Fig. 1).

Theoretical basics. The steady-state MF calculation
by the program FEMM is carried out on the base of the
numerical solution of the differential equation:

rot{lrot(l;AZ):| :IEJZ, (1)
i
where 4., J, are the axial components of the magnetic
vector potential (MVP) and current density; p is the
absolute magnetic permeability; & is the ort.

On the external boundary of the calculation area for
the MVP the know Dirichlet condition 4, = 0 is accepted.

In the model TG (Fig. 2) for calculating of the the
instantaneous distribution of MP of the particular steady
state mode it is necessary to have the corresponding
currents. In generalizing load mode (LM) [9] is given a
constant rotor current /. and the instantaneous values of
the symmetrical system of stator phase currents:
i;=I,cos(B); ig=I,cos(B—2mn/3); ic=I,cos(p+2n/3), where

I,= ﬁ I is their amplitude and I is the effective value; 3
is its initial phase [6-9] specifies the shift of the stator
winding MMF F; from rotor winding MMF F; (Fig. 1).
Here conditional resultant for the MMF at LM is given

Fi=Ff+Fs. 2

At no-load (NL) conditions only the rotor current is
given, at steady mode of short circuit — only the stator
currents. Directions of currents (Fig. 1) are regulated
according to the system adopted in [7].

For TG the result is a distribution of MF in its cross-
section as a function A,(x,y). Picture of MF in the
calculation area is represented by a structure of field lines —
lines of equal MVP A,=const. An example of this for the
TG at the mode to its rated load (RL) is shown in Fig. 1.

One of the key quantities in the analysis of
electromagnetic parameters of the TG is the magnetic flux
linkage (MFL) [2] and it is determined by the distribution
of MVP. For example, for any of the six phase areas
(Fig. 1) MFL is determined based on

Nyl NI, %o
‘P:%J.AzdSz Y A DS, )
s, 9 j=1

where S, is the section square by current-carrying
elements of the phase zone; K,, is the number of elements
of its discretization; 4., is the average MVP value in the
j—th element.

In the formula (3) the active length of the TG /, and
the number of turns of the phase stator winding N; are
taken into account, and to determine S, and integral in
Lua script there are appropriate procedures [1].

The initial basis for identifying the phase relations in
any of the design modes is a temporary phase or direction
of the vector MFL of the phase winding 4-4". MMF of
this base winding in Figure 1 is oriented along the
longitudinal axis of the rotor d.

The direction of the vector MFL of the phase
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winding 4-A4" 'is determined by the structure of a
particular MF of the actual calculated mode. So, in Fig. 1
this direction is becomes apparent by orientation of field
lines of the MP and generally corresponds to the direction
of the vector MMF F; (2). But as long as the vector is
constructed a priori, taking into account the results that
will be obtained even further based on the methodology,
which was published in [4-6]. Here, it shall be presented
briefly to understand the meaning of the developed and
submitted further the Lua script.

The mentioned techniques will be described with
reference to the NL conditions, and then it will be
effective for any other mode. Specifically, we assume that
the MF at the NL conditions is calculated by the program
FEMM. The structure of this field is shown in Fig. 4.

Fig. 4. Displacement of the phase zone of the stator winding
against a background of the calculated MF to select
the MFL values

In the initial angle position o; of the phase zone 4 in
Fig. 4,a on the basis of formula (3) the MFL ¥, is
determined. Now move this zone conditionally on the
tooth division to the position a, (Fig. 4,b) and find the
corresponding value of the MFL W,. The same repeat a3
at position o3 (Fig. 4,c), etc. — until the position o, (Fig.
4,d). In general, the number of positions equals to the
number of stator slots Q,. A phase shift of each phase
zone is made on angle Aa=360/Q; (in degrees).

As a result we will have a discrete angular function
of the MFL of one phase zone at its period 7, i.e.

Wi(og); o =>(k-1)-Aa; k=1,2,3,.. Oy, (4)
where k are number of angular positions of this zone.

For each position of the phase zone between 1 and
0,/2 there is a diametrically opposite position between
0,/2+1 to Q,. They mutually create a conditionally
movable phase winding A-4, for which the angular

function of the MFL at its half-period:
‘PA,k :\Pk_‘Pk+Qs/2; k:1,2,3,...Qs/2. (5)

By obtaining results, taking into account the
periodicity ~ of  wvalues in the TG  type
Y(o+T7/2)=-¥Y(a) we supplement the half-period of

the MFL (5) to full period:
Yakio,2=~Yars k=1,2,3,.0,/2. (6)

The number series of the MFL (5) is illustrated in Fig.
5 by set of highlighted points on the curve of the NL in the
range of k from 1 to 15. On the basis of (6) the curve is
extended to a full period (points 16 to 30) and point 31
repeated the first point (point 1) through a period 7.

Similar actions were carried out and after calculating
the MF at the RL mode, and the results are presented by
the RL curve in the same Fig. 5. To display the initial
phases of functions of the MFL the curves are continued
to the left.

Fig. 5. Angular dependences of the MFL of the TG
phase winding

Obtained numerical full angular  function
Wyr(oy), k=1,2,3,.0, can be presented as harmonic
series expansion [6, 7]. Because of typical for the TG
periodic condition W(a+7/2)=-Y(a) in this series
there is no constant component and even harmonics.
Assumed in [6] cosine series for the MFL is the following

Y, = Z\I’m’V cos(voc+yv), @)
v=L3,5,...
There amplitudes and arguments (initial phases)
2 2 S
¥,y = ST HCS s Yy = —arctgc—V ®)
A%

Are obtained by sinus-cosine coefficients:

2 & 2 &

Sy :_Z‘PA,k sin(voyg); ¢, :_Z\PAsk cos(voy,) .
Os o S =1

In (8) arctangent function arctg(s,/c,) should be
extended to give a value in the range of —180° mo +180°
depending on the signs ¢, and s,. In Lua there is a
corresponding function atan2(s,,c,).

In EM including TG analysis of the phase
relationships is carried out for the first harmonics. For the
first cosine harmonic of the MFL (7) at the NL the
amplitude and initial phase ¥,,~51.97 Wb and y, =0, at
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the RL — ¥,,; =53.89 Wb and y, = —35.75° are obtained
(in the notation we do not show the harmonic number).
The remaining harmonic, in principle, were negligible.

Illustration of angles v, and vy, is presented in Fig. 5,
where we see that the amplitude and hence the vector of
the MFL at the RL mode are shifted toward negative
value of the angle a relatively to the MFL at the NL
mode.

The shift angle ® = y,— v, is a load angle of the TG
(in this case, it has a positive value). The vectors F; and F,
in Fig. 1 have a similar shift.

Taking into account that in the TG the rotation angle
is connected with time, i.e. a=CQ-¢, where Q is the angular
velocity, it is possible to go to the common temporal
vector diagrams (VD) to illustrate and other phase
relationships and the definition of other parameters. Such
a VD is shown in Fig. 6, where as the origin of the angles
vertically disposed longitudinal axis of the rotor d, as well
as the angles in Fig. 1 is taken.

dl

a

Fig. 6. Vector diagram corresponding the load mode of the TG

Phase current vector [ is produced relatively the d-
axis with respect to the previously caused p angle (in this
case, it equals to —160.43°). The vector of the MFL ¥,
phase windings, caused by the MF of the armature
reaction corresponding to the vector F; has the same
direction. Vectors of the MFL ¥, from the rotor winding
and the resulting MFL ¥, are carried out under already
determined angles yrand v,.

Actually, selection of ¥, u ¥, from the MFL ¥, is
conditional at the LM, and here the value ¥/ is completely
different compared to the NL mode. Parts of the MFL are
determined by the procedure adopted here.

Namely, we adopt a base already defined MFL ¥,
and from the end of its vector draw a line parallel to the
vector ¥, to the intersection with a line oriented as ¥, at
an angle y. This intersection in the point a and identifies
specific length of vectors ¥, and ¥, and their values in
the scale of the vector W,.

Based on the known theory [2] by the amplitude of

the MFL at frequency f; we have root-mean-square value
of the first harmonic of the phase EMF, including and at
the LM:

E =N2nf,¥,,. (10)

The vector of this EMF, as it is known, behind the
vector of its MFL W, at —90 °. Vectors of the EMF E, and
E; from the MFL ¥, and ‘¥, are defined and constructed
similarly.

It turns out that the triangle of the EMF E,, E, and E,
is similar to the triangle of the MFL ¥, Y, and
W, Therefore, between the vectors E; and E will be the
same angle of the load ©.

In order to determine phase voltage U, it is
necessary to take into account the voltage drop Uz=R; I
at the active resistance R; and EMF E,= —jX, [; from the
flux of the phase winding end leakage, where X, is the
corresponding inductive reactance.

Obviously, the vector Uy is parallel to the vector I,
and the vector E, — perpendicular (in the direction of lag).
So they are attached to the end of the vector E; and give
as a result the vector of the phase voltage Us = U, =E, +
EV_(_]R'

It is known that in the TG the Uy value is negligible
compared with £, m U,, but here they appear to
demonstrate the full-factor approach.

From the geometric relationships on the VD, a
fragment of which in the rotated form is shown in detail
below on the right (without observing proportions), the
active and reactive components of the voltage U, its root-
mean-square value and the phase shift from the vector of
current /:

Usq=Ejcoso;—Up; US’,:Elsin(pl—Ev; (11)
U, :,/U2 +Us s @5 =arctgUs /U ), (12)

Where by the VD he angle between
¢=—PB-90+y.

As a result, by the field calculation a lot of already
considered electromagnetic parameters as well as active
electric power of the TG are determined:

P, =mUgl,cosqy.

- and E; equals to

(13)
Besides, it is possible to determine the
electromagnetic torque of the TG which is made by the
tensor of magnetic tension [2] in the correspondence with
the formula
2m 7y

la IIrBBrdrda,

_ta (14)
po(rs —1)

em =

where 7, and ry are radii of 01rcles limiting the gap from
the sides of rotor and stator; B, u B, are radial and angular
components of the magnetic flux density.

The magnetic flux through a surface bounded by the
contour /, has the expression [2]:

q):(Azl_AZZ)'laa (15)

where 4,1, A, are the MVP values at the points 1 and 2 in
a plane of calculation, through which in the axial
direction lateral sides of the mentioned circuit / pass.

To automate all conditioned calculations, the
presented further Lua script according to the purpose of
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this work is intended.

File of initial data of the TG for the Lua script.

Requirements to create the program, as in [3, 4] are
its flexibility in terms of the geometry and dimensions of
the TG, as well as steady-state modes of operation — with
a minimum of input data.

The values of various parameters of the TG and
serving local constants and variables can be defined
directly in the Lua script, or input from a pre-prepared
text files. In this work, all the parameters that characterize
this problem and perhaps changing for different variants
of the TG, entered from a separate file.

Text files of Lua-scripts and data files are written in
the editor Notepad.

Here is a data file that may have any name with the
extension txt. Data have a form of numbers or text strings
in quotation marks " " and accompanied by
commentaries. To mark the beginning of comments the
colon been have chosen.

Text of the file of initial data.

"FemC TG340" : name_fem — name of the model in
FEMM

"RezC_TG340" : name_rez — name of the file of results

3 : ms — number of stator winding phases

1 : p—number of pairs of poles

50 :fs— frequency, Hz

-160.47 : beta — initial phase of the stator currents, degree
3151.4 : Ir — rotor excitation current, A

11547 :1Is — stator phase current, A

0.8 : bs —relative stub of the stator winding

0.00266 : Rs — active resistance of the stator winding, Q2
0.063 : Xv — inductive reactance of the end part of the
stator winding, Q

0.0 : gf — initial phase of the MFL at the NL mode, degree
30 : Qs — number of rotor slots

10 : Ns — number of series turns in the stator phase

1 : as — number of parallel branches of the stator winding
5.308 : la — turbo-generator active length, m

637.5 : rsi — radius of the stator core bore, mm

699 : rv — average radius of the upper layer of the stator
winding, mm

778 : rn — average radius of the lower layer of the stator
winding, mm

General characteristics of Lua language.
Language Lua, as well as other programming languages,
can create loops, conditional statements, procedures,
perform calculations on mathematical formulas for
standard and created their own functions. There are
functions: sgrt — square root; sin, cos, atan2 — sine,
cosine, arctangent, and others. There is built-in =«
number — Pi. Trigonometric functions operate with
radians, but when dealing with geometric objects Lua
uses degrees, rectangular coordinates are measured in
millimeters, which are predetermined in the formulation
of the problem in FEMM menu Problem, what has been
done in [3].

The Lua script commands that begin with mo or
mi_ are its procedures. Their description can be found via
the Help button in the working window of FEMM, then

entered the section Lua Scripting [1].

Strings of the program or the right side, starting with
a double hyphen - - are comments and do not affect its
work.

External data file name Lua script asks after its
launch by the operator with a "tip":

File dan=prompt ("Beemure mMa odamna")

This name is entered from the keyboard and entered
by press Enter. Script opens the file for reading

"r")and assign it internal name £ d, i.e.
f d = openfile(File dan "otxt™,"r")

Reading operator read(f _d, "*n", "*I")
from the next line reads valus of numeric and string data,
how many times in it the option "* n" appears, and the
option "* 1" will make a transfer to a new line, i.e.
remaining in the string any text is ignored and used by the
user as a comment (we separate by symbol :).

In operators write to write to the results file the
option ™\ r \ n" gives a pass to new line, and the use of
symbols such as % 6.3f is the format (format) of printing,
i.e. in this case 6 position are reserved for the number,
including 3 — for a fractional part.

Further a program is presented that after its call in
the environment FEMM organizes input of the initial
information and the calculation of the MF, forms an
angular function of the MFL of the phase winding,
determines its amplitude and the initial phase, as well as a
number of electromagnetic parameters and phase
relationships of different values in the TG.

Lua script.

--Definition of the file of initial
--data

File dan=prompt ("Input the file name")
--Opening of the data file

f d = openfile(File dan "otxt","r")
-—INITIAL DATA from the text file
name fem=read(f d,"*n","*1")
—-—-nameFEMM

--File name for the results writing
name rez=read(f d,"*n","*1")
ms=read (f£_d,"*n","*1")

——number of phases
p=read(f _d,"*n","*1") --pole pairs
fs=read(f 4, "*n", "*1") --frequency

By the same way all data from the above-mentioned
file are read till rn, i.e.:
rn=read (f_d,"*n","*1")

—— average radius of the lower layer

—--of the stator winding

closefile(f d) --closing the data file

—--Organization of the file of results

writeto(name rez) —-name rez file name

--Name of geometrical B

—-—-model of TG-type fem

name fem=name fem ".fem"

mi saveas (name fem) —--to store model
—-ADDITIONAL DATA FOR CALCULATION:

gr=Pi/180 —-—multiplier degree=>radian

beta=beta*gr —--value of angle beta, rad

Ur=Rs*Is —--voltage drop on Rs

Ev=Xv*Is —--voltage drop on Xv

ts=360/Qs —--angle of stator tooth step

tp=Qs/ (2*p) --pole step in

30
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——tooth division

gsp=tp/ms —--slot number per pole and
--phase

gsn=0.5* (gsp-tp* (1-bs)) —--slot number
-- of the lower layer of the stator
-- winding under g-axis

gsv=gsp-gsn -- slot number

-— 0f the upper layer of the stator
-- winding under g-axis

--Angle of the first lower bar of the
-- phase A

anl=180-(gsn-0.5) *ts

--Angle of the first upper bar of the
-—- phase A

av1l=180-(gsv-0.5) *ts

Im=Is*270.5/as ——amplitude of the phase
-- current in the parallel branch
--Writing of some TG parameters

write ("TG exciting data"™,"\r\n")

write (format (" Is= %5.0f",Is),
format (" Ir= %5.0f",Ir),

format (" beta=%7.2f",beta/gr),"\r\n")
F = {} ——massive creation to store

-- MFL values of phase winding
--Phase currents of the stator winding
c=2*Pi/3 Ia=Im*cos (beta)

Ib=Im*cos (beta-c) Ic=Im*cos (beta+c)
--Definition of currents of phases and
-- rotor in FEMM
mi modifycircprop ("iA+",1,Ia)

mi modifycircprop ("iA-",1,-Ia)
mi_modifycircprop('1B+" 1,Ib)

mi modifycircprop ("iB-",1,-Ib)
mi_modifycircprop('lc+" 1,Ic)

mi modifycircprop("iC-",1,-Ic)
mi_modifycircprop("1r+" 1, Ir)

mi modifycircprop("Ir-",1,- Ir)

--In FEMM-model there are names of
--marks of currents

--MF calculation in FEMM and path to
--demonstration and extraction of
--calculation results

mi analyze (1) mi loadsolution ()
--Cycle of conditional displacement of
--the phase zone A with slot step ts
for k=1,0s,1 do ak=(k-1)*ts --angle
--Cycle of calculation of conductors
--angles of phase A

for i=1,gsp,l do ai=ak+(i-1)*ts
--Calculation of coordinates of
--conductors of lower layer and their
-—-extraction

ani=(anl+ai) *gr x=rn*cos (ani)
y=rn*sin (ani) mo_selectblock (x,vy)
--Calculation of coordinates of
--conductors of upper layer and their
--extraction

avi=(avl+ai) *gr x=rv*cos(avi)
y=rv*sin (avi) mo_selectblock (x,y)
end --end of the cycle by 1
--Reading of allocated blocks square
S = mo_blockintegral (5)

--MVP integral’s value by square S

A = mo _blockintegral (1)
mo_clearblock() -allocation emptying
--MFL of the phase zone of winding A

F[k] = Ns*A/S

end —end of slot steps by k

--MFL of phase winding obtaining by

--MFL of phase zone and prolongation

--on period

gq2=Qs/2 —-—-a half of phase zone

-- positions

for i=1,92,1 do F[i]=F[i]-F[i+g2]

F[i+g2]=-F[i] end

--Amplitude and phase shift

-- calculation

--MFL first harmonic by Fourier series

Fsin=0 Fcos=0 --storages nulling

for k=1,0s,1 do —--cycle by MFL array

ak=ts* (k-1) *gr ——angular position

--Aplitudes of sin and cos components

Fsin=Fsin+2*F[k]*sin (ak)/QOs

Fcos=Fcos+2*F[k] *cos (ak) /QOs

end --sweep of k array elements

Fml=sqrt (Fsin”"2+Fcos”"2) --amplitude

gl=atan2 (Fsin,Fcos) -initial phase
--Electromagnetic parameters of TG

--RMS value of the phase EMF

E1=Pi*270.5*fs*Fml

--phase shift EMF El1 from current Is

fil=-(beta+Pi/2-gl)

--active and reactive components of

--phase voltage

Usa=El*cos (fil)-Ur Usr=El*sin(fil) -

--RMS value of phase voltage

Us=sqrt (Usa”2+Usr"2)

--phase shft between Us and Is

--TG power ratio

fis=atan (Usr/Usa) cosfi=cos (fis)

teta=gf*gr-gl --TG load angle

Pa=ms*Us*Is*cosfi —-—-active power
--Results writing to file

write (" MFL, phase shifts, EMF,

voltage and active power","\r\n")

--Angles recalculation (radians to

-—- degrees)

gl=gl/gr fil=fil/gr fis=fis/gr

teta=teta/gr beta=beta/gr

write (format (" Fml=%5.2f",Fml),

format (" gl=%7.2f",gl),"\r\n")

write (format (" E1=%5.0f",E1l),

format (" £il=%7.2f",fil) "\r\n"

write (format (" gf—o4.lf",gf),

format (" teta=%6.2f",teta),

format (" Us=%5.0f",Us),"\r\n")
write (format (" fis=%7.2f",fis),
format (" cosfi=%4.2f",cosfi),

format (" Pa=%6.1f",Pa*le-6),"\r\n")
write ("Electromagnetic torque

and power"™,"\r\n")

--Rotor block groups allocation
mo_groupselectblock (9)
--Electromagnetic torque reading
Mem=mo_blockintegral (22) Mem=Mem*le-3
mo_clearblock()—--allocation emptying
--Electromagnetic power
Pem=Mem*2*Pi*fs*le-3

write (format ("Mem=%5.0f",Mem) ," xN*m",
format ("Pem=%6.1f", Pem),"™ MW", "\r\n")
--Magnetic flux per pole

--in gap on the stator bore
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--Cycle of angular steps in da degrees
for i=1,180,1 do da=1

--Coordinates of two neighbor points

ai=da* (1-0.5) *gr ail=da* (i+0.5) *gr

x=-rsi*sin(ai) y=rsi*cos (ai)

x0=-rsi*sin(ai0) y0=rsi*cos (ai0)
--MVP reading in two points

A=mo getpointvalues(x,Vy)

AO:mS_getpointvalues(xO,yO)

--MVP maximum search on the circle

if AO<A then Pot=2*A*la 1i=181 end

end —--sweep of I points by the circle

write ("Magnetic flux per pole, Wb",
format (" Pot=%5.3f",Pot),"\r\n")

writeto () ——Results file closing

mi close()--Closing of documents of
--magnetism preprocessor

Indications on the program utilization.

To wuse the script of the field calculation of
parameters and phase relationships of the TG it is
necessary:

1. The script file with the extension *.lua and file with
initial data with the extension *.txt should be in the same
folder on the computer disk.

2. Run the program FEMM - the TG model. Editor
Lua is called from the working window in FEMM by the
«key» Open Lua Script in menu File, and then in the
window that opens, the desired file /ua is started.

3. At the request of the program in the opened window
we enter the data file name and press the button Enter.
Further action the program executes itself.

4. The calculation results are in a text file with a name
given in the data file with name RezC TG340 and are
read by the editor Notepad.

Content of the file of results.

The data presented correspond to the NL mode and
are already illustrated in Fig. 5 and Fig. 6. For
convenience of representation in the format of this paper
the text of the file of results is partially reformatted.

TG excitation data

Is=11547 Dbeta=-160.43 Ir=3153

MFL, phase shifts, EMF, voltage and
active power

Fml= 53.89 gl= -35.75

E1=11971 fil= 34.68

gf= 0.0 teta= 35.75 Us=11547

fis= 31.79 cosfi=0.85 Pa=340.0

Electromagnetic torque and power
Mems=-1086 xN*m; Pems=-341.2 MW
Magnetic flux per the stator pole, Wb
Pot=6.608

In the full version of the Lua script other results are
calculated in inputted to the text file, too.

