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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE
AND TECHNIQUE. PART 49: AIRCRAFT DESIGNER OLEG ANTONOYV AND HIS
ACCOMPLISHMENTS IN AIRPLANE DESIGN

Purpose. Preparation of short scientifically-historical essay about one of founders of domestic aircraft design, prominent
Ukrainian aircraft designer O.K. Antonov. Methodology. Known scientific methods of collection, analysis and analytical
treatment of scientific and technical information, touching becoming and development of Soviet aviation and resulted in scientific
monographs, journals and internet reports. Results. A short scientifically-historical essay is resulted about the prominent
Ukrainian aircraft designer Oleg Konstantinovich Antonov, becoming one of founders of Soviet military cargo and civil aviation.
Basic scientific and technical achievements of the glorified aircraft designer O.K. Antonov are indicated and team of headed them
in the period of 1952-1984 of legendary Design Bureau 473 (Kyiv) in area of aircraft design, bringing a domestic aviation around
to world heights. Basic tactical and technical descriptions are described created under his scientific and technical guidance of
such types of passenger airplanes known in the world as An-2, An-10 and An-24, and also troop-carriers of type An-12, An-22
«Antaeus», An-26, An-30, An-32, An-72 and An-124 «Ruslan». Short information is resulted about tactical and technical
descriptions of the largest in the world of heavy distant turbo-jet military cargo airplane type An-225 «Mriyay, created in 1980-th
years in Design Bureau named after O.K. Antonov. It is marked that under scientific and technical guidance of aircraft designer
O.K. Antonov in the former USSR about 100 types of aircrafts of the military and civil aircrafts were developed and created. It is
pointed out that Doctor of Technical Sciences, Academician of the Academy if Sciences the Ukrainian SSR and of the Academy
of Sciences the USSR became a founder acknowledged in the world of Ukrainian aviation scientific school. Information,
touching common to all mankind qualities of this great aircraft designer, is resulted, and also handed O.K. Antonov for merits
before Homeland of governmental rewards, bonuses and other insignia, underlining his prominent contribution to development
of domestic aircraft construction. Originality. Certain systematization is executed known from scientific journals and other mass
of scientific and technical materials media, touching becoming and development in the period of 20-21-th centuries of Soviet
aviation and ponderable scientific and technical contribution to the military and civil aircraft design of the prominent Ukrainian
aircraft designer O.K. Antonov. Practical value. Scientific popularization and deepening for the students of higher school,
engineering, technical and scientific workers of scientific and technical knowledge in area of history of becoming and
development of Soviet aircraft design, extending their scientific and technical range of interests and further development of
scientific and technical progress in society. References 13, figures 17.

Key words: aviation technique, prominent Ukrainian aircraft designer Oleg Antonov, basic achievements in airplane design,
scientifically-historical essay.

Hagedeno kopomxkuit HAyKo6o-icmopuyunuii Hapuc npo 6ud0AmMHO20 yKpaincvkozo asiakoncmpykmopa Oneza Kocmanmunoeuui
Anmonoea, w0 cmagé 0OHUM 3 OCHOBONONONCHUKIE GIMUUHAHO20 Nimakodyoysannsa. Onucani 0CHO8HI HAYKOG0-MeXHIUHI
odocaznennsa O.K. Aumonoea ¢ 2any3i 1imakooyoyeanns, wio npuHecau ciagy padaHcyKoi eilicbkosol i yueinonoi agiayii i Hawiin
Bimuusni. Ilokazano, wio agiakoncmpykmop O.K. Aumonog 3acuyeas ¢ m. Kueei ¢ioomy 6 ceimi ykpaincoKy asiauyiitny naykogy
wixony. ITio kepiesnuymeom agiakoncmpyxkmopa O.K. Anmonosa ¢ iioco OKb 6yno po3pooéneno oauzvko 100 munie nimanvrnux
anapamis 6ilicbK08020 i UUGIILHO20 npusHauenns. bion. 13, puc. 17.