Conclusion. The presented theoretical basics and
Lua scripts provide wide opportunities for users of the

How to cite this article:

program FEMM for automated obtaining of
electromagnetic parameters and phase relations of the TG
on the basis of the calculation of the magnetic field. This
script is universal in terms of the structure of the
electromagnetic system of the TG within their wide-
spread structure, and steady-state modes of their
operation. Designed Lua script may be a prototype for
similar software for calculations of EM of other types.
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MACHINE-TRANSFORMER UNITS FOR WIND TURBINES

Background. Electric generators of wind turbines must meet the following requirements: they must be multi-pole; to have a
minimum size and weight; to be non-contact, but controlled; to ensure the maximum possible output voltage when working on the
power supply system. Multipole and contactless are relatively simply realized in the synchronous generator with permanent mag-
net excitation and synchronous inductor generator with electromagnetic excitation; moreover the first one has a disadvantage
that there is no possibility to control the output voltage, and the second one has a low magnetic leakage coefficient with the ap-
propriate consequences. Purpose. To compare machine dimensions and weight of the transformer unit with induction generators
and is an opportunity to prove their application for systems with low RMS-growth rotation. Methodology. A new design of the
electric inductor machine called in technical literature as machine-transformer unit (MTU) is presented. A ratio for estimated
capacity determination of such units is obtained. Results. In a specific example it is shown that estimated power of MTU may
exceed the same one for traditional synchronous machines at the same dimensions. The MTU design allows placement of stator
coil at some distance from the rotating parts of the machine, namely, in a closed container filled with insulating liquid. This will
increase capacity by means of more efficient cooling of coil, as well as to increase the output voltage of the MTU as a generator to
a level of 35 kV or more. The recommendations on the certain parameters selection of the MTU stator winding are presented. The
formulas for copper cost calculating on the MTU field winding and synchronous salient-pole generator are developed. In a spe-
cific example it is shown that such costs in synchronous generator exceed 2.5 times the similar ones in the MTU. References 3,
figures 2.

Key words: wind power, wind turbines, inductor electric machine, transformer-machine unit, pole, stator winding, generator.

B pabome npeonosicena nogan KOHCMPYKYUA UHOYKMOPHOIL 31EKMPUYECKOT MAUWIUHbL, KOMOPAA 6 MEeXHUYECKOoll aumepantype
Ha3zvigaemca — mawunno-mpanchopmamopnuiii azpecam (MTA). /Ina maxkozo azpezama noyuyeno coommuouienue 01a onpeode-
JNleHua pacuemnoit mowsnocmu. Ha konkpemuom npumepe noxkazano, 4umo npu 00UHAKOBLIX 2A0APUMAX PACYUEMHAA MOUHOCHb
MTA moscem npesviuiams maxosyro 0aa 00bIYHBIX CUHXPOHHbIX MawuH. Koncmpykyua MTA no3eonsem pazmecmums Ka-
mywKu 00MomKu cmamopa Ha HeKOMOPOM PACCMOAHUU OM NOOBUIHCHBIX ITEMEHMOE MAUIUHbL, 4 UMEHHO, 8 3AKPbIMOI eMKO-
cmu, 3anONHEHHON INEKMPOUIONAUUOHHOU HCUOKOCMBIO. IMO NO3601UM YEeIUYUMb MOUWHOCING 34 cuem Donee IPhhekmueno-
20 0XN1AMHCOCHUA 0OMOMKU, A MAKIHCE NOBLICUNMD 8bIX00HOe Hanpsaicenue MTA kak zenepamopa 0o ypoeusa 35 kB u 6onee. budn.
3, puc. 2.

Knrouesvie crosa: BeTpoIHEPreTHKA, BeTPOIHEPreTHYECKHE YCTAHOBKH, MHAYKTOPHAS dJIeKTpHYecKass MAIINHA, MAIIHHHO-
TpaHc(OPMaTOPHBIIi arperar, oJc, 00MOTKa CTaTOpa, FeHepaTop.

Introduction. Electric generators of wind turbines  machine shaft 2 of the rotor hub 3 is fixed on the outer

should meet the following requirements: they must be
multi-polar, have a minimum size and weight, but be
guided contactless, while working on the electrical system
to provide maximal possible output voltage.

Problem definition. Multi-polarity and
contactlessness are relatively simply realized in
synchronous generators with excitation from permanent
magnets and the inductor synchronous generator with
electromagnetic excitation, and at first, as a drawback —
no ability to control output voltage, the second — small
(up to 0.4) utilization factor of magnetic flux of
excitation.

State of the problem. In [1] the new design of
electric machines — machine-transformer unit, which is
non-contact, has electromagnetic excitation type inductor
generator and a greater relative to the last utilization of
magnetic flux is proposed. But the design of the unit,
especially in three-phase version, is complex and, in
addition, requires a significant copper consumption for
stator windings. In [2] an improved design of machine-
transformer unit with vertical shaft in three-phase design
is presented.

Materials of investigations. A considered machine-
transformer unit consists of two parts — the machine (Fig.
1,a above) and transformer (Fig. 1,a below), which have a
common external magnetic core (stator) in a longitudinal
package 1 of isolated plates electrical steel. On the

surface of which is placed radial toothed packages 4 and
5, also made of insulated electrical steel plates and are
relatively shifted in the axial direction. Teeth in these
packages are oriented toward the gap between the rotor
and the stator longitudinal packages and mutually
displaced in the tangential direction geometric angle m/z,,
where z, is the number of teeth in one package of the
rotor. Between toothed package contains 6 annular
excitation coil attached on its outer surface to the
longitudinal stator packs. Winding divided into two
sections, located nearby. Each of the leading bands wound
in mutually opposite directions, and the sections are
interconnected at the end of the part winding rotor.
Longitudinal package 1 along the length of the machine
unit fixed by fill gaps between nonmagnetic alloy, which
also forms part of the housing 7. In the radial direction
packs 1 are based on the cylindrical sidewall 8 and 9,
which made holes for their passage. In sidewalls
constipation Leno-bearings 10 and 11 are seated on the
shaft bearings 2. Outside bearings are closed by lids.
Width of each of the packages 1 is made less than
width corresponding groove in its outer rotor (radial) side.
The packages of the transformer, in extreme along the
length of the working areas mounted coil windings
interconnected respective schemes — «triangle» or «stary.
The lower end oppression packages to the ring yoke 13
wound with insulated ferromagnetic tape. Package 1 of

© V.1 Panchenko, D.V. Tsyplenkov, A.M. Grebeniuk, M.S. Kyrychenko, O.V. Bobrov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1 33



the transformer coils 12 and 13, yoke placed in a closed
container 14, which is filled electrical insulating fluid.
The outside of the containers secured cooling device 15
combined with the internal volume of the pipes 16.

At supply of the excitation winding 6 by DC
magnetic system unit, a magnetic flux, which is obtained,
for example, tine rotor pack 4 and included in those
packages stator longitudinal area «overlap» and whose

maximum rotor teeth (in Fig. 1 direction magnetic
excitation flow shows by arrows). Next, the magnetic flux
of 1 packet enters the ring yoke 13 and then — in other
packages stator 1, and it is in those areas «overlap» which
package and rotor teeth 5 maximum. Then, with a
package of one stator magnetic flux enters the rotor pack
teeth 5 and the sleeve 3 again in package 4 of the rotor.

J\\\\“ﬂ.}ﬁ %

U

Fig. 1. Machine-transformer unit design
(a — longitudinal axial section; b, ¢, d — cross-sections in different places in height)

As the rotor rotates, for example by the wind turbine
its teeth continuously change their position relative to the
longitudinal stator packs, which leads to changes in the
size and direction of the magnetic flux in the past. These
flows permeate the working coil winding 12 that it causes
the electromotive force (EMF) with frequency f'= z,n/60,
where 7 is the rotor rotation speed, rev/min.

Design power of the machine-transformer unit
(MTU):

P =mEl , (1)
where m is the number of phases of the stator winding; £
is the electromotive force (EMF) of the phase; /; is the
phase current.

On each package longitudinal magnetic stator coil

one phase is placed. Number of coils per phase will be
z,, = zi/m, respectively, EMF of the phase

E=zEK= zphE K, [ m,
where z; is the total number of packages 3arampHa Kinb-
kicte maketiB; E,. is the EMF of one coil; K, is the
distribution ratio that takes into account the mutual phase
shift vector EMF coils phase.

Figure 2 conventionally shows the relative position
of the stator packs and rotor teeth at some initial time and
after displacement of the rotor on the pole notch T = 0.5¢,,
where #, is the tooth division of the rotor.

The magnetic flux which penetrates the coil turns,
&, = @, — &y, where @, is the flow, part of the package
of the stator tooth rotor; @, is the flow that of the stator
package includes a groove adjacent rotor package.
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Average EMF of the coil

AD 20
(Ec)=w, ~ Wcﬁ =4fw (D, @) @
where w, is the number of windings of the coil; A® =29,
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is the magnetic flux change through the coil during time
At = 0.5T, corresponding to a distance of displacement of
the rotor relative to the initial position. 7= 1/f'is the EMF
period; fis its frequency.
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Fig. 2. Schemes of relative position of stator packets and rotor teeth at different times

Magnetic flux values:
@, - Hol5S2 L By = o551 ’
8y )

where o is the magnetic constant; F3 is the
magnetomotive force (MMF) winding one air gap; d;, 9,
are the air gaps between the package and the stator tooth
and rotor, respectively, between the package and the
stator slot rotor; S.;, S, are the area magnetic flux
between the tooth and the package and between package
and groove, and, S.;=b.il.; S1,=b'pl.,, where b, is the
width package; L, is the axial length (thickness) wave rotor;
b'y is the estimated width of the groove of the rotor.

After the substitutions above formulas in expression

(2) we have:
Slb, 2
-—£=1, 3)
62bzl

<Ec> = 4chB8122bzl {1

where B; is the magnetic flux density in the air gap
between the stator package tooth and rotor (maximum
value).

We write: b,=04t, where a; is the pole arc ratio. As
a result, the corresponding calculations obtained ratio
(b'p/b.1)=1.2. The machine that analyzed by the rotor has
two packages; area of the excitation magnetic flux action
in the axial direction is the active length of the core, i.c.
ls = 21,. We write the expression in parentheses of the
formula (3) as follows:

8 b :[ __anSIJZK
o>
8y by, )

where K is the coefficient taking into the magnetic leak-
age flux.

In view of the above we write the expression for the
current value of the EMF of the coil

Ec = Kf<Ec> = 2Kf(XBKGWCfB515’C . (4)
where K is the shape factor of the excitation magnetic
flux.

Stator winding coils similar in design to the same
bars of power transformers. As for transformers we write
ratio for linear load: 4 = I;w./I. where [, is the axial length
of the coil. From here the phase current

I 1 = Alc . (5)
WC

Substituting relation (3), (4), (5) in the formula (1)
taking into account the fact that: f = pn/60 and T =
= nD/(2p), where p is the number of pairs of poles of the
machine, which is the number of rotor teeth z, in one
package; D is the diameter bore on which stator packets
placed; 7 is the rotor rotation speed, rev / min we receive:

" TT 2
P =6O—Da5KfK,.KGBBAD lglczln . (6)

Let’s consider in detail the expression for the linear

load:
— Ilwc _ jaSch _ jahcchd _
/ /

where 4, is the length of the coil; K, is the filling factor of
the copper coil longitudinal section; j, is the current
density in the coil.

The interval between packets in a circle on the stator
diameter D denote as by, and b, = t— b, where t, is the
tooth division of the stator. It is desirable to ensure
bg1 = 0.5¢;. Then, the thickness of the coil 4. = 0.45b, =
~ 0.23¢,. The value in the next product of formula (6) will
be the following:

Ach]

A

jathd ’

c lC c

=0,72j,1.Ky .
After substituting the last value in (6) we obtain:
P'=3810"0sK (KoK, K Bsj,Dlslen.  (7)

Regarding the coefficient o5 = b.,/1:
e the width of the stator package b.; = t; — by = 0.5¢;;
o the pole dividing t = nD/(2z,).
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So

t z
oy =—="2
tzz Z1
To make the machine as 3-phase one it is necessary

to provide:

2] 2222 +K,
where K=1,2,3 ..., then
22 1

0.5.

o5 = = <
870, +K 2#%
2

The formula for the design power of classical syn-
chronous machines with electromagnetic excitation is the
following [3]:

P =01640,K (K,Bs AD*Isn . (8)

Design power ratio for the same overall dimensions

ad _ 0’23a5KrKGKdBﬁjalc (9)
P! o;K,Bs A

N

Perform by the last formula calculations (generators
in the power range up to 1000 kVA).

Assume: 05=0.45; K,=0095; K~0.58; Bs=1.5 T,
J. = 410° A/m* «=0.85; K,=0.92; B3=09 T;
A=4-10" A/m.

As a result of calculations obtain:

P 0,23-0,45-0,95-0,58-1,5-4-10°

B 0,85-0,92-0,9-4-10*

When [, = 0.1 m we have P’ = 1.12P, i.e. the
estimated capacity of the MTU exceed this for
conventional synchronous generator. Selecting the /.
value, you can change the size of the power within the
allowable heat load stator windings. It should be noted
that the induction in the air gap B; of the MTU is limited
only by magnetic saturation of the stator electrical steel
package, i.e. B; <1.8 T, which is significantly higher
compared with classical generators.

Spatial distribution transformer and machine parts in
the MTU will post stator coil windings at some distance
from moving parts, such as in a closed container filled
with electrical insulating fluid. This provides more
efficient cooling of the stator winding in operation, which
makes it possible to increase the current density in the
winding and, therefore, power MTU compared with the
case of air cooling. On the other hand, placing windings
in electrical insulating fluid will increase the output
voltage in generator mode MTU to the level of 35 kV and
above and thus refuse the use of power transformer,
which increases voltage before feeding electricity into the
high-voltage network.

MTU stator winding consists of individual coils
attached to the longitudinal packets. Reels are
concentrated, which will provide the minimum length
frontal parts. In conventional synchronous generator
stator teeth number is selected according to the formula:
z1=2pmq, where ¢>2. For low-speed generators, for
example, when n = 150 rev/min, f'= 50 Hz, ¢ = 2 must
provide p =20 and z; = 2-20-3-2=240. This is complicated
by the stator performance and forced to increase the size
of the generator. Consider the opportunity to realize three-
phase machine (MTU) where z;=2z,+K. The magnetic

1, =1121,.

field provides excitement in the air gap of each packet
number of rotor pole pairs p = z,. Mutual angle y (in
electrical degrees) of two coils located on adjacent stator
packets in this magnetic field will be:
yZZEZZR(zl—K):n_E'
2l ZZl 1
Neighboring packets belonging to one of the phases
and coil these packages are interconnected in series
opposite, the electrical angle between the vectors EMF
coils will be the following
Kn
Ye=T—Y=—".
21
Number of packages in the three-phase stator
electric machine z; = am, where a = 2, 3, 4 ... are the
packets numbers per phase. In the formula z; = 2z, + K
the K number denotes the number of branches winding of
one phase, connected in series or parallel. Number of
coils in one winding branch is:
_z _a
Km K
Electric angle that they occupy by the coil bore of
one branch

ap

SIS SO
K-m z m

Yo =apYe =

The last formula confirms the possibility of creating
asymmetrical three-phase windings with 60 degree phase
zone. From the preceding considerations it follows that
the number a; and K must be whole. Connection between
them describes by the relationship:

_ Z1 :222/(K+1). (10)
K-m m

The value of K is desirable minimal. Consistently
increasing the value of K, starting with one, we find from
formula (10) ah appropriate value as the first whole
number. For example, when n = 150 rev/min, /= 50 Hz,
z, =20, m = 3, then only at K = 2 we will obtain @, =7.
Then: z; =220 +2=42, a=z,/m=42/3 = 14.

As noted earlier, the excitement of the MTU
provides one fixed ring winding. Define the cost of
copper for the creation of such winding. For magnetic
circuit through which the excitation flow passes, the fair
equation:

ap

25H3KF :]foZFf,

where Hj is the magnetic field strength in the air gap pack
size &; between stator and rotor teeth; Kp > 1 is the
coefficient taking into account ferromagnetic of the chain;
Iy and wy are the current and number of turns of winding;
Fis the magnetomotive force (MMF) of the winding.

Consider the following: Hs = Bs/uo; Iwy = jSwy =
= S,wr where jris the current density in the winding; Sy is
the pre sectional area of the conductor; S; = Spwy is the
sectional area of copper windings, and

F / _ 20BsKp
Jf HoJ s
Taking into account that the average length of the

coil <> = w(D-hy), where hq is the radial thickness of
winding, winding copper volume is as follows:

J=
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2nDSBgK h 2V BsK h
Vd:Sd<l>: 0Ly F[l oj 555 F[l__oj’

HoJ f D HoJy D
where Vs = nD3 is the volume of the air gap between sta-
tor packages and rotor teeth.

For comparison, we determine the cost of copper for
the excitation winding of synchronous salient-pole
generators. We write the equation of magnetic
equilibrium magnetic circuit which passes through two
adjacent poles,

28Hs KpKgs =21 .w. =2F,,

where Kj is the coefficient taking into account the stator
toothness; /. and w, are the current and number of turns of
the pole winding; F, = I.w, is the EMF of the winding.
Cross-sectional area of copper of the coil
Sqa =Srw, ZQZMa
Je HoJe
where j. is the current density in the coil.

Volume of copper of the coil
Vy=384(I'),
where </"> is the intermediate winding length.
It is about </"> = 2,5(l5+b,); Is is the length of the
stator core; b, is the width of the pole core.
Usually b, = 0.35t. We write:

\_ _ospfls/ 055/ _ 0,55
(1 =2,5(5 +0,357) = 2,50[ o+ A j = 2,50(% +055/ j :

where A = [5/D. Then
08V835 KFKfS ( 05/)
“0]0
The total volume of copper of the excitation winding
consisting of 2p coils, taking into account the
recommendation to the choice A= 0.8/p”, will be the
following

0,9VsBs KsK
—< (1,45 1).
HoJe ( \/;_’_ )

The ratio of the volume of copper windings
excitation with the same volume of air gap, current
density in the windings and magnetic cores saturation:

ds =2pVq =

How to cite this article:

V. 04585 Ksll4syp+1)
Va Bs(1-h/D)
For example, for p =z, =20; Bs=1.5T; Bsg; =
K5 =1.2; ho/D = 0.05, we will obtain: V,/V,;=2.5.

09T;

Conclusion.

1. A synchronous electrical machine in the form of a
machine-transformer unit because of silent-pole design
and large magnetic flux density in the air gap will permit
to increase the design power and reduce the cost of copper
on the excitation winding compared to a classical
synchronous machine with electromagnetic excitation.

2. Placement of transformer part of the unit in a closed
container filled by electrical insulation fluid will permit to
increase the output voltage in the generator mode as well
as the power of the unit.
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COMPARISON OF ADJUSTABLE HIGH-PHASE ORDER
INDUCTION MOTORS’ MERITS

Purpose. Development of mathematical models of adjustable electrical drives with high-phase order induction motors for their merits
analysis at static and dynamical modes. Methodology. At the mathematical modeling main kinds of physical processes taking place in
the high-phase order induction motors are considered: electromagnetic, electromechanical, energetic, thermal, mechanical, vi-
broacoustic ones. Besides, functional as well as mass, frame and value indicators of frequency converters are taking into account
which permits to consider technical and economical aspects of the adjustable induction electrical drives. Creation of high-phase or-
der induction motors’ modifications in possible on the base of a stock 3-phase motors of basic design. Polyphase supply of induction
motors is guaranteed by a number of the adjustable electrical drives’ power circuits. Results. Modelling of a number of adjustable
electrical drives with induction motors of different phase number working on the same load by its character, value and required ad-
justment range is carried out. At the utilization of the family of characteristics including mechanical ones at different adjustment
parameters on which loading mechanism’s characteristics are superimposed regulation curves representing dependences of electri-
cal, energetic, thermal, mechanical, vibroacoustic quantities on the motors’ number of revolutions are obtained. Originality. The
proposed complex models of adjustable electrical drives with high-phase order induction motors give a possibility to carry out the
grounded choice of the drive’s acceptable variant. Besides, they can be used as design models at the development of adjustable high-
Phase order induction motors. Practical value. The investigated change of vibroacoustic indicators at static and dynamical modes has
been determined decrease of these indicators in the drives with number of phase exceeding 3. References 10, tables 2, figures 4.

Key words: adjustable high-order induction motor, semiconductor frequency converter, mathematical modelling, regulation
curves, stator winding, vibroacoustic indicators.

Obocnosana 603MOHCHOCIb CO30AHUA MOOUDUKAUUTL MHOZOPAZHBIX ACUHXPOHHBIX Osuzameneil Ha Oaze cepuilHbIx mpexgas-
Hoix. Paccmompen psao cunogvix cxem pezynupyemvlX 31eKmponpusooos, 6 KOmopsix obecnequsaemcsa MHo20paznoe numanue
ACUHXPOHHBIX Oguzameneii. AHanusupyemeca paboma npueo00e Ha onpedeeHHyI0 No 6eluiune U XapaKmepy Hazpy3Ky u 3a0an-
HbBIM OUANA30HOM pezyniuposanus. B pezynoemame mamemamuuecko2o Mo0enuposanus onpeoeneno, Ymo memnepanmypst nepe-
2pe6oe 00MOMOK CMAmMOpPO8 paccCMampusaemMvlx 06uzameneii He nPeevluLaom OONYCMUMbBIX 3HAYEHUTI COOMEEMCHIEEHHO Kdc-
¢y Hazpesocmoiikocmu uzonayuu. Beinonneno cpasnenue mexnuko-sKOHOMUYECKUX NOKA3amenell paccCMampugaemyix cxem u
oguzameneii, 0aroujee 603MOHCHOCHb OCYULECMEUIND NPUEMIEMDbLIL 6bLOOD 6apUAHMA. YCMAHO0GIEHbl 3AKOHOMEPHOCMU UIMEHEe-
HUA (Pa3HBIX MOKOE MHO20Ghaznubix Osuzameneii 6 ouanazone pezynupoganus. Hccnedoeano usmenenue guobpoaxKycmuueckux
noxasameneii 6 cmamu4ecKux u OuHamuieckux pedxcumax. Onpeoeneno cHudicenue IMUX noKazameneil 6 06UZAMENAX C HUCTOM
¢ha3z, npesvriuarowgum mpu. butbn. 10, tabdmn. 2, puc. 4.

Kniouegvie crnosa: MHOro(ga3HbIH peryMpyeMblii aCHHXPOHHBI JBUIaTellb, OJYNIPOBOJHUKOBBII Npeodpa3oBaTe/b YacTOThI,
MaTeMaTHYeCKoe MOJe.IHPOBaHHe, Pery. THPOBOYHbIe XapAKTePUCTHKH, 00MOTKA CTATOpPa, BUOPOAKYCTHYEeCKHe MOKa3aTe Iu.

Introduction. Adjustable high-phase order induc-
tion motors (AIM) are used in medical and domestic
equipment, electrical car industry, textile industry, boats’
electrical propulsion systems [1, 2]. It is useful to use
them in special ventilation systems and complexes where
increased motor’s reliability at low noise and vibration
levels is required [3]. AIMs have decreased torque and
speed pulsations at the motor’s shaft as well as increased
reliability at decreased noise and vibration levels. Be-
sides, division of electrical power to phases makes AIM’s
regulation curves more critical to the asymmetry by the
amplitude and phase of the supply voltage that at the in-
crease of the number of phases (m) simplifies finally the
control system and increases the reliability [4, 5]. Systems
of electrical drive (ED) with high-phase order AIM are
realized at using frequency converters with a few
autonomous voltage inverters (AVI) which creates a
symmetrical voltage system with a time shift which
equals to the spatial phase shift of high-phase order mo-
tors (see Fig. 1).

High-phase order induction motors can be developed
on the base of stock 3-phase ones of basic modification. In
some cases it is realized at presence of a few parallel loops
in the 3-phase network. Decreasing their number we obtain
a polyphase modification (in two times — 6-phase one, in 3
time — 9-phase one, etc.). And here the active part’s geome-

try, number of turns in the phase and winding wire’s sec-
tion are not changed. Besides, it is necessary to take into
account number of slots per the pole and the phase.

AVI :

AVI

“

AVI [+

Fig. 1. Circuits of adjustable ED with high-phase order AIM

If such a problem solution is impossible it is neces-
sary to change number of effective turns in the phase w,
and a wire’s section d,. Using an expression
Zl Uc
p 2-m a
(a), number of conductors in the slot (U.) and number of
turns they achieve the conservation of the value of mag-
netic flux. Here it is necessary to check the coefficient of
the slot filling [6].
Problem definition. To build models of electrical
drives with high-phase order AIMs it is necessary to input

by variation of number of parallel loops

© V.S. Petrushin, L.Y. Bielikova, Y.R. Plotkin, R.N. Yenoktaiev

38 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1



a few initial data which determine functional properties as
well as indicators of mass, frame and value. Last ones
give a possibility to consider economical aspects of vari-
ous ED’s variants. Indicators of mass, frame and value of
multiphase frequency transducers increase approximately
in 30 % at the transition from the 3-phase modification to
the 6-phase one, in 60 % at the transition to the 9-phase
one, etc. Increase of production expenses results in the
change of high-phase order motors’ value.

To compare the ED’s variants it is necessary to use
some indicators including the effectiveness averaged in
the range [7] which reflects the AIM’s energetic in all
adjustment range given from 7, to n, and is determined as
equivalent one averaged for this range.

1%
JTUM (”)d”
m

ny —m

Nawri =

The generalized criterion of the adjusted present ex-
penses (APE) takes into account production value and
operation expenses. Expenses depend on the efficiency
and the power ration, therefore the generalized criterion
of the adjusted present expenses has different values in
different points of the range, and it is expediently to de-
termine the range value of this criterion, i.e. equivalent
averaged value for all range.

It is necessary to note that at the AIM operation in
modern variable-frequency electrical drives the drive’s
power ratio is near 1 and as a result from the expression
for the electrical drive’s APE the component correspond-
ing the value of the reactive energy compensation can be
excluded. So

APEgp = ved [1 + T,(ky + k)] + Ceep,

where ved is the total electrical drive’s value which con-
sists of the values of the AIM and the transducer, USD;
Ceep = CopiP1£0(1,04 — Myyep) is the value of the electrical
energy losses during the year, USD; 7, is the normative
term of the motor’s cover of expenditure, years; k, is the
part of expenses for depreciation charges; k; is the part of
service expenses during the motor’s operation; C,, the
coefficient taking into account the value of the active
power losses representing the product of the value of the
production of the 1 kW-h of electrical energy during the
drive’s service life (USD 0.1 for 1 kW-h), number of
hours of the motor’s operation during the year (2100),
number of years of the operation till the major overhaul (5
years), and the coefficient of the relative motor’s loading
(accepted 1); P;zp— active power consumed by the drive,
kW, Mgep — the drive’s effectiveness averaged in the
range. For adjustable induction motors the values 7, = 5
years, k; = 0.065, k; = 0.069 are accepted the same as for
general industrial IM [8].

Results of investigations. The modeling of adjust-
able electrical drives (AED) with coupled consideration
of transducers, motors and loads [9] can be carried out by
the code DimasDrive [10] developed at the Department
for Electric Machines, Odessa Polytechnic University.

As a base motor the 4A200M6 3-phase motor work-
ing with the frequency transducer Altivar 58HD33N4
(USD 3650, 34 kg, n, = 0.94) is selected. Changing the
winding data, the 6-phase (number of turns w, = 114,
number of parallel loops a = 2, the effective conductor’s

section g, = 1.76 mm’, the insulated winding wire’s di-
ameter d,, = 1.585 mm) and the 12-phase (number of par-
allel loops a = 1, the rest of data are the same as for the
6-phase one) modifications have been carried out.

The frequency control low U/f'= const has been con-
sidered. As a load the traction one has been used,
P = 18 kW with maximal torque of 140 N'-m. At the
given constant value of the load, the required adjustment
range (200-1600 RPM) in the AED systems can be guar-
anteed by the considered electric motors.

Regulation curves representing dependences of elec-
trical, energetic, thermal, mechanical, vibroacoustic quan-
tities on the number of revolutions can be obtained by
using a family of characteristics including mechanical
ones at different adjustment parameters on which loading
mechanism’s characteristics are superimposed. In Fig. 2 a
family of the mechanical characteristics and given load
corresponding the AED with the 3-phase AIM is pre-
sented. Families of the mechanical characteristics for the
AED with the 6-phase and 12-phase motors have the
same form.

RPMn loading characteristics
é f=83Hz
1500 ——==} %
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Fig. 2. A family of mechanical characteristics

At this composition of mechanical characteristics and
loads the presence of three zones takes place. Within all of
zones the monotonous change of mechanical characteristics
and loading characteristics takes place. Temperatures of the
considered motors stator windings do not exceed the values
permitted by the class F' of the thermal resistance at the
selected load in the given adjustment range.

In Fig. 3 some regulation curves of the considered
AED representing dependences of motors’ consumption
current and vibroacoustic indicators of electromagnetic
nature on the number of revolutions are presented.

In Table 1 values of the considered AEDs’ indica-
tors including the effectiveness averaged in the range
(Mar) and adjusted present expenses (APE) as well as in-
dicators of mass, frame and value for motors and drives
are presented.

It is possible to carry out the calculation of the active
energy losses value during the year.

Ca = Va'Tn'Kl'Pmech'(l + 0’04 - TlAED) / N4ED,
where V,=USD 0.1 is the value of the 1 kW-h; 7,, = 2100
is number of hours of the AED’s operation during the
year; K; is the coefficient of loading (accepted to be equal
to 1.0); 0.04 is the relative value of losses in the cus-
tomer’s distribution network.
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Fig. 3. Change of the consumption current (@), vibration speed (b) and noise of electromagnetic nature (¢) in the adjustment range:
1 — AED with a stock 3-phase IM, 2 — AED with a 6-phase IM, 3— AED with a 12-phase IM

Table 1
Comparison of different AEDs’ indicators
AED With 3- With 6- | With 12-
phase AIM | phase AIM |phase AIM
Indicators and
parameters
Nar of IM, % 82.97 82.41 81.70
Naw of AED, % 81.34 80.79 80.10
APE of IM, USD 5729 5844 6034
APE of AED, USD 11991 13935 17779
Value of IM, USD 1994 2016 2069
Mass of IM, kg 254 254 254
Volume of IM, dm’ 19 19 19
Mass of AED, kg 288 298 318
Volume of IED, dm’ 56 101 275
Value of AED, USD 5644 6761 9004

Comparison of the considered AED’s variants by the
active energy losses value during the year is carried out

(see Table 2). Besides, modeling for each AED’s circuit
design at the operation on the given tachogram (2 s — 200
RPM, 2 s — 600 RPM, 2 s — 1200 RPM) taking into ac-
count transients is carried out.

Table 2
Comparison of the active energy losses value for various AED
AED 1 With3- | Withe- | With 12-

phase AIM |phase AIM| phase AIM
Indicators and
parameters
Narr AED, % 81.34 80.79 80.10
Active energy
losses value during the 1001 1036 1073
year, USD

In Fig. 4 changes of currents, vibration speeds and
noises of electromagnetic nature at the considered motors’
operation on the given tachogram are presented.
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Fig. 4. Change of the consumption current (a), vibration speed (b) and noise of electromagnetic nature (c) in the adjustment range:
1 — AED with a stock 3-phase IM, 2 — AED with a 6-phase IM, 3— AED with a 12-phase IM

Conclusions.

1. High-phase order AIMs’ consumption current de-
creases in proportion to the number of phases in the com-
parison with the 3-phase motor’s current.

2. Essential decrease of the vibroacoustic indicators of
electromagnetic nature at the transition from the 3-phase
AED to the high-phase order ones takes place. This de-
crease is irregular and minimal in the initial part of the
range. Besides, resonant phenomena take place. In addi-
tion, for the considered AED the difference between these
indicators for the 6-phase and 12-phase AIM is not so

essential. Therefore, for this design problem the 6-phase
AIM is preferable because the 12-phase one essentially is
more expensive, has increased mass and volume at practi-
cally equal energetic indicators.

3. Comparison of the considered AEDs’ the active en-
ergy losses value during the year permits to conclude that
the AED with 3-phase IM has a little bit better indicators
in the comparison with other considered variants.

4. Results of modeling of dynamical dependences of
consumption current, vibration speed and noise of elec-
tromagnetic nature confirm lows elicited at static modes.
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NUMERICAL COMPUTATION OF ELECTRIC FIELDS IN PRESENCE
OF CURVILINEAR INTERFACE BETWEEN CONDUCTIVE AND
NON-CONDUCTIVE MEDIA

Purpose. To elaborate a method of electric field numerical calculation in systems with curved boundaries between conductive and
non-conductive media at final volume method usage and application of the rectangular grids. Methodology. At electric field
calculation in quasi-stationary approximation, potential of the whole conductive object (rod) is constant. At final difference
scheme writing, presence of the curved part of the boundary between conducting and non-conducting media has been taking into
account as follows. It was supposed that curved section complements the closed loop on which integration of the solvable
equation is done instead of a straight section which extends within a conducting medium. Usage of this approach allows taking
into account square of the curved sections of the boundary and distance between surface of non-conductive medium and nearest
nodes of the computational grid. Results. Dependence of the maximum electric field intensity on the height and radius of
curvature peaks rods has been got with the help of calculations. As a result, a polynomial approximation for the analytical
expression of the external electric field intensity, upon which application to the conductive object of a certain height and radius of
curvature of its top, corona discharges will develop. References 13, figures 4.

Key words: rounded tops, curvilinear borders, finite volume method, calculated grid, electric field intensity.

Onucanvl RPUHYUNGL YUema KPUGONUHETIHBIX SPAHUY, PA30ena NPU UCNOb306AHUU MeN00d KOHEUHbIX 00beM0o6 01 pacyema
ycunenua INeKmpuiecKozo Noas Ha 6epUiUHAX npoeodawux cmeprcheli. C noMOubio npoeeOeHHbIX PAcyemos noayuena
3a8UCUMOCID MAKCUMANLHOU HARPANCEHHOCMU J/IEKIMPUYECKO20 NOJIA OM 6bICOMbL U PAOUYCA CKPYSIIEHUSA 6EPUILH CHIEPIHCHEIL.

B pe3ynemame annpoxcumayuu Oannoil

3aseucumocmu  nNOJIUHOMOM

3ARUCAHO AaHalumu4deckKoe eolparicenue ona

HANPANCEHHOCMU GHEUIHE20 INEKMPUYECKO20 NONA, NPU RPUTIONCEHUU KOMOPO2O K NPOGoOauieMy 00beKny onpedeneHHOU
6LICOMBL U PAOUYCA CKPY2IeHUs 6EPUIUHbBL HA HEM PA38Ueaemcs Kopounsi paszpso. bioin. 13, puc. 4.

Knrouesvie cnosa: ckpyriieHHble BepUIMHBI, KPUBOJHMHEHbIE TPAHUILI, METOJA KOHEYHBLIX 00bLEMOB, PACYETHASI CETKA,

HaNPAKEHHOCTDb 3JIEKTPUYECKOI'0 110151,

Introduction. In a number of practically important
cases information on the distribution character and level
of the maximum electric field (EF) intensity in the
surrounding of tops of conductive rods is required.
Application of systems containing conductive rods, is one
of the possible ways of practical realization of
metamaterials, which are widely spread in recent years
[1]. Systems «rod — plane» are used in high-voltage pulse
engineering for initiation discharges in different media
[2]. This category of objects is elements of power
facilities that can be modeled by peaks with rods of
various shapes. In particular, information about the
intensity of external electric field intensities, at
application of which corona discharges arise is necessary.

Typically, tops of rods used in engineering are
rounded. In calculating the EF in such systems problem of
taking into account the curvature of the surface of tops of
rods arises. The application in this case of the finite
element method does not solve problem fully because the
elements used (e.g., triangles) have corners, which means
that when calculating the intensity of the EF will be too
high compared with the actual values. Taking into
account that the main part of the rod is straight for the
calculation it is appropriate to apply the finite-difference
methods [3]. However, it is known that using the
rectangular calculated mesh to describe the EF in systems
with curved surfaces leads to a significant increase in the
calculated levels of the EF intensity that has no place in

reality [4]. Moreover, utilization of the more fine mesh
only worsens the situation. To solve this problem,
different techniques, such as representation of derivatives
in the form of polynomials, not finite differences, are used
[5]. However, this approach is linked to the complexity of
the problem, so advantaged of the finite-difference
methods such as simplicity and possibility to take into
account nonlinear parameters of media are lost. To
calculate electromagnetic fields in such systems so-called
conformal schemes are used providing averaging of
material parameters of media in volumes of cells located
at their curved interfaces [6]. Utilization of this approach
to media which material parameters differ not more than
in 5-10 times, gives very good results [6-8]. But if these
values differ by several orders of magnitude (for example,
at the location of conducting rod in the air), then, as it will
be shown below, using this method is ineffective.

The goal of the work is development of a simplified
method of incorporation of curved boundary interfaces
between conductive and non-conductive media using the
calculated  rectangular ~ meshes for calculating
electromagnetic fields in the respective systems and the
use of this method to assess by what radius should be
rounded the sharp edges on objects that are in the area of
electric fields impact, so that there are not there corona
discharges on them.
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Electric field modeling at presence of curvilinear
interfaces. We consider the cases where the distance at
which the EF is changing significantly exceed the typical
size of the objects under consideration, so the calculation
can be done in quasi-stationary approximation. The
equations that describe the distribution of the EF, we
obtain in the following manner. We write Maxwell
equations in the form [9]:

rotI:I:yE+a—D, (1)
ot

where H , E are the intensities of magnetic and electric
fields, respectively; 5:8085; & = 0.885-10"" F/m;
e is the relative electric permeability;
conductivity.

We use for the numerical calculation the finite
volume method, at the use of which to the considered area
the rectangular mesh is applied, and the solved
differential equation is obtained by using conservation
laws. To do this, we take the divergence of both parts of
(1) taking into account that at the steady-state mode the
second term on the right side is close to zero. Then we
integrate the obtained equation by elementary cell
volumes, into which the estimated region is divided, and

vy is the

use the substitution £ = —grad ¢ (where o is the electrical
potential). Finally, we obtain:

§—§9.wk=o, @)
3 on

where S are the sides of the parallelepiped, which divide

in half the distances between neighboring nodes; » is the

direction of the normal to the integration contour.

Let us describe in detail the calculation of the EF
near the rounded tops of rods. When using the finite
volume method nodes in which values of potentials are
calculated should be placed at the boundaries between
interfaces [8]. This allows take into account boundary
conditions automatically, without setting their individual
equations.

It is proposed to use this approach to obtain
solutions for intensities of the EF near curved surfaces of
interfaces. We take into account that the system
considered includes conductive (rod) and non-conductive
(air) media. Moreover, in the quasi-stationary case the
conductive object potential can be considered as constant.
We consider three-dimensional objects. First, we consider
the case of rectilinear interfaces (see Fig. 1,a).

The section Z = const of closed contour of the square
S by which of the solved equation (2) is carried out may
be presented in the form of four planes perpendicular to
components of the intensity of the EF: S, and S, — in the
direction parallel to the axis Ox, and Sy, and S,, — in the
direction parallel to the axis Oy.

This is possible because integration of (2) by the

surfaces Sﬁ and Sfxwhich are located close to the

interface between media on both sides of it, in this case,
can be replaced by integration by S}, and S,,.
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Fig. 1. Section of the calculating scheme by plane Z=const in the
case of rectilinear () and curved (b) interfaces

Such a substitution is possible because squares by
which integration is carried out are equal: Sﬁ =S, =
= Sfx = S = A, (where A, is the step by space in the

direction of the axis Ox), and differential analogs of y-
components of the EF intensities by both sides of the

interface: Ey;r] and Ey;; are determined by similar
expressions: as derivatives at step back or step forward in

the integration by Sﬁ and Sfx or as central derivatives
at integration by S, and S,,:
o9 Pij+Lk ~ Dijk

Evi. =—2T ,
Vijk 6)/ Ay
_ 0 Pijk —PijLk
e 3)
Y y

where @;; is the potential of the node (i, j, k); A, is the
step by space in the direction of the axis Oy.

Let us write (2) in the differential form as a sum of
integral by squares perpendicular to axis Ox and Oy,
taking into account that y, <<'y;, and, therefore, y; + v, = y;
(where y;, y. are conductivities of conductive and non-
conductive media, respectively):
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05y, —2E TR g, ()
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Fip ==05y =" —2 8, (@)

X
We now consider (i,,k)-th cell of the calculated
system for which the S-contour of integration (2) includes

apart ;7 of curved interface S (see Fig. 1,b). In order
to take into account the presence of this area when writing

the difference that cur

scheme, we ik

assume
complements S to closed contour instead of straight part
S” ‘¢ that runs inside a conductive medium. As noted

above, at the assumptions adopted the potential of all
conductive object (rod) is the same, denoted by U,. With
that, the potential value in the nodes located inside a
conductive medium, are obtained from the solution
automatically when setting the level of potential ¢ = U
on the corresponding part of the outer boundary of the
calculated area. Denote by En the EF intensity near the
surface of the rod directed perpendicular to this surface.
Since the potentials of all nodes located inside and on the
surface of a conductive medium are the same, we assume
that at the determination of En as a potential difference
instead of nodes inside a conductive medium (in our case
(i-1,,k) 1 (ij—1,k) — see. Fig. 1,b) can be used the node
(i'j',k" located on the interface at the place of contact of
the perpendicular to the surface of the node (i,/,k):

6_<pz _ Qijk — @ik Pijk -Uy , (9
on d ijk d ijk
where d,; is the distance from the node (ij,k) to the
curved interface.

Taking into account that the curvature in the
direction of the axis Oz is small, we expand En on the x
and y components, considering that the region is inclined
to the horizontal at an angle o (see Fig. 1,b):

Eni’j,k =—

8(p =E,~ En'sina,
ox
¢
—— =E, = En-cosa. (10)
ay

Then the terms F,; and F,; in (4), for which the
integration contour of equation (2) includes, in particular,
curved planes of the interface, are written as:

ik =Uo
Fxlz—ye~7(pl"/’k {sma SH [+ =k )]+ ke, S“”} (11)

dijk

Pijk —U Sstr ur
Fylz-ye.g’%ko{c s S [k, +1 -k )k, -2 1(12)
ij,
0, if a<n/4 0, if a>n/4
h k.= ; k= ;
WAEE {1, if o> Y {1, if a<md4

sy .Sty S are the squares of straight parts of the contour

of integration S; S{7} -k 1s the square of the curvilinear part

S (see Fig. 1,b).
In writing (11), (12) a simplified approach is used

when it is assumed that when o>m/4 the part S;;%

together with part S, or Sy (in our case this is a part

m y ) complements the part of the integration contour,

parallel to the axis Oy. If o<w/4, the curve S} is
considered as a part of the integration contour,

supplementing with parts Sj, or Sy, (in our case this is a
segment Sf;r) a part of integration contour, parallel to

axis Ox. For the considered cell (see Fig. 1,b) terms F,,
and F, in (4) are determined by the expressions (6) and
(8) as at their obtaining the curved parts are not included
to the integration contour. Finding the length of the

cur
ijk>

str

. Sy as well as

curved part straight segments S

d;jx does not present significant difficulties and could be
done, for example, numerically as a result of more fine
dividing of cells that lie on the interface. And, by the
proposed approach near-boundary cells located inside a
conductive medium, are virtually displaced on it at the EF
determination in  non-conductive medium.  This
«displacement» does not affect the determination of EF
inside a conductive medium because its potential is
constant.

Generally, at the use of finite difference methods
curvilinear boundary between media is replaced by a step
approximating surface [6]. However, this causes the
appearance at the calculation of local areas with increased
intensity of the EF that really has no place [4]. Moreover,
the level of EF intensity in the areas adjacent to the
corners of rectangular cells approximating the curved
surface will be greater, the smaller step of the spatial
calculation mesh. The proposed method allowed tavoid
this problem. Fig. 2 shows the EF intensity distributions
on the conductive sphere surface arecas that is in the
homogeneous EF calculated by using the described
approach (see the dotted curve 2).

Calculation is carried out at the step of the mesh
A =0.02"R (where R is the radius of the sphere). Levels of
the EF intensity modulus in the (i,j,k)-th node are
determined by calculated potentials in the nodes of the
mesh as average values by the cell volume:

- 5 5 5
|E| = \/Exi,j,k +Eyiir +Eziji (13)
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Fig. 2. Calculated EF intensity distributions on the surface of the
conductive sphere of radius R in the homogeneous external EF
of intensity Ey: 1 — analytical solution, 2 — solution by proposed

method

For comparison, in the same figure (see curve 1) the
analytical solution for the conductive sphere in a
homogeneous external EF is shown [10]. As can be seen
from a comparison of curves 1 and 2, the relative
differences in the intensity of the EF for these two cases
are very small, they do not exceed 3 %. As the
calculations with the same step in space demonstrate, at
the step approximation of the interface the relative
differences reach almost 30%.

As noted above, to address this problem, a number
of methods are used [4-6]. They are rather bulky, which
greatly complicates their practical implementation in
contrast to the described approach, not associated with the
introduction of non-orthogonal mesh or increase the order
of approximation of derivatives.

Thus, the use of the proposed approach allows take
into account the square of curved sections of interfaces as
well as the distances between the non-conductive medium
between arranged in near-boundary medium nodes of
computational mesh and the interface. This is possible
due to the use to obtain the solved equations of the
conservation law (in this case, for charge) through the
integration of initial differential equations on contours of
cells of the calculated taking into account configuration of
the interface within each cell.