Kniouosi cnosa: aBianiiiHa TexHika, BUAATHMI yKpaiHcbkMii aBiakoHcTpykTOp OJier AHTOHOB, OCHOBHi JOCAATHEHHSI B
JiTako0y1yBaHHi, HAyKOBO-iCTOPMYHUI HApHC.

Ilpuseden Kpamxuii HAYYHO-UCMOPUYECKUII O4EPK O  GLIOAIOWEMCA  YKPAuHCKoM  asuakoncmpykmope Oneze
Koncmanmunoseuue Anmonoee, cmaguiem 00OHUM U3 OCHOBONOJIOHCHUKOE OMEUEeCHEEHHO20 camoniemocmpoenus. Onucanol
ocHogHble Hayuno-mexuuueckue oOocmucenus O.K. Anmonosa 6 obnacmu camonemocmpoenus, npunecuiue ciagy
CO06eMCKOIl 80ennoll u 2pacoanckoi asuayuu u nawemy Omeuecmey. Ilokazano, umo asuaxoncmpyxkmop O.K. Anmonoe
ocHoean 6 2. Kueee uzeecmuyio 6 mupe yKpauHcKyr asuayuonuyio Hayuuyio uwikony. I1oo pyxosoocmeom asuaxoncmpykmopa
O.K. Anumonosa ¢ eco OKb 6vino pazpabomano okono 100 munoe nemamenpHblX annapamos 60eHHO20 U ZPAHCOAHCKO20
Ha3Hauenus. budn. 13, puc. 17.

Kniouesvle crosa: aBMallMOHHASI TEXHWKA, BBUIAWINUICS YKPAMHCKANH aBHAKOHCTPYKTOpP OJsier AHTOHOB, OCHOBHbBIE
JOCTHKEHHSI B CAMOJIETOCTPOEHNH, HAYYHO-HCTOPUYECKHI 0YepK.

Introduction. As is well known, a modern aircraft,
including an airplane, is a complex technical object

development of the aircraft industry, we simultaneously
consider the development of the electrical industry in

containing various devices and systems based on the
operation of which of electricity directly or indirectly. For
operation of on-board equipment of any aircraft, constant
and alternating electrical voltage generated by various
powerful electrical sources (for example, batteries, motor
converters, fuel cells, solar power plants, small nuclear
generators, etc.) is necessary. Therefore, the world aircraft
industry is inextricably linked with electrical engineering,
penetrating all modern technology. Considering the

relation to the aircrafts. The history of the progressive
development of technology on our planet is made by
people. This is especially evident in the creative work of
outstanding scientists in a particular area of scientific and
technical knowledge. One of such outstanding
personalities in the field of domestic aircraft design was
the Ukrainian aircraft designer, Academician of the
Academy of Sciences of the Ukrainian SSR (since 1968)

© M.I. Baranov
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and the Academy of Sciences of the USSR (since 1981)
Oleg Konstantinovich Antonov (Fig. 1) [1].

The goal of the paper is the preparation of a brief
scientific and historical essay about one of the founders of
the domestic aircraft industry, an outstanding Ukrainian
aircraft designer O.K. Antonov.

1. The beginning of the life and career of O.K.
Antonov. He was born on February 7, 1906 in the village
of Troitsa, Moscow Province of the Russian Empire, in
the Russian noble family of Anna Efimovna (nee
Bikoryukina) and Konstantin Konstantinovich Antonov
[1]. Oleg's father was a civil engineer. In 1912 his family
moved to the city of Saratov, located on the banks of the
great river Volga. In the period 1915-1922 he first studied
at the Saratov Real School (he graduated from two
classes), and then in high school (now it is school No. 23
[1]). From a young age O.K. Antonov was interested in
aircraft engineering and was enthusiastically engaged in
the aviation amateur school club. In 1924, while studying
at the University of Saratov at the Railway Department,
he built his first glider, the «Dove» [1]. In 1925, Oleg
Antonov entered the Engineering Department of the
Leningrad Polytechnic Institute (LPI), which he graduated
in 1930 and became a mechanical engineer.