As the calculations are shown, the EF intensity
values obtained using the conformal scheme [6] coincide
fully with those obtained using the step approximation.
This is because with such a large difference between the
values of conductivity of conductive and non-conductive

media (more than 5-6 orders) the reduce by several times
of the equivalent conductivity of cells located at the
interface and containing conductive and non-conductive
medium practically does not influence impact on
calculated levels of potentials.

Calculation of EF in the neighborhood of a
cylindrical wire rod. The approached described above
permit to perform the calculation of the electric field in
the neighborhood of the conductive cylindrical rod that is
in the vertically directed external EF of intensity £,. The
calculated system that includes a conductive cylindrical
rod with rounded top 1 is shown in Fig. 3.

Analytical solutions for EF intensity in systems
containing cylindrical rods with rounded tops are absent.
To find the distribution of EF we use the numerical finite
volume method [11] and the above proposed approach.
Due to the axial symmetry of the system under
consideration the cylindrical coordinate system was used.
It is assumed that the axis Oz coincides with the axis of
the rod 1 and perpendicular to the ground surface 2 (see
Fig. 3). It is also assumed that the calculation area is
limited by a rectangle with sides z= 0, z = Zax, ¥ = Rinaxs
r=0 (see Fig. 3) and is divided into elementary
rectangular cells.

In order to reduce the calculation region on its
boundaries the so-called well-matched layers (PML) [6]
(see 3 and 4 in Fig. 3) are introduced. These layers
perform a supporting role and are need for guarantee the
rapid and reflectionless decrease of the distortion of the
EF caused by the presence of the considered objects when
approaching the calculation region’s boundaries.
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Fig. 3. Section z = 0 of the considered calculation system,
including conductive rod. 1 — rod; 2 — ground; 3, 4 — PML

Distribution of the EF in the PML is not included in
the results of the calculation. It is supposed that the
electrical conductivity in this layer of thickness d is a
tensor, has different values in the directions of the
coordinate axes Or, Oz and varies in depth of the layer
according to the polynomial law. Thus, for PML, which is
perpendicular to the axis Or (see 4 in Fig. 3), changing
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the r-th — yf ML (7 ) and the z-th — nyL () components

of the conductivity tensor in the direction of the axis Or is
written as [6]:

vEMEY =y0 k() s YEMEY =0 K (),

where k(r)=1+(kpax — 1) (7/d)"; kmax is the maximal value
of k. on the external boundary of the PML-layer; m is the
power; v, is the value of the conductivity of the medium
adjacent with internal boundary of the PML.

Values of the conductivity tensor components in
PML which is perpendicular to the axis Or (see 4 in
Fig. 3) are the following:

M@=y k(). M@ =10/ k().
where k(2) = 1 + (kyax— 1) (2/d)".

The values of electric conductivity in the areas of
PML-layers crossing are found by multiplication of the
respective components in each of the layers.

The conditions at the boundaries of the calculation
area (see Fig. 3) are the following: =0 on the ground
surface (z=0); 0p/on = 0: at R=0 and at r=R,,x (on the
external boundary of the calculation area). In order to take
into account that on the upper boundary of the calculation
after the PML-layer the intensity of the applied EF equals
to Ey, at z = zp,x the condition 6¢/0n = knyax-Ey is used (for
details, see [8]).

Comparison with analytical solution for a sphere in
the homogeneous EF is showed that using ten layers of
PML with parameters m = 5, k. = 5007y, the relative
error of calculation of intensity and potential of the EF no
more than 3 % is provided.

The influence of the geometry of rods with
rounded tops on the maximum intensity of the EF. In
order to assess the effect of height of rods on the
possibility of corona discharge development from them
distributions of the EF at different heights of rods were
calculated.

Preliminary calculations in sequential increasing size
of the limited by PML calculation area in the direction of
the coordinate axes, as well as reducing the computational
mesh’s step have been carried out. It was believed that the
solution adequately describes the distribution of the EF,
when the values of intensities and potentials stop to
change at sequential twice reduction of the step of the
calculation grid and increasing its size. An analysis of the
data made the following conclusions: so that the relative
error does not exceed 3%, size of the calculation area in
the radial direction should be not less than the height of
the rod (H) and in the vertically — in 1.2 times more than
H; the step of the calculation grid mesh be no more than
R/10 (where R is the radius of rod rounding).

The case is considered when it can be supposed that
the uniform EF is applied to the rod. According to the
literature (see, for example, [12, p. 188 and further]) at the
discharges in systems «rod — plane» a so-called critical
radius of the rod is. It is determined by the condition of
the identity of the character of rupture in systems with

rods, radius of which is less than the critical radius: R<R,,,
because at this condition the breakdown voltage does not
depend on the value of R because of the corona. The case
where the value of the radius of the rod equals to the
critical radius is considered — R =R..= 0.1 m [12].

Fig. 4 shows the results of numerical calculation of
the dependence of E,x — maximal intensity levels of the
EF in the vicinity of the conductive rods tops located in
the external uniform field of strength E, (see curve 1) on
their height H. The calculation was performed at the
following of the calculation mesh: A,=A,=R/10,
Zmax = 1.2°H, Ryox = H, H=var.
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Fig. 4. Dependence of the maximal intensity of the EF in the
vicinity of the conductive rod on its height A: 1 — numerical
calculation by using the described approach; 2 — dependence
Eo=Eq H/R; 3, 4 — analytical solutions for conductive prolate
ellipsoid at a distance from the top /=0 (3) and /=R=0.1 m (4);
5 — polynomial approximation of the curve /

The Figure also presents results of engineering
estimates for E,x (curves 2 — 4). Curve 2 corresponds to
the assessment of E,, as ratio of the potential of the EF
at the height of the top of the grounded rod to its radius
@®):

Eoax=E9-H/R.

Curves 3 and 4 are obtained as a result of the use of
analytical expression for the intensity of the EF above the
ellipsoid on its axis (see, for example, [13]) at a distance
from its top A = R, (curve 3) and A = 0 (curve 4). As can

be seen from a comparison of curves 1 — 4, the values
*

Enax = Emax/Eq obtained with real shape of the rod

(cylinder whose vertex is rounded) occupy an
intermediate position relative to the smallest levels (curve
3) that correspond to the distance from the rod which is
equal to critical radius R, and maximal levels that match
a point on the top of the equivalent ellipsoid (curve 4). In
Fig. 4 curve 5 shown by a dotted line corresponds to a
polynomial approximation of the curve 1.

For the range of the change of the ratio of the height
of core (H) to its top rounding radius (R) within
10<H/R<70 the calculated curve of the dependence
E*(H/R) can be approximated by a more simple function
with which for object which is in the area of the electric
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field impact with intensity £, [V/m] it is possible to find a
boundary value for the ratio of the radius of rounding of
its top to its height, which ensures guarantees suppression
of the corona at this object:
RIH>0.7/(3-10%E—6.08).
Conclusions.

1. The proposed method of taking into account the
curved interface between media based on the finite
volume method utilization permits to calculate the electric
field distribution on the surface of the sphere and in its
vicinity with relative error not exceeding 3%, at the step
of the calculation mesh not more than 0.1'R (where R is
the radius of the sphere).

2. Using the proposed method of taking into account
the curved interface between media dependences of
maximum electric field strength at the tops of the rods on
the ratio between their diameter and height are calculated.

3. An expression to assess by which radius they should
round off the sharp edges on objects of the height H,
located in the area of the EF action of intensity £y so that
they are not there corona discharge.

4.1t is shown that the use of analytical solutions for
conductive prolate ellipsoid leads to substantial error at
placement of levels of maximum intensity near the tops of
the rods.
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EXPERIMENTAL INVESTIGATIONS OF ELECTRO-THERMAL RESISTIBILITY OF
CONDUCTORS AND CABLES TO ACTION OF RATIONED ON THE INTERNATIONAL
STANDARD IEC 62305-1-2010 APERIODIC IMPULSE OF CURRENT OF ARTIFICIAL
LIGHTNING

Purpose. Experimental researches of electro-thermal resistibility of cable-explorer products, applied in the power electric circuits
of objects of electric-power industry, to action on its copper and aluminum parts bearings a current rationed on the International
Standard of IEC 62305-1-2010 aperiodic impulse 10/350 us of current of artificial lightning. Methodology. Electrophysics bases
of technique of high tensions and high pulsed currents (HPC), and also scientific and technical bases of planning of devices of
high-voltage impulsive technique and measuring HPC in them. Results. Experimental a way the quantitative levels of maximal
values maximum of possible and critical closenesses of aperiodic impulse 10/350 us of current of artificial lightning with rationed
on the international standard of IEC 62305-1-2010 peak-temporal parameters and admittances on them in copper (aluminum)
parts bearings a current of send-offs and cables with a polyethylene (PET) and polyvinylchloride (PVCH) isolation. Originality.
First in world practice on the unique powerful high-voltage generator of HPC of artificial lightning experimental researches of
resistibility to lightning of pre-production models of send-offs (cables) are conducted with copper (aluminum) tendons, PET and
PVCH by an isolation, in-use in power electric circuits of electric-power industry objects. Practical value. The use in practice of
protecting from lightning of the got results will allow substantially to promote functional and fire-prevention safety of engineer-
ing communications of objects of industrial electroenergy in the conditions of action on them of short shots of linear lightning.
References 16, figures 12.

Key words: high impulsive current of lightning, wires and cables of electric chains of objects of electric-power industry,
generator of high pulsed current of artificial lightning, electro-thermal resistibility to lightning of cable-conductor products.

Ilpugedenvi pezynvmamsl IKCREPUMEHMANLHBIX UCCTICO06AHUTE IIEKMPOMEPMULECKOU CIOUKOCIU 00pa3y0s paoa npoeooos u
Kabeneil 21eKMPUecKUX yeneit 00beKnos NPOMbIUIEHHOU IIeKMPOIHEPZEMUKU C MEOHBIMU (ANIOMUHUEECLIMU) HCUNamu (IK-
panamu), ROTUGUHUNXIOPUOHOU U NOTUIMUNEHOBOI U3ONAYUEH K 0CliCIEUI0 KOPOMKOZ0 YOapa 001bUi020 UMNYIbCHOZ0 MOKA
UCKYCCMBEHHOU MOTIHUU C HOPMUPOBGAHHBIMU NO Medcoyrnapoonomy cmanoapmy IEC 62305-1-2010 amnaumyono-epemennvimu
napamempamu u oonyckamu Ha Hux. bubn. 16, puc. 13.

Knrouesvie cro6a: 60Jp110i UMIYJIBCHBI TOK MOJHHH, IIPOBOJA U Ka0eJH dJIEKTPUYECKUX Leneil 00beKTOB 3JIeKTPOIHepre-
THKH, TeHepaTop 00JIbIIOr0 HMITYJILCHOTO TOKA MCKYCCTBEHHOH MOJHHH, 3J1eKTPOTePMHYEecKasi MOTHHECTOHKOCTL Kadelb-

HO-IIpOBOIlHI/IKOBOﬁ NMpoaAyKIUH.

Introduction. One of the ways for reliable electro-
thermal and fire protection from direct (indirect) lightning
power facilities (PF) and their utilities is the informed
choice of cables and wires installed in their primary and
secondary circuits, and complies with strict conditions of
lightning resistance. According to the requirements of
existing International and national Standards [1-6] with a
short lightning in the wire and cable power circuits of the
PF can occur pulse currents of positive polarity amplitude
1., with aperiodic temporary form t/t,=10 pus/350 ps,
where 15 1, are, respectively, the acceleration time
between the levels (0.1 — 0.9)/,; and duration of the
current pulse at the level 0.57,;. In [1-6], the normalized
amplitude-time parameters (ATP) and the tolerances are
specified for the aperiodic impulse lightning current
corresponding to I-IV levels of protection against
lightning of the PF and their utilities. Thus, for example, a
lower level IV of the lightning protection of the PF set of
ATPs and other characteristics affecting the current pulse
are aperiodic 10/350 ps lightning characterized by the
following normalized quantitative values [1-7]: 1, = 350
ps (with a tolerance of + 10%); [, = 100 kA (with a

tolerance of + 10%); specific energy (the integral of the
action of the lightning current) J;=2.5-10° A*s (with a
tolerance of + 35%); fluxed charge ¢;=+50 C (with a
tolerance of + 20%). With regard to the numerical value
of 15 it is, with a tolerance of + 20% is according to [1-7]
and the secondary character may be in the range
10 ps < 1 < 15 ps. Furthermore, the time #,~1,61,
corresponding to a current amplitude 7,,;, according to the
requirements [1-5] must not exceed 25 ps, and by [6] — 50
ps. Currently there are no methodological and other data
that can be used to select the specified wire and cable
electrical circuits of the PF that meets the existing
requirements [1-6]. In this regard the holding of a high-
current high-voltage equipment in the experimental
studies on the definition of electrothermal lightning
resistance of cables and wires of the PF is an actual
scientific and technical problem.

Problem definition. Consider widely used in
electrical power circuits of the PF wires and cables with
copper (aluminum) conductor (screen) in polyvinylchlo-
ride (PVC) and polyethylene (PET) insulation. For their
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electrothermal tests on lightning resistance we use straight
test samples (TS) of given wires (cables) with length of
0.5 m, rigidly clamped in a high-current discharge circuit
of the generator of the pulsed lightning current (GPLC).
As GPLC we select created in 2014 by the Institute
«Molniya» of the NTU «KhPI» a powerful high voltage
generator TUTM-10/350 [7], which reproduces at low
impedance and low-inductive electrical load aperiodic
current pulses 10/350 ps artificial lightning with positive
polarity normalized ATP and tolerance to them, meet the
requirements of existing International and national
Standards [1-6]. During consideration of experimental
studies on the generator TUTM-10/350 containing in its
structure four concurrent high-voltage pulse current
generator (PCQ) it is required as a first approximation to
determine at room temperature 6y = 20 °C maximum limit
values 93,14 and critical J,; densities of the aperiodic
current pulse 10/350 ps of the artificial lightning with
normalized ATP [1-6] in the current-carrying parts of
mentioned TS of wires and cable of electrical circuits of
the PF.

Electrical circuit and parameters of the powerful
high-voltage generator TH'TM-10/350. Fig. 1 shows a
circuit diagram of the generator TUTM-10/350 used for
electrothermal tests on the lightning resistance of the TS
of chosen wire and cable of power circuits of the PF.

Lao +Uszy
Ly
Ry
Cy T

Fig. 1. Circuit diagram of high-current discharge circuits of the
generator TUTM-10/350 for forming in the TS of wires
(cables) of electrical circuits of the PF aperiodic current pulses
10/350 ps of the artificial lightning with normalized ATP and
tolerance to them (GHVIP — generator of high-voltage ignitor
microsecond pulses of voltage of amplitude up to + 100 kV;
F,, F, — respectively three and two-electrode high-voltage air-
spark switches PCG-1 — PCG-4; C,=180 pF — blocking
capacity for pulse voltage up to + 120 kV of the GHVIP circuit
controlling the actuation of the spark switches F; and F»;
TS — test sample of the wire (cable), CS — coaxial shunt type
IIK-300 for measuring of pulse current of artificial lightning
amplitude from = 10 A to + 300 kA; £Us,_;, £Us4 — charging
voltage, respectively of PCG-1 — PCG-3 and PCG-4; L; — Ly,
R, — Ry and C, — C, — respectively intrinsic inductances,
resistances and capacitances of discharge circuits
of PCG-1 — PCG-4; Ljy, L4y — forming inductances of
discharge circuits of PCG-3 and PCG-4) [7]

It can be seen that its four individual PCG (PCG-1 —
PCG-4) work in parallel on the total electrical load —
tested TS of wires and cables. Note that the PCG-1 —
PCG-3 were collected on the basis of 171 parallel
included high-voltage pulse capacitor MK-50-3 (16 for

PCG-1, 44 for PCG-2 and 111 for PCG-3), and PCG-4 —
on the basis of 288 high-voltage pulse capacitors UM2-5-
140 consistently included two in each of its 144
connected in parallel sections [7, 8]. Intrinsic electrical
parameters of the generator type TMTM-10/350 are the
following [7]: for PCG-1 — R1=0.375 Q; L\=1 puH; C~=48
pF; for PCG-2 — Ry=0.136 Q; L,~1.3 uH; C,=132 uF; for
PCG-3 — R3=0.057 Q; L3=2.5 pH; C5=333 pF; for PCG-4
- R~0.083 Q; Lw~1.5 pH; C4~10.08 pF. Forming
inductance Lj, in the discharge circuit of the PCG-3 is
about 40 pH, and forming inductance Ly in the discharge
circuit of the PCG-4 — about 7 pH.

The nominal value of stored electrical energy in a
generator-type TU'TM-10/350 at a charging voltage for
capacitors Uj;3 of PCG-1 — PCG-3 at £ 50 kV and a
charging voltage for capacitors Usy of PCG-4 at = 5 kV
is about 1145 kJ [7]. And, for the PCG-1 — 60 kJ, for
PCG-2 — 165 kJ, for PCG-3 — 416 kJ, for PCG-4 — 504
kJ. These data highlight the high levels of energy
consumption such as capacitor banks generator TUTM-
10/350, and point to «hidden» from the reader
difficulties for maintenance personnel with such
powerful energy storage [9, 10]. To avoid devastating
consequences in capacitor banks generator type [UTM-
10/350 and ensure safe working conditions for
maintenance of their personnel in the emergency mode
of its work due to electrical breakdown at the stage of
the charge (discharge) of the inner or outer insulation of
at least one of its 459 capacitors all high-voltage output
pulse capacitors in PCG-1 — PCG-4 were installed
protective resistance made on the basis of parallel
connected high graphite-ceramic volume fixed resistors
TBO-60 with par value of 24 Q at DC voltage up to + 25
kV [10, 11]. Parallel operation of PCG-1 — PCG-4 in the
mode of the high-current discharge of high-voltage
capacitor oscillator type TUTM-10/350 on the TS wires
(cables) is provided as shown in Fig. 1 simultaneous
actuation of the high-voltage three-electrode-managed
air switch F| with graphite main electrodes having a
hemispherical working surface at a nominal voltage of
+50 kV [12] and the high-voltage two-electrode air
switch F, with graphite rectangular electrodes
containing a flat working surface, for a rated voltage of
+10 kV [13]. Synchronous actuation of switches F; and
F, in the presented in Fig. 1 circuit diagram is performed
by applying a high voltage across the capacitance C,
dividing by the average graphite spherical electrode F
switch from generator of high-voltage ignitor
microsecond pulse (GHVIP) of microsecond duration
pulse voltage amplitude up to = 100 kV [7, 10]. When
electrical breakdown due to the work of the GHVIP of
one of the two air gaps switch F; and its subsequent
activation occurs surge voltage to the TS of the wire
(cable) results simultaneously with F; triggered and
switch F,, subsequent discharge to a load (TS) of
charged capacitors PCG-1 — PCG-4 and the flow of
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simulated lightning current pulse with the required ATP
through the samples studied wires (cables).

The results of tests of wires and cables for
resistance of the PF to current pulse 10/350 ps of the
artificial lightning. Fig. 2 is a perspective view of the
working table of the generator TUTM-10/350 is rigidly
fixed to its high-current discharge circuit solid round
copper wire diameter of 3.5 mm and a cross-section mm®
81=9.6 mm’ of the TS of the RF coaxial cable PK JI2-
3,5/9 [14] to the flow by it of the aperiodic current pulse
15/335 ps of the artificial lightning amplitude of about
1,,~85.6 KA.

Fig. 2. The view of the workingtable of thepowerful high-
voltage generator THTM-10/350 with rigidly fixed to its
massive steel electrodes solid round copper wire cross-section of
S1~9.6 of the TS of the RF coaxial cable PK [/12-3,5/9 with
semi-air PET insulation of length of 0.5 m, removed protective
sheath and PET twisted copper screen before exposure to the
aperiodic current impulse 15/335 ps of the artificial lightning
with amplitude 7,,;~85.6 kA (U3 3716.5 kV; U34~4.2 xV)

Fig. 3 presents fixed with the help of calibrated by
the state metrological service of the measuring shunt type
IIK-300 [7, 10] and DSO Tektronix TDS 1012 aperiodic
waveform current pulse 15/335 ps of artificial lightning
flowing in the discharge circuit of the generator TUTM-
10/350 via the copper core of the TS of the mentioned
cable of the length of 0.5 m. After exposure to the
amplitude of the current pulse 7,;~85.6 kA the TS of the
RF coaxial cable PK [12-3,5/9 was visually as a whole
and, accordingly, electrodynamically and electrothermally
not damaged.

The maximum current density in the copper
conductor on the particular cable was about
8,1=1,1/5=8.9 kA/mm®. Found in a copper conductor RF
cable PK J12-3,5/9 with PET insulation for the case
(1,1~85.6 kA; J;~2:10° A%s) calculated by taking into
account [15] The peak value of the maximum permissible
density dmld current pulse 15/335 ps of the artificial
lightning from the ratio 8,,,/~1.353-10%1,,/(J)"* is
approximately equal to 8,,;,/~8.2 KA/mm®. It is known that
at this average density 0,4 pulsed current in a copper

conductor of said cable, the maximum permissible short-
term temperature heating 0, it will not exceed 120 °C
[15, 16]. From the obtained approximate data that the
calculated value of the current density 8,,,/~8.2 KA/mm®
different from its experimental value J,,,/~8,9 KA/mm?’
about 8%.

rrrrrrrrr+nrnen

Fig. 3. Oscillogram of the aperiodic artificial lightning current
pulse generator circuit type TU'TM-10/350 in the discharge of
its PCG-1 — PCG-4 on the solid round copper conductor of
cross-section $;~9.6 mm? of the RF cable brand PK J12-3,5/9
with semi-air PET insulation of the length of 0.5 m, and
removal of the protective sheath of PET and twisted copper
screen (/,,;~85.6 kA; 8,,1~I,,;/5=8.9 KA/mm?; <15 ps;
1,225 ps; 1,7335 ps; J;=2-10° A’s; g =42 C; Us 5=16.5 kV;
U;4~4.2 kV; vertical scale — 22.52 kA / cell; the horizontal
scale — 50 ms / cell)

Fig. 4 shows a working table of the generator
I'MTM-10/350 with electrodes attached to his split round
copper conductor cross-section of $;=3.2 mm? of the TS
of the RF coaxial cable PK 50-7-11 with solid PET
insulation [14] of the length of 0.5 m before exposure to
the current pulse of 15/335 ps of the artificial lightning
amplitude up 7,,,~85.6 KA.

Fig. 5 shows the initial stage of the electrical
explosion (EE) of the copper conductor of the cross-
section of §;=3.2 mm? tested in the discharge circuit of
the generator type TU'TM-10/350 of the TS of the RF
coaxial cable PK 50-7-11 with a solid of length of 0.5 m.
Filming of the EE of the indicated copper wires made
with the help of a digital camera s Canon M307E with its
subsequent storyboard. The examination of the
investigated TS after its electrothermal test indicates total
sublimation of its copper from the interior of PET belt
insulation cylindrical configuration of radio frequency
coaxial cable PK 50-7-11.
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Fig. 4. The view of the working table of the generator TUTM-
10/350 with rigidly fixed to its massive steel electrodes split
round copper conductor with cross-section $;~3.2 mm® of the
TS of the RF coaxial cable PK 50-7-11 with a solid PET

insulation of the length of 0.5 m and «plugged» with
electrothermal tests its braided copper shield-up exposure to the
aperiodic current pulse 15/335 ps of the artificial lightning
amplitude of about 7,,;~85.6 kA (U;,.316.5 kV; U;4~4.2 xV)

2y 7 A
Fig. 5. The initial stage of EE of the copper conductor with
cross-section of $;=3.2 mm? of the TS of the RF coaxial cable
PK 50-7-11 with a solid PET insulation of the length of 0.5 m in
the high-current discharge circuit of the generator
TUTM-10/350

Fig. 6 shows in enlarged form an end cutting of the
TS of the RF coaxial cable PK 50-7-11 with solid PET
insulation of length of 0.5 m after exposure to the test
current pulse 17/310 ps with amplitude 7,;~82.9 kA
according to the oscillogram, shown in Fig. 7 and EE of
its split round copper conductor cross-section of §;=3.2
mm?. The average peak value of pulse current density in
the exploding electrical copper conductor was in this case
S8m1=li/S1=25.9 kKA/mm’.

Fig. 6. View of the end cutting of the TS of the RF coaxial cable
PK 50-7-11 with a solid PET insulation of the length of 0.5 m
after passing on his split round copper conductor of the cross-
section of §;~3.2 mm® of the test current impulse 17/310 ps by

the artificial lightning from the generator THTM-10/350 and its

EE with complete sublimation of copper (/,;~82.9 xA;
81~/ S1725.9 KA/mm?; 1~17 ps; 1,~28 ps; 1,310 ps;
J;=1.7610% A*s; ¢;~37.9 C)

The calculated estimation for this electro-thermal
case (,;~82.9 kA; J;=1.76:10° A*s) of the maximum
value of the critical density of the current pulse 17/310 ps
of the artificial lightning ratio 8,,,~4.416:10%1,,/(J;)"*
[15] indicates that §,,1,~27,6 kA/mm?®. It can be concluded
that for copper conductor cable brand PK 50-7-11
estimated value of the current density 9,,,~27.6 KA/mm?>
from its experienced values 9,,1,~25.9 kA/mm? differs by
about 6%.

We note that used in Fig. 3, 6 and 7, the value
passed through the current-carrying parts of the TS wires
and cables in the discharge circuit of the generator type
T'MTM-10/350 electric charge ¢, was determined by the
ratio q;~k;l,,.(1.327,+0.27t,), where k; is the normalizing
factor for changing our experience in the range
(1.092 — 1.112).

Fig. 8 captures the moment of preparation for
electrothermal tests in high-current discharge circuit from
the generator TUTM-10/350 of the TS of the wire ITHIT
2x2,5 with PVC insulation of the length of 0.5 m,
comprising two parallel connected to the massive steel
electrodes desktop used high voltage pulse current solid
round copper conductor of the cross-section of $;=~5 mm®.

Fig. 9 shows of the wire ITHIT 2x2,5 with a PVC
insulation, experienced the impact of its two parallel-
connected to the discharge circuit of the generator type
T'MTM-10/350 solid round copper conductor of the total
section of $;=5 mm? of the aperiodic current pulse 17/335
ps of the artificial lightning amplitude 7,,;,~83.8 kA. The
average peak value of pulse current density of large veins
in the copper wires of the test in this case was equal to
about 8,,1<1,,,/51=16.8 kA/mn’.
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Fig. 7. Oscillogram of the aperiodic artificial lightning current
pulse in the circuit of the generator TU'TM-10/350in the
discharge of its PCG-1 — PCG-4 to the electrically exploding
digested a round copper conductor of the cross-section of
$1~3.2 mm?’ of the RF coaxial cable PK 50-7-11 with a solid
PET insulation of the length of 0.5 m without the use of tests at
its copper-braided screen (/,,;~82.9 kA; 3,,1=1,,;/S|=
~25.9 kKA/mm?*; 117 ps; 1,728 ps; 17,7310 ps; J;=1.76:10° A’s;
q1=37.9 C; U3 3=16.5 kV; Usy=4.2 kV; vertical
scale — 22.52 kA / cell; the horizontal scale — 50 ms / cell)
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Fig. 8. View of the working table of the generator TUTM-
10/350 with rigidly fixed on its massive steel electrodes with
solid round copper conductors of the total section of $;~5 mm?
of the TS of the wire ITHIT 2x2,5 with a PVC insulation of the
length of 0.5 m to the impact on them aperiodic current pulse
15/335 ps of the artificial lightning of amplitude of about
1,,;~85.6 XA (U;,3=16.5 kV; U3~4.2 kV)

Oscillogram acting on the TS of solid round
copper wire conductors TTHIT 2x2,5 with PVC insula-
tion by the aperiodic pulse current artificial lightning
in this case, virtually the same waveform shown in Fig.
3. Copper wire strands of weathered rendered them
strong electro and electrodynamic effects, and its PVC
insulation — no. In this case, there has been a local
destruction of its PVC insulation because of its heat
from flowing through the veins of copper wire

considered aperiodic pulse 17/335 ps of the artificial
lightning current amplitude 7,,;~83.8 KA.

' -

Fig. 9. View of the fragment of the TS of the wire ITHIT 2x2,5
with PVC insulation with two parallel-connected in the
discharge circuit of the generator TU'TM-10/350 with round
copper conductors of the total section of $;~5 mm? after flowing
over them aperiodic pulse test current 17/335 ps of the artificial
line lightning (,,;~83.8 XA, 3,,1~[,,;/S1~16.8 KA/mm>; 1~17 ps;
1,28 us; 1,335 ps; J;=1.91-10° A%s; ¢,~41.2 C;
U31,3:16.5 kV, U34:4.2 kV)

At considerable heating of the PVC insulation in this
type of testing also indicates that the average maximum
density pulse current 3,,~16.8 kA/mm’copper wire ITHIT
2x2,5 about 1.8 times the estimated maximum amplitude
value allowable density used therein pulse current equal
8m1~1.506-10%1,,/(J;)"*~9.1 kA/mm® [15]. In addition,
the estimation of the temperature 0; of the pulse Joule
heating by flowing 17/335 ps pulse current copper wires
of said wire on the settlement ratio (2) from [15] shows
that she was about 0,912 °C. Of course, what is the
value of 6, is much higher than the maximum permissible
short term temperature 01k heating wires (cables) with
PVC insulation, is about 150 °C [15, 16]. These data
indirectly confirm the accuracy of the experiment we
found the maximum allowable maximum density of
15/335 ps pulse current linear artificial lightning current
carrying parts of copper wires (cables) with PET and PVC
insulation, strength totaled about §,,,,~9 KA/mm>.

Fig. 10 shows view of electrodes attached to the
working table of the generator TUTM-10/350 of the TS of
the continuous circular aluminum ATITIBHr2x6 conductor
of the cross section S;~6 mm?® of the wire with PVC
insulation length of 0.5 m (second aluminum conductor
wire was tested by us «muffled»).
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Fig. 10. View of the working table of the generator
I'MTM-10/350 with rigidly fixed to its massive steel electrodes
solid circular core section of the TS of the continuous circular

aluminum AIIIIBHr2x6 conductor of the cross section
S1~6 mm? of the wire with PVC insulation length of 0.5 m
before exposure by the aperiodic current pulse 15/ 335 ps of the
artificial lightning of amplitude of about 7,,;~85.6 kA
(U31_3zl6.5 kV, U34z4.2 kV)

Fig. 11 oscillogram of the test pulse 17/265 ps of the
artificial lightning current of amplitude 7,;~83.8 kA
flowing through electrically exploding in high-current
discharge circuit of the generator T'MTM-10/350
aluminum conductor with cross-section of S;=6 mm? of
the AIIIIBur2x6 wire with PVC insulation 6,,,=1,,;/S;=14
KA/mm?®) is presented.

Fig. 11. Oscillogram of the aperiodic artificial lightning current
pulse in the circuit of the generator TUTM-10/350 at the
discharge of its PCG-1 — PCG-4 to electrically exploding solid
circular aluminum conductor of the of cross-section $;~6 mm>
of the AIIIIBHr2x6 wire with PVC insulation of the length of
0.5 m (1,,;~83.8 KA; 8,1~I,,;/S|=14 kA/mm?; T1~17 ps; £,~28 ps;
17,7265 ps; J;=1.58:10° As; ¢,~33.3 C; U3 5=16.5kV;
Us4~4.2 KV, vertical scale — 22.52 kA / cell; the horizontal
scale — 50 ms / cell)

Fig. 12 shows an intermediate stage of the EE of the
tested in the generator TUTM-10/350 discharge circuit [7]
of the aluminum cord of the cross-section of $;~6 mm? of

the TS of the wire AIIIIBur2x6 with PVC insulation of
the length of 0.5 m (7,,;~83.8 kA; §,,1,~14 KA/mmz).

aluminum conductor of the cross-section of S;~6 mm? of the TS
of AIITIBHI2x6 wire with PVC insulation of the length of 0.5 m
in the high discharge circuit of the generator TU'TM-10/350

The estimated maximum value of the critical density
of the current pulse 17/265 ps of the artificial lightning
for the aluminum core of the wire AIIIIBar2x6 with PVC
insulation by the approximation ratio
8,14~2.863-10%1,,/(J,)"* [15] indicates that in this
electrothermal case it is about 19 kA / mm®. Obtained
empirically for the aluminum core value J,,,~14 KA/mm?’
is different from the calculated value §,,;=19 kA/mm?>
approximately 26%. Made in further experiments on the
generator TUTM-10/350 of the TS of AIIIBHr2x6 wire
with PVC insulation length of 0.5 m and its two parallel
electrodes are connected to the discharge circuit of said
high-current pulse current generator artificial lightning
aluminum conductors general section $,~12 mm’ (Fig.
13) showed that the test was carried out at virtually
survived have had a strong electro and electrodynamic
effects.

the length of 0.5 m with its parallel electrodes connected to
working table of the generator TUTM-10/350 with two
aluminum cords of total section of $;~12 mm?to exposure by
the pulse current 15/335 s of the artificial lightning of
amplitude /,,;~83.8 kA (on the right the measurement shunt
1IK-300 [7, 10] included in the high-current discharge circuit of
the generator is clearly shown)
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Oscillogram of the test pulse 15/335 ps of the
simulated lightning current with amplitude 7,,;~83.8 kA in
this case, virtually the same as the waveform shown
earlier in Fig. 3. The peak pulse current density in the
mentioned aluminum wire cord of the TS was about
Omi=1L,1/S1~6.9 kA/mm>. Assessment of the maximum
allowable limit of the current density in the TS of the
aluminum wire of with PVC insulation at 15/335 ps pulse
current on the settlement ratio ES,,M:O,975~108'1,,,L/(JL)1/2
[15] leads us to the fact that in this case §,;;, =5.9
kA/mm’. We can see that obtained with electrothermal
tests experienced the peak value of the maximum
permissible density 3,,,/~6.9 kA/mm® of the used pulse
15/335 ps pulse of current of the artificial lightning in the
aluminum cord of the wire AIIIIBur2x6 with PVC
insulation from the corresponding calculated value 3,14
~5.9 kA/mm?” is different by about 14%.

Conclusions.

1. For the first time experimentally it was found that
when dealing with actual applications of lightning
protection of electrical circuits of industrial electric power
to a short stroke of lightning discharges in accordance
with the requirements of a number of currently valid
international and national standards must be assumed that
the maximum allowable pulse density of 15/335 pus
lightning current in the current-carrying parts of copper
wires (cables) with PET and PVC insulation equals about
8,1~9 KA/mm?, and in the current-carrying parts of their
aluminum wires (cables) with PVC insulation — §,,,4~6
KA/mm’.

2. From the results experimental studies, carried out in
the Institute «Molniya» of the NTU «KhPI» for lightning
resistance of samples of cables and wires of the PF on a
unique high-voltage current pulse generators of artificial
lightning type TUTM-10/350 it is follow that the critical
density of its impulse 15/335 ps of the current in the
copper current-carrying parts of wires (cables) with PET
and PVC insulation is about 8,226 kA/mm> and for
aluminum current-carrying parts of wires (cables) with
PVC insulation — about §,,;=14 KA/mm’ . When reaching
in copper (aluminum) cords (screens) of the wires and
cables of the electrical circuits of the PF of such a density
of the current pulse of lightning they will be subject to EE
and failure.

3. Found experimental values of densities 8,1, and J,,1x
of normalized according to the requirements of existing
International and national Standards of 15/335 us pulse
current artificial lightning in the aluminum and copper
live parts of cables and wires of electric circuits of thePF
are the appropriate choice and reasonable installation with
their view of similar products in electrical power circuits
of the PF will help to improve their operational and fire
safety in the active thunderstorm activity in a constantly
environmental aspects of industrial electric power air
atmosphere.
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GUARANTEEING THE TROUBLE-FREE OPERATION OF CAPACITOR BANKS
IN POWER-SUPPLY SYSTEMS OF INDUSTRIAL ENTERPRISES

Purpose. The problem of resonance phenomena in power systems of industrial enterprises using capacitor banks for reactive
power compensation was detected. Circuit of the capacitor banks tier to downshift main substation tires is present. But there is no
common algorithm to calculate and avoid such trouble. The main goal of this article is to introduce some basics for power supply
systems with possible resonant circuits engineering. Methodology. At the first step the data on the change of the current in the
chemical company network when changing capacitor banks value are received. For these purposes the oscilloscope function of
digital protection relay was used. Current data samples were analyzed by spectrum detection software. Most significant levels of
the 3rd and 5th harmonics were achieved. Comparison of harmonic distortion levels with and without capacitor bank is given.
Results. Achieved data allow making conclusion about overloading reasons of capacitor banks while higher harmonics currents
presence. A voltage and current harmonious composition measuring in the absence of power quality analyzers using digital
protection relay terminals or emergencies registers are proposed. The necessity of power quality monitoring near capacitor banks
connections to avoid resonance phenomena (current and voltage resonance) in industrial power supply systems is proven. The
control algorithm of capacitor banks to provide electromagnetic compatibility, while various modes of nonlinear load operation is
given. Originality. Using of digital protection relay oscilloscoping for current resonant detection can allow to significally reduce
time and cost of solution. Replacement parallel circuit comprising a branch and one active-inductive load to another branch
network in the presence of higher harmonics source are proposed. Practical value. A sequence for measuring the levels of
harmonic components at the connections of capacitor banks in the absence of specialized instruments is proposed. The algorithm
to avoid possible resonance currents in the presence of condensing units is proposed. References 9, tables 2, figures 2.

Key words: power supply system, resonance, capacitor bank, power quality, electromagnetic compatibility.

B cmamve paccmampueaemcsa npodnema pe3OHAHCHBLIX AGNEHUN 6 CUCHEMAX 3IIeKMPOCHADICEHUA NPOMLIUTIECHHBIX
npeonpuamuil, UCROIBL3YIOULUX KOHOCHCAMOPHbIE YCIMAHOGKU 0114 KOMReHcayuu peakmuenoii mownocmu. Ilpugedenvt dannvle
no uzmenenuio moxoeé 3-ii u 5-ii zapMoHuUUECKUX COCMAGNAIOWUX 6 CEMU XUMUYECKO20 NPEeOnpuAmuUA RPU UIMEHEHUU
MOUHOCIU NPUCOCOUHEHHBIX KOHOEHCAMOPHBIX ycmaHnoeoK. IlIpeonoscen cnocod usmepenus Kavecmea 31eKmpoIHepzuu npu
omcymcmeuu  ananuzamopos. Paspaboman  anzopumm  obecneuenusa  INEKMPOMAZHUMHOW  COBMECHUMOCMU  HA
HPUCOCOUHEHUAX KOHOEHCAMOPHBIX yCMaHo8oK. bubin. 9, Tabn. 2, puc. 2.

Kniouesvie cnosa: encrema 3j1eKTPOCHAOKEHHS, PE30HAHC, KOHICHCATOPHbIE YCTAHOBKH, KA4eCTBO 3JIeKTPUYECKOl JHeprum,

IJIEKTPOMArHuTHasi COBMECTUMOCTD.

Problem definition. In some cases in power-supply
systems of industrial enterprises dangerous resonant
phenomena can arise. For example, at simultaneous
utilization of the smooth soft start device which includes a
semiconductor converter and a capacitor bank, the failure
resonant currents able to destroy the capacitor bank as
well as the whole power supply-system were fixed [1].
Generally, we can speak that the phenomenon of the
current resonance is inherent for power-supply systems to
which nonlinear customers and devices of reactive power
compensation are connected simultaneously. Trends of
the modern electrical customers’ development permit to
speak that power and number of used semiconductor
converters increase permanently. Devices of reactive
power compensation including capacitor banks become
more and more widely used. So, a task of the capacitor
banks and, in general, power supply systems of industrial
enterprises protection from resonant phenomena is actual.
There is necessity to develop methods and techniques to
improve electromagnetic compatibility of power supply
systems of industrial enterprises.

Analysis of last investigations and publications. In
[2] it is noted that resonance arising on the substation’s
buses results in sharp increase of the current, mainly by
sharp increase of its harmonic components in the
resonance circuit. In [3] it is determined that in the circuit
including capacitor bank in one loop and active-inductive
load in another one, voltage resonance in addition to
current one can arise. A technique of the calculation of
the resonant frequency in such a circuit is proposed in [4].

Ya.E. Shklyarskiy and A.N. Skamin have determined the
dependence of the capacitor bank’s overload factor on
compensating devices’ power, power of linear and
nonlinear loads, spectra of current and voltage. Besides,
assessment of the power grid’s parameters at various
conditions of arising of higher harmonics which
guarantees the capacitor bank operation without overload
is presented [5].

The goal of the paper: to develop a methodology of
measurement of harmonic components on capacitor
banks’ connections and propose measures to prevent
current resonance in power supply systems of industrial
enterprises which include capacitor banks.

Main research material. Operational regulations
for exploitation of consumers’ electrical installations [6]
recommend that on the medium voltage capacitor
installations’ connections on-line monitoring of the
electrical energy quality parameters should be carried out,
and on the low voltage capacitor installations’
connections such measurements should be carried out
periodically. To do it, it is necessary to use specialized
analyzers of the electrical energy quality. A lot of world-
wide manufacturers develop and produce such devices.
However, they are very expensive, so utilization of such
devices in power supply systems of industrial enterprises
requires huge expenses. High price of electrical energy
quality analyzers is determined mainly by utilization of
high-technological elementary base that is necessary to
guarantee high requirements for the measurement’s
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precision. However, the presence of the high accuracy is
not principal to determine and analyze the resonance. So,
in the case of the absence of specialized measurement
devices it is possible to measure the voltage and current
harmonic  compositions by using microprocessor
terminals of the relay protection or fault recorders which
have the accuracy class 0.5 for current and voltage
measurement. Mainly they have a function of the
registration of current and voltage oscillograms at
arbitrary time. However, it is necessary to note that some
terminals of relay protection (for example, by Siemens)
use preliminary signal processing by using an analog band
filter to extract first harmonic. It is obvious that in this
case information about presence and parameters of higher
harmonics losses. Therefore, before the oscillograms
registration it is necessary to be sure that the device is
able to save necessary spectral components. Obtained data
are converted in the COMTRADE format which is open
and described in the free Standard permits to proceed
information by using a wide spectra of computer codes.
There are developments by Siemens, Aniger, Hartron,
Uniti and other Companies. Most of codes permits to
carry out computations of higher harmonic components of
current and voltage.

One-line diagrams of the capacitor bank 6 kV No. 1, 2

are presented in Fig. 1, 2 respectively.

1 section 6 kV of main step-down substation Nel |

1L

L

capacitor bank 1/1  capacitor bank 1/2
1980 kVAr 1980 kVAr

1 uoneysqns uo ndur |
Z uonesqns uo ndu

¢ uoneisqns uo jndur |
 uoneysqns uo jndur |
¢ uone)sqns uo jndur |

Fig. 1. One-line diagram of the capacitor bank No. 1 connection
to buses 6 kV of the main step-down substation of the industrial
enterprise

2 section 6 kV of main step-down substation Nel |

P
-

Lo LA

capacitor bank 2/1  capacitor bank 2/2
2640 kVAr 1320 kVAr

1 uoneysqns uo ndur z.
Z uoneisqns uo jndut 7.
€ uone)sqns uo ndut 7.
 uoneisqns uo ndut g
G uonejsqns uo ndut g.

Fig. 2. One-line diagram of the capacitor bank No. 2 connection
to buses 6 kV of the main step-down substation of the industrial
enterprise

Measurement was carried out on the capacitor
bank’s connections of 6 kV which are used for the
reactive power compensation on the bus section of the

step-down substation at the chemical enterprise. In Tables
1, 2 values on n-th harmonic components on buses of the
capacitor banks No. 1, 2 are respectively presented. It is
necessary to note that in both case amplitude of the 3™
voltage harmonic does not exceed 4%, and amplitude of
the 5™ harmonic component isles than 5% that is
permissible in the correspondence with the Sate Standard
GOST 13109 -97 [7].

Table 1
Values of coefficients of the n-th current harmonic component
in percent before and after the capacitor bank No. 1 connection

After the capacitor unity | After the capacitor unity
connection connection
Harmonic| (partial connection) (full)
No.

© ?ﬁgrellll;s(;f Current of | Current of | Current of
i the phase C | the phase A | the phase C

3 0.7 0.41 0.74 0.44

5 8.95 6.63 26.00 18.78

Results of measurements prove that at the change of
the connected capacitor bank’s power (see Table 1, 2)
currents of higher harmonic components can arise
essentially exceeding permissible normative values [§]
resulting in the capacitor bank’s overload. In the same
time load on connections can vary widely. Depending on
the value of the inductive load the current resonance at the
frequency of one or another current harmonic can arise.
To prevent such situations it is necessary to change the
capacitor bank’s connected capacity in such a way that
the quiescent frequency of the oscillation circuit do not
coincide with the frequency of one of any present higher
harmonics. It is necessary to note that realization of such
a adjustment requires huge investigations at the first stage
of which it is necessary to collect a lot of information
about resonant phenomena in power-supply systems of
industrial enterprises. Therefore, there is an actual
necessity to organize monitoring of the electrical energy
quality on the capacitor bank’s connections. Proceeding
of data collected in such a way will permit to guarantee in
the future electromagnetic compatibility of capacitor
banks independently on the composition and character of
the network loading [9].