Fig. 1. Outstanding Ukrainian aircraft designer,
Hero of Labor, Doctor of Technical Sciences, Academician of
the Academy of Sciences of the Ukrainian SSR
and the Academy of Sciences of the USSR
Oleg Konstantinovich Antonov
(07.02.1906 — 04.04.1984) [1]

In 1933, O.K. Antonov, working as a chief designer
at the Osoaviakhim glider bureau (Leningrad), was
appointed chief designer at the design bureau of the first
glider plant in the former USSR built in Moscow
(Tushino district) [2]. The decision-makers of the country
ordered to this design bureau to develop new light-wing
machines, which would be massively manufactured at this
plant. For five years of work in the city of Moscow, O.K.
Antonov designed more than 20 types of gliders produced
at the plant in Moscow Region [3]. In 1938, this plant was
closed and O.K. Antonov was out of work. In this
situation, he had to turn to his comrade on the All-Union
gliders rally in the Crimea (Koktebel), the Head of the
aircraft-building experimental Design Bureau Alexander

Sergeyevich Yakovlev, who later became an outstanding
Russian aircraft designer and three times Hero of Labor
[2]. So O.K. Antonov became only the lead engineer
(after the position of chief designer of the glider design
bureau occupied by him in Moscow) in the Design
Bureau of A.S. Yakovlev. In the spring of 1940, O.K.
Antonov was again appointed chief designer of a small
design bureau at an aircraft plant in Leningrad, and in the
first half of 1941 he was transferred to the aircraft plant
No. 465 (Kaunas, Lithuanian SSR) in his previous
position. And here he was when the Great Patriotic War
(WWII) began. Upon his arrival in Moscow, the
Commissariat of the Aviation Industry of the USSR
entrusted him with the combat mission — the urgent
creation of a landing glider [2]. And here the new order
was to evacuate beyond the Urals in Tyumen city and
create such a glider there. So in military conditions for a
couple of months, O.K. Antonov and his colleagues
developed an A-7 type airborne glider, which greatly
assisted the partisan movement during the Second World
War. Therefore, it is no coincidence that O.K. Antonov in
1944 was awarded the medal «Partisan of the Patriotic
Wary. In February 1943 he was again transferred to the
Design Bureau of Major General A.S. Yakovlev, where
he becomes his deputy and is engaged in the
modernization of the famous military fighter aircrafts
during the Second World War, ranging from the Yak-3
and ending with Yak-9 [3].

2. The main achievements of the aircraft designer
0.K. Antonov in aircraft construction. In the autumn of
1945, O.K. Antonov was offered to head the Siberian
branch of the Design Bureau of A.S. Yakovlev at the
aircraft plant named after V.P. Chkalov (Novosibirsk
city). He agreed without hesitation. He had to
independently create not military aircraft, but agricultural
and passenger planes. By the Resolution of the Council of
Ministers of the USSR of May 31, 1946, this branch was
transformed into a new aircraft-building Design Bureau
No. 153 and O.K. Antonov became his chief designer [2].
The first-born aircraft of this design bureau took off on
August 31, 1947. It turned out to be the multi-purpose
aircraft of the An-2 type known in the aviation world,
affectionately named by the people as «Annushka» (Fig.
2). Note that this airplane was the only aircraft in the
world that has been mass-produced for over 50 years [3].
He won the fame of an exceptionally reliable flying
machine. In 1952, O.K. Antonov and his associates for
the creation of this aircraft were awarded the Stalin
(State) Prize of the second degree. In the same 1952, O.K.
Antonov and his leading specialists moved to the city of
Kyiv and began to organize a new Design Bureau No. 473
from scratch [2]. In this connection, it is worth citing the
words of O.K. Antonov [2]: «... The collective is not
created by orders, although they are needed. It is not
created only by picking and rearranging people. The team
does not unite by the building in which it works. The main
thing without which the team can not exist, it is the unity
of purpose. Creating a friendly, workable team is a
special work, work of a higher ordery.
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Fig. 2. The Soviet single-engine piston passenger biplane of the
An-2 type «Annushka» (known to many as the «Kukuruznik»)
developed by the aircraft designer O.K. Antonov and his Design
Bureau No. 153 (1947, Novosibirsk, USSR) [2]