Table 2
Values of coefficients of the n-th current harmonic component
in percent before and after the capacitor bank No. 2 connection

After the capacitor unity | After the capacitor
connection unity connection
Harmonic (partial connection) (full)
No. Current of Current of
Current of
the phase A the phase the phase
C A
3 1.06 0.76 0.59 0.48
5 13.7 10.65 8.9 2.29

So, to prevent resonant phenomena on the capacitor
banks’ connections the following sequence of actions is
proposed:

1. Measurement of parameters of electrical energy
quality on the capacitor banks’ connections.

1.1. Measurement of parameters of electrical energy
quality on the capacitor banks’ disconnected connections
(determination of the voltage harmonic set).
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1.2. Measurement of parameters of electrical energy
quality on each stage of the capacitor bank from minimal
power to full power of the capacitor bank.

2. Proceeding of the measurement results.
Determination of the capacitor bank’s power at which
there is essential increase of the coefficient of the n-th
current harmonic component.

3. Determination of sources of nonlinear distortions
influencing on the electrical energy quality.

4. Building an equivalent circuit of the parallel one
which includes the capacitor unit in one loop and active-
inductive load in another one at presence a higher
harmonics source in the network.

5. Calculation of the resonance frequency and the pass
band in the circuit.

6. Decrease of the capacitor bank’s power at the
coincide of the resonance frequency in the circuit with the
frequency of odd higher harmonics divisible by 50 Hz.

7. Check of the possibility of resonance phenomena
arising in the mode of the nonlinear load start at presence
of the higher harmonics source in the network that is
connected for short time [1].

Conclusions.

1.1t is propose to measure the voltage and current
harmonics set ctpymy at the absence of electrical energy
quality analyzers by using microprocessor relay
protection terminals or by fault recorders.

2. Necessity of organization of the electrical energy
quality monitoring on the capacitor banks’ connections to
prevent resonance phenomena (current and voltage
resonance) in power-supply systems of industrial
enterprises is proved.

3. An algorithm to guarantee the -electromagnetic
compatibility on the capacitor banks’ connections which
can work in the mode of the nonlinear load start as well as
in the mode of steady operation of electrical load.

REFERENCES
1. Gapon D.A., Bederak Ya.S. Features of the operation
regime of the mains during soft start of powerful synchronous
motors. Promyshlennaia energetika — Industrial Power
Engineering, 2014, no.2, pp.27-30 (Rus).

How to cite this article:

2. Beliy V.B. Electromagnetic compatibility of power-supply
systems’ elements comprising reactive power compensation
devices. Vestnik Altaiskogo Gosudarstvennogo Agrarnogo
Universiteta — Bulletin of the Altai State Agrarian University,
2009, no.6, pp. 62-65 (Rus).

3. Bederak Y.S., Oleynik S.V., Shuliak A.A. Research of
capacitors mode 6 (10) kV connected to branches of dual
limiting current reactor. Elektromekhanichni i enerhozberihaiuchi
systemy — Electromechanical and energy saving systems, 2013,
vol.2, part 2, pp. 290-294. (Ukr).

4. Bederak Y.S. Electromagnetic compatibility of complex
industrial power supply systems Visnyk NTU «KhPI» — Bulletin
of NTU «KhPI», 2014, n0.60, pp. 37-45. (Ukr).

5. Shklyarskiy Ya.E., Skamin A.N. Industrial research into
high harmonic influence on compensation devices.
Elektrotekhnika i elektromekhanika — Electrical engineering &
electromechanics, 2013, no.1, pp. 69-71 (Rus).

6. Rules of technical operation of electrical consumers,
approved by the Ministry of Fuel and Energy of Ukraine
25.07.2006, n0.258 (as amended by Order of the Ministry of
Energy and Coal Industry of 13.02.2012 no.91) with
amendments, approved by the Ministry of Energy and Coal
Industry of Ukraine 11.16.2012 n0.905. (Ukr).

7. State Standard 13109-97. Electric Energy. Compatibility of
technical equipment. Standards of quality of electric energy in
power systems for general use. Interstate standard. Moscow,
IPC Standards Publ., 1998. 31 p. (Rus).

8. IEEE Standard 519-1992. IEEE recommended practices and
requirements for harmonic control in electrical power systems.
—100 p.

9. Bederak Y.S. Current and voltage monitoring
implementation with varying load character in the branches of
twin reactor in the presence of higher harmonics sources.
Enerhetyka ta elektryfikatsiia — Energetic and electrification,
2013, no.8, pp. 48-51 (Ukr).

Received 09.10.2015

D.A. Gaponl, Candidate of Technical Science, Associate Professor,
Ya.S. Bederakz, Engineer,

! National Technical University «Kharkiv Polytechnic Institute»,
21, Frunze Str., Kharkiv, 61002, Ukraine.

phone +38 057 7076551, e-mail: dimal2345ml@mail.ru

*PJSC «AZOT»,

72, Pervomayskaya Str., Cherkassy, 18014, Ukraine.

phone +38 047 2392979, e-mail: ei@uch.net

Gapon D.A., Bederak Ya.S. Guaranteeing the trouble-free operation of capacitor banks in power-supply systems of
industrial enterprises. Electrical engineering & electromechanics, 2016, no.l, pp. 56-58. doi: 10.20998/2074-

272X.2016.1.10.

58 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1



UDC 621.331:621.311.4 doi: 10.20998/2074-272X.2016.1.11

0.0. Matusevych

METHODOLOGY OF DETERMINATION OF QUALITY INDEX OF MAINTENANCE
SERVICE SYSTEM OF POWER EQUIPMENT OF TRACTION SUBSTATIONS

Purpose. The purpose of this paper is development of methodology for definition of a quality system of maintenance and repair
(M and P) power equipment of traction substations (TS) of electrified railways operating under conditions of uncertainty based
on expert information. Methodology. The basic tenets of the theory of fuzzy sets and marks, linguistic and interval estimates of
experts were applied to solve this problem. Results. Analysis of the existing diversity of approaches to development of modern
methods of improvement of M and P allows us to conclude that the improvement in the quality of the system is achieved by
solving individual problems increase the operational reliability of power equipment of traction substations in the following main
interrelated areas. There are technical, economic and organizational. The basis of the quality evaluation system is initial data and
expertise developed version of the document formalized quality evaluation of electrical equipment of traction substations by
experts. The choice of determining the level of Quality service system based on the marks, linguistic and interval estimates of
experts, which are reflected in quantitative and / or qualitative form was done. The possible options for expert data presentation
and their corresponding quantitative methods of calculating the integral index of quality improvement system maintenance and P
of traction substations were described. The methodology and the method of assessing the quality of system maintenance and P of
TS allows quickly respond to changing operating conditions of power equipment of traction substations, and to determine the
most effective strategies for maintenance of electrical and P TS under conditions of uncertainty functioning distance electricity.
Originality. The method of a systematic approach to improve the quality of the system maintenance and P of power equipment of
traction substation under conditions of uncertainty based on expert information was further developed. The author offers a
number of options at first time. There are version of the document formalized quality evaluation of power equipment of traction
substations by experts; expression to define the integral Quality systems maintenance and electrical power P TS, which is absent
in the standard system maintenance and P; matrix of quality system with regard to steps (methods) and ways of increasing service
quality electrical power control systems. This method makes it possible to conduct an expert assessment of the maintenance
system and to predict and select the option rational system of quality improvement and maintenance of power equipment of
traction substations considering not only technical but also organizational, legal, financial and economic measures. Practical
value. Improvement on electrified railways of Ukraine quality management system maintenance and P TS will improve the
efficiency and quality of maintenance of power equipment and provide TA prevent or reduce the severity of possible equipment
failures. Based on the relationships matrix components as systems maintenance and electrical power P TP were formed
expressions calculating quality indices of integrated systems with directions and stages for specific equipment and systems in
general. It was determined that an increase in the quality and maintenance of electrical PR, the rate of change of the measured
value at step k during operation is reduced while the standard deviation parameter is also reduced, and the probability of
electrical TA increases. References 8, tables 3.

Key words: traction substation, technical condition of equipment, quality system of maintenance and repair, expert
information, fuzzy sets, integral indicator of quality.

Llenvio cmamovu senaemca papadomKa Memoooa02uu OnpedeneHus Kauecmea CUCHeMbl MEXHUUECKO20 O00CYHCUAnUA U
pemonuma (TO u P) cunogozo nekmpoodopyoosanus mazoevix noocmanyuii (TIl) snexkmpuguyuposannsix sneene3nslx 00poz
YC06UAX HEONnpeoeeHHOCMU IKCRIYAMAyuu Ha 0CHO6e IKChepmuoii ungopmayuu. Memoouxa. /ns pewenus nocmagnennoi
3a0auu NPUMEHEHbl OCHOGHbIE NONONCEHUS MeOpUU HEeUeMmKUX MHONCeCms, d Mmakce OanbHbIX, TUHZGUCMUYECKUX U
UHMEPBAIbHBIX OUEHOK IKcnepmos. Pesynomamul. Ananus cywecmeyouezo mnozo00pazus nooxoooe K paspadomke
COBPDEMEHHBIX Memo006 coseputencmeosanus cucmemovl TO u P noszeonsem coenamv 61600, Umo peuieHue npoodIemol
NOBbIUEHUA KAYeCmea CUCHmeEMbl 00CMUZACHICA NYyMeM PeUuleHUs UHOUBUOYATbHBIX 3a0ay HOGbIUEHUA IKCHAYAMAUUOHHOIL
HaoexdcHocmu cun06020 3nekmpoodopyoosanusn TII é cnedyoujux 0CHOBHBIX 63AUMOCEA3AHHBIX HANPABIEHUAX: MEXHUUECKOM,
IKOHOMUYECKOM U OP2AHUIAUUOHHOM. B ocnosy ouenku kauecmea cucmemovl nojoxiceHbl HAYAIbHBIE IKCHEPMHbIE OAHHbIE U
paspaboman eapuanm GopmanuupPoOCaHHo20 OOKyMEHmMA OUEHKU Kauecmea o0cayyucusanus nekmpoooopyoosanusn TII
akcnepmamu. IIposeden 6vi60p onpedenenusn yposHA NOKA3AMeENs KAUeCMEA CUCHEMbL 0OCIYHCUEANUA HA OCHOGE OANbHBIX,
JUH2BUCIUYECKUX U UHMEPBATILHBIX OUEHOK IKCREPMO6, KOMOpble OMOOPaM@caromcs 6 Koau4ecmeeHHoi u/unu KayecmeeHHoil
dopme. Paccmompensvt 603modxicHbIe 6apUAHMbL NPEOCMAGACHUA IKCHEPMHBIX OAHHBIX U COOMBEMCMEYIOUUE UM MEMOOUKU
pacuema KoauwecmeeHH020 UHMeZPAnbHO20 NOKaA3amens YPOGHA Noevluienus Kadyecmea cucmemwvi TO u P cunoeozo
anekmpoooopyoosanus TII. Pazpabomannan memoouka u memoo ouenku kavecmea cucmemvt TO u P TII nozeonsem
ONepamueHo peazupoeams HA UIMEHEHUA YCN06Uill QYHKUUOHUPOGAHUA CU08020 INeKmpoooopyoosanusn TII, a maxoiwce
onpedenamep Hhaubonee IPppexmusnvie cmpamezuu TO u P rnekmpoobopyoosanus TII 6 ycnosusx neonpedeneHHocmu
dynkyuonuposanua oucmanyuu nekmpocnadxycenun. Hayunasa nosusna. B cmamove nonyuun oanvHeiluee pazeumue mMemoo
CUCIMEMHO20 NO0X00a NO noebluienulo Kauecmea gynkyuonuposanus cucmemvt TO u P cunoeozo snekmpooodopyoosanun TII ¢
YC06UAX HeOnpedeeHHOCU Ha O0CHO8e IKCnepmuou ungopmayuu. B smom nanpasnenuu asmop enepevie npeonazaem:
sapuanm HopmanuzupoBaHHOZ0 OOKYMEHMA OUEHKU Kaiecmea OO0CAYHCUCAHUS CUN06020 IeKmpoooopyoosanus TII
IKCnepmamu; vipajicenue OnA OnpeodeeHus UHmMeZPanbHoz0 nokazamensa kauecmea cucmemst TO u P cunosozo
anekmpoooopyoosanus TII, komopoe omcymcmeyem ¢ cmanoapmax cucmemvr TO u P; mampuuy kauecmea cucmemovl ¢
yuemom 3manoe (Memooos) u HANPAGNEHUIl NOGLIMIEHUA KAUeCMmEa OOCAYHCUBAHUA CUN06020 IeKmpoodopyooeanusn TII.
Jlannvtii memoo oaem 803MOIHCHOCHIL RPOBOOUND IKCHEPMHYIO OUEHKY COCHIOAHUA CUCHEMDBL 00CTIYHCUBAHUSA, NPOZHOZUPOEANb
u eplOUpame payuoHaLHLLL sapuanm nogviuienusn Kavecmea cucmemot TO u P cunosozo anexkmpoooopyoosanusn TII ¢ yuemom
MexXHU1ecKux, Op2aHu3ayuoOHHO-NPAGOeLIX U unancogo-Ikonomuueckux meponpuamui. Ilpakmuueckas 3nauumocme.
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Ycosepuwencmeosanue na nekmpugpuyuposannvix dnceneznvix 0opozax Ykpaumuvl cucmemsl ynpaenenusn kauecmeom TO u P
TII noseonum nosvicums Ipekmuenocms U  Ka4yecmeo CUCHIEMbl MEXHUUECKO20 — OOCIYIHCUBAHUA  CUN0B020
anekmpoooopyoosanus TII, a maxsce npedynpedumsv @03HUKHOBEHUE WU CHU3UMGL MANCECHIL BOIMONCHLIX OMIKA306
o6opyoosanusn. Ha ocnose e3aumocenseii cocmasnsiougux mampuust kauecmea cucmemol TO u P cpopmuposanst svipascenusn
0J151 pacuema UHME2PAILHBIX NOKA3AMeeil Ka4eCmed CUCHemMbl N0 HANPAGIEHUAM U IMANAM 051 KOHKPEMHO20 000py006anus
u cucmemol 8 yenom. Ycmanoeieno, umo npu noseviuienuu kavecmeéa TO u P 31ekmpoobopydosanus cKopocms usmeHeHus
UMEpAEMO20 3HAUEHUA NAPAMEMPA X; HA I-M uiaze 60 6PeMs IKCHAYAMAUUN YMEHbILAEMCA, NPU IMOM CPEeOHeKeaopamuinoe
OMK/IOHEeHUue napamempa ¢ makxyce ymenvuiaemcs, a eeposmunocms P(t) 6ezomkasnoit padbomut rnekmpoobopyoosanus TII
yeenuuusaemcs. buodn. 8, rabdmn. 3.

Kniouesvle cnosa: TATOBasi MOACTAHIMS, TEXHUYECKOE COCTOSIHME OOGOPYIOBaHHUs, KA4eCTBO CHCTEMBbI TEXHHYECKOIO

OGCJIy)Kl/lBaHl/lﬂ U PEMOHTA, JKCNIEPTHaA HHd)OpMaHﬂSI, HECYECTKHE MHOKECTBA, I/IHTeraJII)HLIﬁ nmoxKa3sarteJjib KauecrBa.

State of the problems. Topicality. The quality of
the system of the maintenance and repair (SMR) of power
electrical equipment of traction substations (TS) of
electrified railways can be evaluated by the set of
different parameters (individual, group, integrated), each
of which has a quantitative or qualitative character.
Relations between indicators, by which the process of
organizing and carrying out SMR of TS is described, have
a complex structure. In general, some indicators can be
expressed in terms of others who are on the same or
different levels of service and model of the process of the
equipment service and diagnostics. As the theory and
practice of diagnosis show [1, 2], a very common
approach to data analysis of the equipment diagnostics is
the transition from a certain set of parameters (often
single) which values can be easily measured (calculated)
in their great quantity, to a small number of integrated
indicators which are functionally related to the output
ones. The main purpose of the transition from the single
set of indicators to group ones, and the last ones to
integral is getting the indicators characterizing the integral
characteristics of the achieved quality of the SMR and/or
its individual components. Evaluation of the SMR of the
TS equipment is determined by the degree (fullness) of
meeting requirements that apply to the SMR. To perform
such an assessment it is necessary to make a formal
definition of the task of transformation of quality
indicators of the maintenance system components to
integral ones.

Analysis of investigations. In the basis of the
quality system evaluation we put initial expert data of
definition of integrated indicator of the system quality.
For the examination an expert group is established and
recommendations for the examination are presented [3].
For the purpose of the examination for different types of
equipment «the map of the object of examination» is
prepared. For example, the author suggests a formalized
version of a document of assessment by experts the
quality of electrical maintenance of the TS electrical
equipment (see Table. 1).

In expert investigations typically they use three
types of questions — closed, open and semi-open. In
answering closed questions it is possible to select answers
only from options pre-defined by questionnaire compilers.
In response to an open question the expert opinion in a
free manner is presented. Semi-open questions occupy an
intermediate position: in addition to the selection from
options listed in the map of options estimation, it is
possible to add own views and opinions.

Definition of the quality indicator’s level of the
SMR of the TS may be based on ballroom, linguistic and

interval estimates of experts, which are expressed in
quantitative and/or qualitative form [3-5]. Scale of the
assessments conformity is given in Table. 2.

The task of the expert committee is to choose the
optimal strategy of the SMR. There are two
fundamentally different approaches to its solution [3].

The first approach is based on a comparison of
existing SMR. For example, each of the experts selects
the system according to their reasoning. Obtained from
experts ordering (ranking) are processed by various
mathematical methods to calculate the final opinion of an
expert panel.

The second approach aims to compare the
importance of various SMR quality parameters and build
integrated quality indicator (rating assessment) by the
help of which it is possible to order the considered SMR
by quality (to calculate the system’s rating).

In this case, for the processing the results of
expert assessments and determining the resulting
indicators of the improvement of the RMS quality it is
possible to use additive, multiplicative or maximin
resulting indicators [3, 6].

Additive indicator is the sum of weighted
normalized partial indicators of the SMR quality
improvement indicators (I1,) and has the form

m
M, =Y aq;, (1)
i=1

where «; is the factor of the relative importance of the
direction of the quality improvement of the SMR of the
TS electrical equipment; g; is the actual value of the
requirements realization of improving the quality of the
SMR of the TS electrical equipment; 0 < II, < 1,

m
O<ai<l, Do =1.
i=1
The higher II, the more it affects the quality
m
improvement of the system operation; Zaiql- =1;0;>0;
i=l
i=1,m.
Multiplicative indicator is produced by multiplying
partial indicators taking into account their weight factors
and has the form

m
m, =] 4" . )
i

where ¢g; and o; have the same sense as in the additive
indicator.
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Map of the quality assessment of the SMR of the TS electrical equipment

Table

—_—

Components of steps (methods) of examination

Assessment variants

Assessment
directions

1. The scientific significance of the adopted strategy of the
SMR of the TS electrical equipment

Extremely high
. Much

. Not high

. Uncertain (now)
. Absent

2. The practical significance of the adopted service strategy

. Much

. Not high

. Uncertain (now)
. Absent

3. The scientific novelty, originality of the adopted service
strategy

1.
2
3
4
5
1. Extremely high
2
3
4
5
1

. No analogues

2. There are no analogues in the country, there are
abroad

3. There are no analogues abroad, there are in the
country

4. There is evidence of some domestic and foreign
analogues

5. Scientific novelty missing

4. The methods and ways to achieve the goal of improving the
quality of the SMR

New
Modern
Traditional
Obsolete
Inadequate

5. The potential of executors of the SMR of the TS electrical
equipment

1.
2.
3.
4.
5.
1.

Sufficient

2. The lack in the part of scientific support
(experience)

3. Insufficient in terms of material and technical
base

4. Lack of in terms of experience of working team
personnel

5. Insufficient data to assess

6. The term of the carrying out works of the SMR of the TS
electrical equipment

. Real

. Overvalued

. Reduced

. The data sufficient to assess

7. The cost of work (funding) of the SMR of the TS electrical
equipment

. Acceptable

. Overstated

. Dropped

. The data sufficient to assess

8. Recommendation on priority measures and works to
improve the quality of the SMR of the TS electrical equipment

. Events (work) of primary importance

. Measures (work) of high importance

. Measures (work) are of interest

. Measures (work) are of negligible interest but

. Measures (work) do not deserve support

9. Operation reliability increase of the TS power equipment

. Very high

. Significant

. Low

. Undefined (now)
. Missing

10. Check of the efficiency and quality of the SMR

. Very high

. Significant
.Low

. Undefined (now)

1
2
3
4
1
2
3
4
1
2
3
4
deserve support if there are sufficient assets
5
1
2
3
4
5
1
2
3
4
5. Missing

Technical
Economic
Organizational

Scale of correspondence of scoring, linguistic and interval estimations

Scoring estimation

Linguistic estimation

Interval estimation

5 — Excellent (B) Fully

satisfies the requirements 0.9-1

4 — Good

(BC) Almost satisfies

0.7-0.9

3 — Satisfactory

(C) Satisfies mostly

0.5-0.7

2 — Poor

(HC) Not satisfying

0.3-0.5

1 — Completely unsatisfactory (H)

Fully not satisfying 0-0.3

Table 2
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Maximin indicator. In some cases it is quite difficult
to substantiate or to apply the type of the resulting target
function. In such cases, a possible simple way of solving
the problem is to use the maximin indicator. In this case,
the rule of choosing the optimal SMR of the TS has the
form

" (S)rnq(S),

certl" (S)

The maximin indicator of the SMR quality
improvement guarantees the best (maximal) value of the
worst (lowest) from partial quality indicators.

The material of the research. Scientific results
obtaining. However, a large number of indicators of the
requirements of improving the quality of the SMR of the
Ts electrical equipment may cause loss of objectivity of
determining the importance factors o;. So, a promising
way to solve this problem is to define the integral
indicator of quality (I;) of the SMR taking into account
factors indicators importance by directions, methods and
stages of the quality improvement of the SMR of the TS
electrical equipment.

To determine the integral indicator of quality of the
SMR of the TS electrical equipment taking into account
the considered conditions and (1) the author firstly
proposed the following expression:

n h n m h
Iy=2"0 Y 0k 2 i = D 0 g+ 2 o g+ o q; ()
1 j=l i=1 k=1 j=l1

i=1 k=

n m

where Zcxi =1, Zuk =1, Zaj =1 are the factors of
i=1 k=1 j=1

relatively importance of directions, methods and stages of

the service system quality, respectively; g is the actual
value of indicators of the SMR quality improvement level
requirements realization for the TS electrical equipment

max(S € M)min(l <i<m

)

m

h

by directions, methods and stages. Such a indicator of the
SMR quality estimation is absent in the Standard [7].

Under the proposed elements of the definition of the
integrated indicator of the SMR of the TS electrical
equipment (4), we build a matrix of a system quality (see
Table 3) taking into account steps (methods), directions to
increase the service quality of the TS electrical equipment
(see Table 1).

Based on the relationships of quality matrix
components of the SMR given in Table 2 we form
expressions for integrated system of system quality
indicators by directions and stages for equipment (1,
2...N) and the system as a whole, according to the
formulas (1) and (4):

1. 1,111 = qi1°0yq1; 1s the integral indicator of the SMR
quality at the service of the equipment 1 of the TS at the
condition of the realization of the quality improvement
requirements level by the stages 1 and technical direction

2. 1 = gairtn1 + @200 T ga23°0pp3 is the integral
indicator of the SMR quality at the service of the
equipment 2 of the TS at the condition of the realization
of the quality improvement requirements level by the

stage 2 and technical, economic and organization
directions.
3'1111\’ = qlnl'alnl + ..t qmn3'amn3 iS the integral

indicator of the SMR quality at the service of the
equipment N of the TS at the condition of the realization
of the quality improvement requirements level by the
stages 1+M and technical, economic and organization
directions.

4' Iq.SMR = Iql‘ueq.l + [q2'aeq.2 + + I}IN X
X 0,y 18 the integral indicator of the SMR quality at the
service of the equipment 1+N of the TS at the condition of
the realization of the quality improvement requirements
level by the stages 1+M and technical, economic and
organization directions.

Table 3
Quality matrix of the SMR of the TS electrical equipment
Equipment 1 Equipment2  |...... Equipment N
Directions of the quality Directions of the quality Directions of the quality
improvement of the SMR of | improvement of the SMR of |...... improvement of the SMR of
S i i equipment 1 equipment 2 equipment N
tages of the quality 010 020 | 0n0
improvement of the
SMR of the TS - o g - o g - o g
S £ g S £ = S £ i=
£ = g £ = N £ = N
S S S
1.
(100) L1\ 1L,ai12) | I,(113) | 1,(121) | 1,(122) | 1,(123) |...... I (Inl) || 1, (In2) Y 1, (In3)
2.
(200) L2l | I,212) | 1, 213) || 1, (221) || 1, (222) § 1, (223) I, nl) || 1, 2n2) Y| 1, (2n3)
M.
(M00) I,(mll) | I,(mi2) | I,(m13) | I,(m21) | I,(m22) | I,(m23) |...... I, (mnl) || 1, (mn2) Yl 1, (mn3)
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It can be seen that in the correspondence with
formed expressions it is possible to calculate integral
quality indicators of the SMR at service:

e cquipment 1+N of the TS by any direction and
selected stage;

e cquipment 1+N of the TS by all directions and
selected stage;

e cquipment /=N of the TS by all directions and
stages;

e SMR of the TS electrical equipment by all stages
and directions — 111+mn3 (see Table 1).

Let’s consider possible variants of the expert data
representation and corresponding techniques of the
calculation of the quantitative integral indicator of the
quality improvement level of the SMR of the TS power
electrical equipment [3, 8]:

1. The degree of implementation of each requirement
of the quality improvement of the SMR is defined as: the
requirement fulfilled ¢; = 1; the requirement is not
fulfilled ¢; = 0, i = 1, m. When the degree of fulfillment is
determined by the importance of each requirement,
integral index of quality assessment is estimated by
expressions (1) and (4).

2.The degree of evaluation in assessing the
requirements by point scale (see Table 2). For example,
by the most popular five-point scale: b; = 5 — excellent;
b, =4 — good; b; = 3 — satisfactory; b; = 2 — unsatisfactory;
b; =1 — completely unsatisfactory.

For estimation (prediction) of the quality of the
SMR the scoring system is written as follows: excellent —
the quality system fully meets the requirements; good —

almost satisfying; satisfactorily — mainly satisfies;
unsatisfactory — not pleased; completely unsatisfactory —
is not fully satisfying.

When the degree of fulfillment of requirements for
assessment under point scale is determined by the
importance of each requirement a;, then the index of the
assessment the level of quality improvement of the SMR
is determined by the formula

m
By=>ab;, )
=

m
where | <B,<5,0<a¢;<1, D a; =1.
Jj=1

Very often at the point scale assessment of the level
of requirements execution it is convenient to have the
final assessment in a scale from 0 to 1 (0 <7, < 1). In this
connection, we will form the scale of matching: B, = I,,
bj = q./"jzla m.

The calculation of the integral indicator of the
assessment the level of quality improvement of the SMR
is performed in accordance with (1) and (4).

3. Calculation of the indicator of the SMR quality
improvement by using the linguistic variable.

For example, linguistic variable «Quality indicator
of the SMR» is defined on a universal set of options
u;; i =1,n . The level of the indicator will be assessed by
term B, BC, C, NA, H presented in Table 2.

Let by the expert way the membership function of
belonging of requirements for the SMR to a given level of

quality p(u;) are obtained. Then, using the expressions
(4), (5), the integral indicator of the quality of the SMR of
electrical railways power supply can be obtained

m 5
=1 b=l

Consider the problem of dependence of operational
reliability of electrical power equipment of the TS on the
SMR quality. The long experience of operating of the
equipment of the TS confirms that the quality of the SMR
influences on the reliability of the equipment as at the
sudden failure and at a gradual accumulation of failures.
In this regard, the overall probability of failure of
equipment can be expressed as

P(t) = B (1) By (1) . (7)
where Py(f) is the probability of failure of electrical
equipment of the TS, which is conditioned by the
presence of elements of equipment failure which are
sudden and can be removed to improve the quality of the
SMR; P,(f) is the probability of failure of electrical
equipment of the TS with the gradual accumulation of
failures of equipment that can be prevented to improve
the quality of the SMR by reducing the speed of the
parameter that determines the operation ability of
electrical equipment.

To calculate P(f) in the first approximation it is
possible to take the normal distribution law for the uptime
operation assessment [2]

w (-0’
J.e 262dx , (8)

0
where o is the root-mean-square deviation of the

P(t)=
oV27®

parameter; x is the measured value of the parameter; x is
the average value of the parameter (mathematical
expectation).

(€]

(10)

where x; is the measured value of the parameter at the i-th
step; n is the number of measurements of the parameter.

Analysis of the obtained calculation expressions
permits to suggest that at the decrease in the speed of
change of the measured value x; on the i-th step during
operation by improving the quality of of the SMR of the
TS electrical equipment the root-mean-square deviation of
the parameter ¢ will also be reduced, and the probability
P(¢) of failure-free operation f the TS electrical equipment
will increase.

Conclusions. The developed technique and the
method of assessing the quality of the SMR of the TS
electrical equipment allow: to respond quickly to changes
in operating conditions of electrical power equipment of
the TS; to determine the most effective strategies of the
SMR of the TS electrical equipment under uncertainty
functioning of power supply distance; to set (simulate) the
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various operating conditions of the equipment of the TS
to select the optimal variant of service and achieve the
required level of quality of the SMR; to check state of the
improvement of the system; to determine the level of
actual integrated indicator of the system quality.

In the paper the author firstly proposes: a formalized
version of a document of the assessment of the quality of
the electrical power equipment of the TS service by
experts; an expression to determine the integral indicator
of quality of the SMR of the power electrical equipment
of the TS, which is absent in the Standard of the SMR; a
matrix of the quality of the system based on stages
(methods) and ways to increase service quality of
electrical power control systems. This method allows you
to perform expert assessment of the service system and
predict and choose a rational option of the quality
improvement of the SMR of the power electrical
equipment of the TS taking into account not only
technical but also organizational, legal, financial and
economic measures.

REFERENCES

1. Rassalsky A.N., Sakhno A.A., Konogray S.P., Spitsa A.G.,
Guk A.A. The basic principles of continuous monitoring of
high-voltage oil-filled electrical isolation condenser type under
operating voltage. Elektromekhanichni i enerhozberihaiuchi
systemy — Electromechanical and energy saving systems, 2009,
no.2, pp. 53-55. (Rus).

2. Matusevych O.0. Udoskonalennia metodolohii systemy
tekhnichnoho obsluhovuvannia i remontu tiahovykh pidstantsii :
monohrafiia [Improving the system of maintenance and repair
of traction substations: Monograph].  Dnipropetrovsk,
Dnipropetrovsk National University of Railway Transport
named after Academician V. Lazaryan Publ., 2015. 295 p.
(Ukr).

How to cite this article:

3. Pankow L.A., Petrovsky A.M., Schneiderman N.V.
Organizatsiia  ekspertizy i analiz ekspertnoi informatsii
[Organization of examination and analysis of expert

information]. Moscow, Nauka Publ., 1984. 214 p. (Rus).

4. Kruglov V.V. Nechetkaia logika i iskusstvennye seti [Fuzzy
logic and artificial networks]. Moscow, Fizmatlit Publ., 2001.
221 p. (Rus).

5. Borisov AN., Krumberg O.A., Fedorov LP. Priniatie
resheniia na osnove nechetkikh modelei: primery ispol'zovaniia
[Making a decision based on fuzzy models usage examples].
Riga, Znanie Publ., 1990. 184 p. (Rus).

6. Matusevych O.0. The method of reliability estimation of the
automated control system functioning of traction power supply
of electric transport. Nauka ta prohres transportu. Visnyk
Dnipropetrovskoho natsionalnoho universytetu zaliznychnoho
transportu — Science and Transport Progress. Bulletin of
Dnipropetrovsk National University of Railway Transport,
2009, no.28, pp. 42-44. (Ukr).

7. GOST 18322-78. Sistema tekhnicheskogo obsluzhivaniia i
remonta tekhniki. Terminy i opredeleniia [State Standart 18322-
78. System maintenance and repair of equipment. Terms and
definitions]. Moscow, Standartinform, 2007. 12 p. (Rus).

8. Matusevych O.0. Methods of improving the reliability of
the control system traction power supply of electric transport
based on an expert information. Nauka ta prohres transportu.
Visnyk  Dnipropetrovskoho  natsionalnoho  universytetu
zaliznychnoho transportu — Science and Transport Progress.
Bulletin of Dnipropetrovsk National University of Railway
Transport, 2009, n0.26, pp. 63-66. (Ukr).

Received 30.11.2015

0.0. Matusevych, Candidate of Technical Science, Associate
Professor,

Dnipropetrovsk National University of Railway Transport
named after academician V. Lazaryan,

2, Lazaryana Str., Dnipropetrovsk, 49069, Ukraine.

phone +38 067 6367851, e-mail: al m0452@meta.ua

Matusevych O.0. Methodology of determination of quality index of maintenance service system of power equipment of
traction substations. Electrical engineering & electromechanics, 2016, no.l, pp. 59-64. doi: 10.20998/2074-

272X.2016.1.11.

64 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.1



UDC 621.315 doi: 10.20998/2074-272X.2016.1.12

AN. Moroz, N.M. Cheremisin, V.V. Cherkashina, A.V. Kholod

NEURAL NETWORK MODELING IN PROBLEMS OF ELECTRICAL GRIDS MODES
PREDICTION

Purpose. Forming a neuro-fuzzy network based on temperature monitoring of overhead transmission line for the prediction
modes of the electrical network. Methodology. To predict the load capacity of the overhead line architecture provides the use of
neuro-fuzzy network based on temperature monitoring of overhead line. The proposed neuro-fuzzy network has a four-layer
architecture with direct transmission of information. To create a full mesh network architecture based on hybrid neural elements
with power estimation accuracy of the following two stages of the procedure: - in the first stage a core network (without power
estimation accuracy) is generated; - in the second stage architecture and network parameters are fixed obtained during the first
stage, and it is added to the block estimation accuracy, the input signals which are all input, internal and output signals of the
core network, as well as additional input signals. Results. Formed neuro-fuzzy network based on temperature monitoring of
overhead line. Originality. A distinctive feature of the proposed network is the ability to process information specified in the
different scales of measurement, and high performance for prediction modes mains. Practical value. The monitoring system will
become a tool parameter is measuring the temperature of the wire, which will, based on a retrospective analysis of the
accumulated information on the parameters to predict the thermal resistance of the HV line and as a result carry out the
calculation of load capacity in real time. References 10, figures 1.

Key words: electric grid, neural grid, neuro-fuzzy grid, temperature monitoring of overhead transmission line, electric grid
modes prediction.

B cmampve cpopmuposana neiipo-ghazsu cems ¢ yuemom memnepamyprno20 MOHUMOPUH2A 6030YWHON aunuu. OmauuumenvHoil
0CODEHHOCMbBIO, NPEOIONHCEHHOU cemu, AGNAIOMCA 603MONCHOCMYL 00pAdOmMKU UHPOpMauuU, 3A0AHHOU 6 PA3HBIX WIKANAX
uzmepeHnus, u 6blcoKoe dvicmpooeiicmeue 0151 RPOZHOZUPOBAHUS PEIHCUMO8 Padombl r1ekmpuueckoii cemu. bubin. 10, puc. 1.

Kniouesvie cnoga: 3jeKTpuuecKasi ceTh, HeiipoceTb, Heiipo-()a33u ceTb, TeMIepaTYPHbIi MOHHTOPHHI BO3AYUIHOH JIMHHH,

NPOrHO3HPOBAHHE PEKUMOB PAGOTHI JIEKTPHYECKOH CEeTH.

Introduction. An important factor in the operation
of electrical networks (EN), is an increase in load and the
aging power grid equipment, which is typical for most
industrialized countries. The capacity of the EN is
reduced over time due to branching and complexity of
network configuration. This fact increases the burden of
overhead transmission lines (OL) as the backbone and
distribution ones. The lack of information about the real
parameters of the OL forces to use close to reality
calculations of allowable power network modes. In most
cases, they do not correspond to the actual operating
conditions of networks, which leads to a significant
reduction in transit overflows of power and overload of
EN elements.

To eliminate unacceptable overload of EN elements
measures of emergency control are provided. Devices of
OL automatic overload limiting are designed for
emergency control, which includes: EN configuration
change, off of parts of the electricity consumers which
reliability category allows a break of power supply,
disconnect the OL.

The main requirement for such devices is the
selectivity of action, i.e. automatic should only act at
inadmissible modes of operation, without limiting the EN
capacity. Prediction of the EN capacity is possible on the
basis of real and stored information on its parameters.

Analysis of recent publications. As the analysis

of the scientific information sources shown, the

problems of predicting energy consumption are solved
almost by all the institutions associated with the
production and its distribution. To solve these
problems traditional forecasting methods (regression,
correlation, spectral analysis Box-Jenkins approach,
exponential smoothing, adaptive predictors, etc.), as
well as more advanced approaches based on data
mining — Data Mining [1] are used.

The advantage of the traditional approaches is to
ease the use of predictive models and the availability of
affordable software. However, due to the fact that the link
between energy consumption and its underlying causes
are often complex and non-linear, in the framework of
these approaches to achieve acceptable accuracy
predictions is not always possible [2].

Significant difficulties in wusing computational
intelligence systems occur when a part of the processed
information is not given in the quantitative but ordinal or
nominal scales. Already traditional neuro- and neuro-
fuzzy networks are ill-suited to the kind of information
processing «bad, normal, good weather», «strong or weak
wind», «cloudy — foggy — frosty», etc. [3].

In connection with this the synthesis of a predictive
neuro-fuzzy network able to perceive the data in different
scales and its training algorithm, which has a high rate of
convergence and the ability to process information as it
becomes available in real time are proposed [4].
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As an effective alternative an approach based on the
application of the methods of computational intelligence
and, above all, artificial neural networks and fuzzy inference
systems can serve. The effectiveness of these systems is
linked with their universal approximating capabilities and
ability to learn directly in the prediction process.

Today, these techniques have proven their
effectiveness in solving a wide range of problems
associated with forecasting in the power industry [5-7].

Methods for forecasting the EN electricity load,
whose architecture is based on a hybrid of neural
elements with estimation accuracy block is largely allows
to obtain results as close to the real data. However, taking
into account the significant impact of environmental
conditions (wind speed and direction, ambient
temperature, etc.) on the OL capacity, there is a need in
saturation of quantitative and ordinal variables of the
hidden layer for a more reliable forecast of the EN
permissible mode [7-9].

The OL parameters monitoring system will become
a tool for measuring the temperature of the wire, which
will, based on a retrospective analysis of the stored
information on the OL parameters to predict the thermal
resistance of the OL and as a result to carry out the
calculation of the permissible load capacity in real time.

The goal of the paper is to form a neuro-fuzzy
network based on temperature monitoring of overhead
transmission line for the prediction of the electrical
network modes.

Main materials of investigation. To predict the OL
permissible load capacity the use of the architecture of
neuro-fuzzy network taking into account the temperature
monitoring of the OL is proposed.

The proposed neuro-fuzzy network has a four-layer
architecture with direct transmission of information. To
create a fully connected mesh network architecture based
on hybrid neural elements with estimation accuracy block
the following two stages of the procedure are carried out:

e at the first stage by the main network (without
estimation accuracy block) is generated;

e at the second stage architecture and network
parameters obtained during the first stage are fixed, and to
it the estimation accuracy block is added, the inputs of
which are all input, internal and output signals of the main
network, and additional input signals (if necessary).

From the zero-th layer the information is supplied to
the first hidden layer delay and fuzzification of the input
signals. In this layer the history of the predicted signal is
formed, as well as the membership function of factors that
are given in different scales of measurement. From the
output of this layer information in digital form is supplied
to the second and third hidden layers, which are formed
from the same type of elementary Rosenblatt neurons.
The output layer is formed by a single neuron with non-
linear activation function, on the output of which the
predicted signal is formed [9, 10].

Adding the accuracy estimation block significantly
expands the operational capabilities of the network
through the addition to point approximations estimations
of their expected accuracy, which reduces the level of
uncertainty in the process of further decision-making.

On the input of the first hidden layer the following
information is fed:

e quantitative variables:

— the current value of the predicted signal y(k)
(here £ =0, 1, 2, ..., N have the meaning of the current
discrete time, N is the length of the sample);

— air temperature;

e ordinal variables:

— relative humidity in the form of «low — medium
— high»;

— the wind speed in the form of «calm — weak —
strong — Hurricaney;

— cloudiness in the form of «clear — variable —
densey;

— the number of hour of the day: 0, 1, 2, ..., 23;

— day of the week in the form of «Monday —
Tuesday — ... — Sunday;

e nominal variables:

— the type of the day in the form of «working —
holiday — a holiday — a regional holiday — ported off — the
transferred working»;

— the type of weather in the form of «rain — fog —
rain — snow».

Variables are precoded in the interval [0, 1] as
follows:

%) = L min__ (1)

XI'max ~ ¥ min
%) = X max¥ = X1 min (% 1), ()
where x; is the value of the i-th input variable in the
initial measurement scale: MW-h, °C; X; is the coded
value of the /-th input variable; X in, X/max are the

minimal and maximal values of the /-th input variable in
the initial scale.

Further, in the first hidden layer by using the delay
elements z' the background predicted signal is formed as
V=1, y(k-2), y(k-24), p(k-48), ¥(k-168), y(k-336),
which is fed to the second hidden layer as a x;(k), x,(k),
x3(k), x4(k), xs5(k), x¢(k), and depending on the horizon of
anticipation and other delay values different from the
above can be used [8-10].

Later in the same layer fuzzification of the air
temperature signals, number of the hour of a day, relative
humidity, wind speed, cloud cover, and day of the week
using the triangular membership functions uniformly
distributed in the range [0, 1] which have the following
form is made:

Cip — X

wy = % [0,c]. 3)

)
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where c¢;; is the placement of the centre of the i-th function

X -Cil - [ ]
PP X1 €1CLi-1>Cli of the /-th variable membership, p; is the number of
i —Cli-1 . . .
! - functions of the /-th variable membership.
CLivl =X~ Th ; g
_J) e architecture of the predictive neuro-fuzz
My = , X € [Cliacl,iJrll 4) rehte p y
ClLi+1 —Cli network taking into account the parameters of the OL
i=2,...,p -1, wire is shown in Fig. 1.
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Fig. 1. Architecture of the predictive multilayer neuro-fuzzy network
As a result of processing of the original data in the 0[2] _ \P[Z](W[Z]x[Z])’ )

first hidden layer a set of output signals o oM., 0,

is formed which are then fed to the second hidden layer in
the form of the (n+1)><1-vect0r
[1])1‘ (6)

e (1 o} [1]

where the unit component needed to assess the
displacement of each neurons of the subsequent layers.

The second hidden layer of the proposed neuro-
fuzzy network has n neurons of the same type with
nonlinear sigmoidal activation functions \|/_,-[2], j=12, ..,
n and contains n(n+1) adjustable synaptic weights v1/j,~[2].
The output of the j-th neuron of the second hidden layer
has the form

=) D). o)
where wyl?! = 0/ is the level of the j-th neuron

displacement, and the output signal of the layer:

where o'—(nx1) is the vector signal transmitted to the
third hidden layer in the form X! = (1, o
yi = diag{\yj[z]} — (nxn) is the matrix activation
function, W% — nx(n+1) is the adjustable matrix of
synaptic weights.

The third hidden layer contains 2n+1 neurons and
generates signals in the form

ol = yEIull)= o) Zw : ©)

K- ‘I’[3](W[3]x[3]), (10)

where PP = diag{\vjm} — ((2n+1)x(2n+1) is the matrix
— ((2n+1)x(n+1)) is the matrix of
adjustable synaptic weights, o”'—((2n+1)x1) is the vector
signal transmitted to the output layer in the form

(ol Y

activation function, w3
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The output layer of the network is formed by a
single neuron, forming a scalar signal of the forecast

PEC 0 [”Z“WM [4]] 1t 84),

where w!¥

weights.
Combining expressions (9-11), the transfer function
of the whole network has the form:

$= \V[4](w[4]T‘I’[3](W[3]‘I’ [2](W[2]x[2]»)

The proposed in the paper approach provides high
accuracy in forecasting at the conditions of the climate
variability and stochastic input data for the prediction of
the set of interrelated time series describing the
consumption of electric energy within the several regions
of the same territory which are included to the unified
energy system.

Conclusions. The neuro-fuzzy network based on
temperature monitoring of the overhead line is formed. A
distinctive feature of the proposed network is the ability
to process information specified in the different scales of
measurement, and high performance for prediction modes
of an electrical network.

—((2n+2)x1) is the vector of adjustable synaptic

(12)
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Tu.A. Sirotin, T.S. Ierusalimova

INSTANTANEOUS AND INTEGRAL POWER EQUATIONS OF NONSINUSOIDAL
3-PHASE PROCESSES

Purpose. To identify the mathematical relationship between the instantaneous powers (classical and vectorial) and integral pow-
ers in non-sinusoidal mode and to get complex form of instantaneous powers in 3-phase 4-wire power supply in terms of the spec-
tral approach. Methodology. We have applied the vector approach with one voice allows you to analyze the energy characteristics
of 3-phase power supply circuits (for 4-wire and 3-wire circuits) in sinusoidal and non—sinusoidal mode, both the time domain
and frequency domain. We have used 3-dimensional representation of the energy waveforms with the complex multi-dimensional
Fourier series. Results. For 4-wire network with a non-sinusoidal (regardless of their symmetry) processes, we have developed the
mathematical model one-dimensional representations of the complex form for the active (scalar) instantaneous power (IP) and 3-
dimensional form (inactive) vectorial IP. It is possible to obtain two dual integral power equations for complex scalar and vector
integrated power of non-sinusoidal modes. The power equations generalize generalizes the equations of sinusoidal modes for 4-
wire network. Originality. In addition to the classification of energy local regimes in the time domain for the first time we spent
the classification of non-sinusoidal modes in the spectral region and showed the value and importance of the classification of
regimes based on the instantaneous powers. Practical value. The practical value the obtained equations is the possibility of their
use for improving the quality of electricity supply and the quality electricity consumption. References 3, figures 3.

Key words: three-phase circuit, classical instantaneous power, vector instantaneous power, complex 3-dimensional Fourier
series, active and reactive power, complex vector power, apparent power, complex pulsation power, power equation,
unbalanced mode, non-sinusoidal mode, 3-phasor.

Jna 3— gpasnoit cxemvl 31eKMPOCHADOICCHUA PACCMOMPEHBL HECURYCOUOAILHBLE PENCUMDbL, KAACCUPUUUpPYeMble CKANAPHOU U
6eKMOpPHOU M2HOGeHHbIMU Mougnocmanu (MM). B pamkax epemennozo u cnekmpanbHozo n00xX0006 meopuu MOUHOCHU ROJY-
ueHbl KOMRIEeKCHble hopmbl akmuenoil (ckanapnuoii) MM u (neakmuenoit) eekmopnoi MM. /[na 4— npoeoonoii cemu noyuenst
YDAGHEHUA MOWHOCIMU KOMNIEKCHBIX CKAJIAPHLIX U KOMNIEKCHbIX GEKMIOPHBIX MOWIHOCMEN HECUHYCOUOANbHBIX PENCUMOG.
Ypasuenua mownocmeit o606waiom coomeemcemayoujue ypagHeHus CUHYCOUOANbHBIX HECUMMEMPUUHBIX PeHCUMOE & 4- npo-
600noi cemu. bu6i. 3, puc. 3.

Kniouesvie crosa: Tpexdasnas nenb, KIACCHIECKAs MTHOBEHHAsI MOIIIHOCTh, BEKTOPHASI MTHOBEHHAsI MOLITHOCTh, KOMILTIEKC-
HbII 3-MepHbIii psix @Pypbe, aKTHBHAS H PeAKTHBHASI MOLIHOCTh, KOMIIJIEKCHASI BEeKTOPHASI MOIIHOCTH, KAXKYIIAsSICS MOLI-
HOCTb, KOMILIEKCHAsli MOIIHOCTh, YPABHEHHEe MOIIHOCTH, HecOAJIAHCHPOBAHHBIH PEKUM, HECHHYCOMAATBHBIH PeKHM,

TpexXMepHbIi KOMILIEKCHBIH k03¢ duLeHT.

Introduction. Non-ideal (active-reactive, nonsym-
metrical and nonlinear) load consumes not only electrical
energy (EE) of active power but and EE of non-active
components of apparent power (AP). For a number of such
loads, consumption of EE of non-active components is
caused by technological reasons and guarantees a long-
term normal mode of the non-ideal (distorting) load opera-
tion. Non-active components of the AP cause additional
losses in the power network making worse the power sup-
ply quality but they is not accounted and rested of.

An effective solution of the problem of the losses
decrease and the EE account precision’s increase is joint
utilization of compensating devices (CD) and EE account-
ing tools. Existing accounting tools measure EE caused
by the symmetry and linearity of the load’s elements.
Non-active TP components caused by the non-symmetry
and nonlinearity of active-reactive load’s element are not
measured and accounted. Compensation, measurement
and account of AP components are coupled, supplement-
ing each other problems which from different economical
points of view solve a problem of the effective EE con-
sumption and should be solved in the frame of the general
power theory (PT) at real conditions of failure of the
symmetry and the sinusoidality of the supply and con-
sumption mode.

Problem definition. Increasing theoretical and prac-
tical interest for the PT definitions, interpretations of the
reactive power conception interpretations, physical sense
search, ambiguity of the apparent power determination in
multiphase systems, the problem difficulty have been led

to the creation of various PT «schools» (partial bibliogra-
phy is presented in [1]). For non-sinusoidal multiphase
processes two alternative approaches of investigation and
analysis of the PT concepts are used: spectral (Budeanu,
Quade, Pukhov, Emanuel, Czarnecki, Shidlovsky,
Kuznetsov, Lev-Ari and Stankovi¢, etc.) and temporar
(Buchholz, Fryze, Depenbrock, Demirchan, Maevsky,
Nabae and Akagi, Willems, Watanabe and Aredes,
Tolber, Tonkal and Novoseltsev, etc.).

The temporal method of the analysis is based on a
special expansion of the 3-phase current on orthogonal
components. One of components of such a special expan-
sion determines the active current which after the com-
pensation remains in the source’s network and guarantees
supply of EE of active power. Temporal method used two
approaches to the 3-phase processes investigation. The
first approach considers 3-phase processes as 3D curves
on the averaging interval, is connected with generalization
on the multiphase processes of the Fryze method and uses
integral powers (IntP). The second one is based on instan-
taneous energetic characteristics: classical (scalar) instan-
taneous power (IP) and new vectorial IP (a cross-vector
theory). This approach has a practical value and resulted
in the development of so-called active filters. However,
even for the sinusoidal mode mathematical connections
between new IP and classical integral powers of the spec-
tral approach did not finally determine [1].

The aim of the work is determination of the connec-
tion between the IP and integral powers and obtaining the
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complex form of the scalar and vectorial IP for non-
sinusoidal modes classification in the 3-phase 4-wire electric
power supply circuit in the terms of the spectral approach.

The used methodology is based on the vector ap-
proach with from the common point of view permits to
analyze energetic characteristics both for 4-wire and for
3-wire circuits, both at sinusoidal and at non-sinusoidal
mode, and both in time and in frequency domain.

Scalar (classical) IP. At the consideration of a 3-
phase 4-wire network we assume that voltage in phase are
measured relatively the neutral terminal (Fig. 1). In every
time moment ¢ voltage instantaneous values (IV) (regarding
«neutral terminal’s» wire) and current IV in phases are
considered as 3D vectors of an arithmetic 3D space R”

u(t)=u, () up(t) u O, i) =i, (0) ip(0) i (O], (1)

here in after 7 is the sign of transposition.

i(t .
0
:
2ou, (D)
. s
NETWORK i/;(t) : B
non-symmetric T Non-symmetric
non-sinusoidal . ! non-linear
voltage . M ! U (t) load
.
OB E
. T
[ )
P u ()
L
i

Fig. 1. Energetic processes in 4-wire electric power supply circuit

Determination of the norm in the 3D arithmetic
space R® in each moment of time determines the norm of
the vector of the current and voltage IV

= w0 T = Jug O +up O 4y . )
i i) =TT =@ + 50 50 . 3)

A local state of the energetic mode in the 3D section
<4, B, C> is characterized by the (classical) IP

() =uy (O)ig () + up ()i (1) +uc (i (1) = CZ—V;/ “

IP is determined as a sum of pair-wise products of
current and voltage IV of three phases and determines the
velocity of the energy transfer W=W(t) in the section
<4, B, C>. As appears from (4), at each moment of time
the IP equals to the scalar product (SP) of vectors (1) in
the space R”

uq (7)
pO) =G =i*u=[i, () ip(©) i.O]|up@®) | ()
ue(t)
Vectorial IP and an equation of IP. Product of

norms of the vectors (2), (3) determines the apparent (to-
tal) IP of the energetic mode

s(0) = li0)]-Ju(o)| = i(r)-ulc). ©)
In the 3D space R® for any couple vectors the

Cauchy-Schwarz inequality is true that for the vectors (1)
inequality gives an implication

[iTOu@)| < [i@0)]-lu@)| = pO)<s@). (7

The vector IP is a vector of the space R® which is

introduces as the vector product (VP) of IV of vectors (1)
of currents and voltages [1]

q(t)=ixu=liyu, —iouy, iy —igu, gy —ipug]". (8)
qq qp qc
The Gram determinant [2] (composed from pair-
wise scalar products of the current and voltage IV vec-
tors) equals to square of the vectorial IP (8)

iti iTu_.>< lixu] = q(0) |2 9
RS =[ixul'lixu]=[q@)[". ©)
q() 4@
The geometrical sense of the Gram determinant — the
«square of the area of the parallelogram built by current
and voltage vectors» is shown in Fig. 2.

tag)=ixu

Fig. 2. Current vector, voltage vector, and the vector IP

Area of such an «instantaneous» parallelogram
equals to
qg@) =[i@®)[-|u@)|-[sine@) |= s@)-|sine(@) [, (10)
here () is the instantaneous angle between vectors (1) in
the space R® at the moment of time .
The area of the parallelogram is equal to zero if vec-
tors generating it are parallel (collinear, i| #) when the

apparent IP equals to the scalar (classical) IP. Therefore,
norm of the VP of the current and voltage is interpreted as
non-active IP. To underline this interpretation, the scalar
(classical) IP (5) is named as active IP. Expansion (9) is
invariant regarding the exchange of the vectors i and u,
but ixu = —uxi. In this paper (as in [1]) vectorial (non-
active) 1P is determined in the correspondence with (8).
Vectors i, u, ixu create a right-hand system.

The Gram determinant at each moment of time qua-
dratically complements the scalar IP to the total (appar-
ent) IP (6)

2
G D)W u)=("u) +[ixul"[ixu] (1)
—_— —_
() W2(0) p(1) q(t)
and gives an equation for instantaneous powers
sS{()=p' O+’ (1), (12)

which is illustrated by Fig. 3.

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

| p(t) |

Fig. 3. A triangle of instantaneous powers

In the triangle of the IP two cathetus correspond to
active and non-active instantaneous powers. If the non-
active IP is determined by sing(¢), than the active IP is
determined by cos(f)
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p(6)= (i) = |i|u|~|%=s(t)~cos<p(t). (13)
W e

The angle @(?) in the triangle of the IP equals to the
angle between current and voltage vectors introduced
earlier. If the active IP (4) characterizes the effectiveness
of the energetic mode, than the vector IP (13) character-
izes the losses of the energetic mode.

Steady-state pulsed and unbalanced energetic
mode. A steady-state energetic mode in a 3-phase section
<4, B, C> is determined by 3D T-periodic curves of the
current and voltage processes (waveforms):

u)=u(@+T), i(t)=i(t+T). (14)

For T-periodic processes the (integral) average IP is
correctly determined, and the variable component is in-
ambiguously extracted

v+T

P=p=— jp(r)dt pO=p+P0) . (15)

If IP has no varlable (pulsed) component p(t)=0,

the mode is non-pulsed. In the general
D) = p(t)— p#0 and the steady mode is pulsed.

case

Like (15) in the vector IP it is possible to extract vec-
tor components: constant and variable ones
v+T
7=— j q0dt; ¢ =g+4@®.  (16)
A mode at Wthh the vectorial TP has no variable com-
ponent g = ¢ (¢) =0 is named as a balanced mode [1].

The mode is really balanced if the vectorial IP (non-
active 1P) identically equal to zero

q1)=0 < (§=0)&(q(1)=0). (17)

As a result, the mode is really balanced

(g(t)=q()|=0) if at each moment (identically) current

and voltage vectors (1) are parallel in the arithmetic 3D
space R®
gq)=0 < illu < it)=yOu(). (18)

The scalar quantity y(¢) (it has dimensionality of the
conductivity) is not obligatory a constant.

So, a couple of instantaneous characteristics — scalar
(5) and vectorial (8) ones — characterize the local ener-
getic mode in the section <4, B, C>.

Spectral analysis of the periodic processes of the
finite energy. A set of 3D (3-phase) T-periodic vector
curves

x(t) =[x, (8) xp(1) x. (O], (19)
with finite-average quadratic value
v+T
|\x|\2: =— Ix(t) x(t)dt <o (20)

creates a Gilbert inﬁmte—dlmensmnal space of 3D curves
of the «finite energy»

I(T) = {x(t), temv+T):||x|<oo}. (21)

For 3-phase vector curves x(f), y(t) € L(23)(T ) asca-

lar product is determined

v+T v+T

<x,y >:% j x(0)° p()dt =% j (x(0), p(©)dt  (22)

as integral average scalar product of IV in 3D space R,
The Cauchy-Schwarz inequality is true [2]

<xp> < |[x[-lyl. (23)

The T-periodic curve x(¢f) = x(¢ + T) is expanded into

the functional Fourier series of 3D harmonic components

(sinusoidal, cosinusoidal, complex, etc.)
x()=x0g@O)+x1(O)+xO)+...+ x1 (D) +.... (24)
For the complex Fourier series a 3D vector harmonic

x¢ (1) € L§)(T) of the k-th order

X () =V2R X1, (To=21),  (25)
is calculated by using a 3D complex coefficient (3-phasor)

J_ v+T

X, j x(0)e * (k=0,1,2,..), (26)

Xy =[Xap Xpp Xexl'
coordinates, Re(z) is the real part of the complex number z .

is the 3D vector with complex

A set of 3-phasors composes a 3D complex space
C® with complex scalar product [1]

(X.V)=X"Y", 27)
* is the symbol of complex conjugation (CC). Further

let’s suppose that the constant component in the complex
Fourier series is absent (X, = 0)

x(0) =Y xp ()= > 2R X ek

k=1 k=1 )

The complex form of the scalar IP. The spectral
analysis of the T-periodical energetic processes of the
current and voltage is used their representation by the
complex Fourier series

(28)

u(t)=\2Re)",_ Upe" (29)
i(0)=V2%eY. _ Ixe™™" . (30)

The Euler formula [2] represents components of the
3-curves of voltage (29) and current (30) expansion by
using the CC of the 3-phasor

€2))

1 .
i (1) = E[Ikefkw’ + Ie ket

u (f) = %[Ukeﬂ“’” +Upe ot (32)

In view of the scalar product’s linearity, the IP
equals to the sum of partial scalar IP’s of the vector har-
monics of the current of the 4-th order and of the voltage
of the m-th order

PO =Gy =i u= Y i O =Y pem@. (33)
k,m Piem (@) k,m

Representations (31), (32) of the vector harmonics
by using the 3-phasor and its CC for the IV of the product
of the vector harmonics of the current of the k-th order
and of the voltage of the m-th order give an identity

Pk m(t) ERe[IU ef(k m)wt+ITU e](k+m)wt] (34)

Nkfm Nk+m
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If the current and voltage harmonics have the same
order (m = k) their scalar IP has both constant and vari-
able components

() =Re[ULI; + IFU, e7*F01].
\ﬁ.’_J

SGk Nk

(35)

The scalar IP (4) is represented by the current and
voltage 3-phasors as

p(t)=Re{ D[S + Nyl 1) +

k=1 (36)
+Ref Z[Nk_mej(kfm)wt + Nk+mej(k+m)w t]}
k#m
and has constant and variable (pulsed) components.
The constant component
P=2 Re[SG;]=D P, =P (37)

k=1 k=1
equals to active (average) power of the non-sinusoidal
mode and is represented as the real part of the complex
(geometrical) power of all harmonics
S6=> Uil =Y 86, = P+ jOQ.
k=1 SGk k=1

(38)

The complex (geometrical) power (38) equals to the
sum of harmonic components’ complex powers

SGy =UF} = (U, 1) = P, + jOp,= S -¢ * . (39)

The complex power (39) of the vector harmonics of
the current and voltage of the k-th order equals to the
complex scalar product (27) of the 3-phasor of the voltage
and the 3-phasor of the current of the A-th order in the
complex 3D space C°.

The imaginary part of the complex power (38)

0=3mY UM =Y ImUFL 1= 04

k>1 6, k=1 o k=1

determines the non-sinusoidal mode’s reactive power of
the 3-phase section <4, B, C> and gives the generalization
of the reactive power by Budeanu to 3-phase processes

0=>"ImUFL1=Y.0; =D .S0;sing; . (40)

k=1 o} k=1 k=1

Complex pulsation powers of the scalar IP:
e of the harmonics of the k-th order of the even fre-
quency 2km
Ny =I{U, ; (41)
e of the harmonics of the k-th order and m-th order of
the sum and difference frequency

Nk+m = IIEUm > Nk—m = U;I:n (42)
determined the transient (pulsed) component of the scalar IP
OE gge{ZNkejkaz}_i_
e o (43)
+Rel Y [Ny FO L Ny e/ Ermet
k#m
If three types of the complex powers equal to zero

Ny =Njym =Ni_p =0, (kym=1,2,..),
then the mode is non-pulsed.

The complex form of the scalar IP of the non-
sinusoidal mode (36) expands the complex form of the
scalar IP of the non-symmetric sinusoidal mode [1]

p(1) = Re{SG, + Nye/ ety |

where SG; =UJI;, Ny =IfU,— complex (geometrical)
power and complex pulsation power of current and volt-
age fundamental harmonics.

Vectorial instantaneous power of the non-
sinusoidal mode. Because of the linearity of the vector
product, the vector IP

Q@O =ixu= Y i xuy =D im0
o gy o

equals to the sum of vector products of the current har-
monics of the k-th order and voltage harmonics of the
m-th order

Qe () =R I, x U, e/ EMO 1 [, x U, e/ *TMO1) (45)
—_— —_—
Dkfm Dk+m
If the current and voltage harmonics have the same
order m = k, then their VP has both constant and variable
components
qi (1) =Re[ I, xU, +1, xUkejzkwt] i
—_—
K, Dy

The complex form of the vector IP is represented by

the 3-phasors of the harmonics as

q() =Re{Y_[Ky + Dy’ 11} +
k>1 . . (47)
+ iRe{ Z[Dk_mej(k—m)(ﬂt + Dk+mej(k+m)0)t]}.
k#m

The 3-phasors of the current and voltage harmonics’
balanced power of the k-th order

Ki =1, xUg (k=1,2,...)
determine the constant component of the vector IP.
The variable (pulsed) component of the vector IP is
determined by 3-phasors of the power of the unbalance:

e of the current and voltage harmonics of the k-th or-
der of the twice frequency 2xw

D=1, xU, (k=1,2,..), (49.2)
e of the current harmonics of the k-th order and the

voltage harmonics of the m-th order of the sum and dif-
ference frequency (k,m=1,2, ...)

(44)

(46)

(48)

D=1, Uy, Dy =1,xU,.  (49.b)
If 3-phasors (49) equal to zero
Dy =Dy, =Dy, =0, (50)

than the mode is balanced.
If in addition to the conditions (50) the following
condition is fulfilled

ReK; =Re[l, xU;]1=0 (k=1,2..),

then the mode is really balanced.

The complex form of the vector instantaneous power
of the non-sinusoidal mode (47) expands the complex
form of the vector IP of the sinusoidal non-symmetrical
mode [1]

(1)

q(t) = Re{K, + Dye*®'}
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where K =1, ><U1*, D, =1, xU, are 3-phasors of the
balanced power and the power of the unbalance of the
current and voltage fundamental harmonic.

Equations of the non-sinusoidal mode’s complex
powers. For the square of the (apparent) total power the
following equality is true

o0 o0 o0 o0
ST =QUD- (Lo = 2 Iy Up+ D 13UE - (52)
k=1 m=1 m=k m#k
The connection between the scalar and vector products
of 3-phasors X, ¥ € C is determined by the identity [1]

[ XPIYP= XY P+ XY P, (53)
which expands the corresponding identity of vector alge-
bra of real vectors [2].

At X = Uy, Y = I, from the identity (53) the follow-
ing equalities follow
2772 2 2 * 2 2
LU =1U [ 1, | :|Uktlm "+ U <1, [,
— —

Nkfm

(54)
Dk+m
which at m = k give
2772 2 2 *2 2
LU =1 U P L P U P+ U< I 7. (55)
— —
SG,, D,

Expansion of the square of the apparent power (52)

taking into account (54), (55) gives an equation for the

complex scalar and vector powers including active (37)
and reactive (40) powers of the sinusoidal mode

o0 o0
S =Y (B + 0 +D)+ Y (N + D) - (56)
k=1 m#k
The power equation (56) generalizes the power equ-
ation for the sinusoidal non-symmetrical mode [1]
S*=p*+0Qf +D}. (57)

The equation (56) includes not all complex scalar
and vector powers of the complex form of the scalar (36)
and vector (47) IP.

If to use a couple of sequences {Uj}i>i, {I:,}mzl

then an additional equation for the complex scalar and
vector powers which are not included in (56) is true. At

X=U,Y :I; from the identity (53) the following
equalities follow

2 2 2 * 2
Uk 11, PR UL, [P+ U < 1y, | (58)
— —
Niem Dy
At m = k equalities (58) give
2 2 2 * 2
|Um| |Im| :|UmTIm| +|UmXIm| : (59)

N K,

m
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Expansion of the square of the apparent power (52)
taking into account (58), (59) gives an additional equation
for the complex scalar and vector powers

o0 o0
2= (K + No)+ > (NEim + D). (60)
k=1 m#k

It is possible to show that for each harmonic the fol-
lowing implication is true

D, =0= K2+N2=P2+02 (k=1,2..).

The obtained power equation (60) generalizes the

additional equation for the sinusoidal non-symmetrical
mode [1]

S?2=K?+NE. (61)

As shown in [1] at the sinusoidal mode equations
(57), (61) are determined by two different orthogonal ex-
pansions of the 3-phase current. The problem of building
the current’s orthogonal expansion at the sinusoidal mode
is used for the solution of the problem of the apparent
power’s non-active components compensation [3]. Build-
ing the orthogonal expansion which is associated with
power equations (56), (60) is not considered in this paper
and required additional investigations.

The practical value of the obtained equations is a pos-
sibility of their utilization for the increase both quality of
delivery and quality of consumption of electrical energy.

Conclusion. For the 3-phase 4-wire network with
non-sinusoidal (independently on their symmetry) proc-
esses the complex forms of the active (scalar) and (non-
active) vector IP are obtained. The power equations for
complex scalar and complex vector powers of non-
sinusoidal modes are obtained. The power equations gen-
eralize the power equations for sinusoidal modes in the
4-wire network.
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