The first contribution of the new design bureau to
the development of the Soviet military transport aviation
was a twin-engine gas turbine aircraft of the An-8 type

(Fig. 3) [2].

Fig. 3. Soviet twin-engine gas turbine military transport aircraft
of the An-8 type developed by the aircraft designer
0.K. Antonov and his Design Bureau No. 473 (the lead designer
of the project is A.Ya. Belolipetsky, 1958, Kyiv,
Ukrainian SSR) [2]

In accordance with the Resolution of the Council of
Ministers of the USSR of November 30, 1955, the Kyiv
Design Bureau was entrusted with the creation of the
country's first four-engine turboprop passenger aircraft for
medium-range air lines and relatively short landing lanes.
It turned out to be the An-10 type aircraft (Fig. 4),
launched into mass production in 1957 [2].

\, h_

Fig. 4. The first Soviet medium-haul four-engine turboprop
passenger aircraft of the An-10 type developed by the Chief
Aircraft Designer O.K. Antonov and his Design Bureau No. 473
(1957, Kyiv, Ukrainian SSR) [2]

An-10 aircraft carried more than one million
passengers throughout the vast Soviet country [2, 3].

New government order for O.K. Antonov and his
design bureau became the development of a four-engine
turboprop military transport aircraft of the An-12 type
(Fig. 5) [2]. The capacity of this aircraft was increased to
20 tons. He could fly to the Arctic at the drifting stations
of the USSR «North Pole» and to the Antarctic at the
station «Mirny» [2, 3].

Fig. 5. Soviet four-engine turboprop military transport aircraft of
the An-12 type developed by the Chief Aircraft Designer
0.K. Antonov and his Design Bureau No. 473 (1959, Kyiv,
Ukrainian SSR) [2]

Since 1959 this aircraft with a take-off mass of 61
tons has been supplied to the country's Air Forces. In
terms of its tactical and technical characteristics, it
significantly exceeded foreign analogues [2]. For the
creation of the An-12 aircraft, members of the group of
authors from the Kyiv Design Bureau in 1962 were
awarded the USSR Lenin Prize. After the creation of the
An-10 and An-12 aircrafts, the Design Bureau No. 473
led by the talented Ukrainian aircraft designer O.K.
Antonov took a deserved place among the leading
aircraft-building firms of the Soviet country [2, 3].

In 1960, the twin-engine turboprop aircraft of the
An-24 type (Fig. 6) developed in the Kyiv Design
Bureau under the guidance of O.K. Antonov «came out»
onto the passenger lines of our country, and later of
many foreign countries [2]. The serial production of the
An-24 type aircraft continued until 1979. During this
time, about 1,200 machines were manufactured with
1000 of them produced at the «Aviant» Aviation Plant in
Kyiv [2]. It served 450 air lines in the USSR. This flying
machine was successfully exported to 25 countries of
the planet [2, 3].

Fig. 6. Sflort:haul twin-engine turbopro passenger aircraft f
the An-24 type developed by aircraft designer O.K. Antonov
(1960, Kyiv, Ukrainian SSR) [2]

On the basis of the design of the An-24 passenger
aircraft with the wide use of glued-welded joints of many
elements of this aircraft in the future, the Kiev Design
Bureau created An-26 military transport aircraft (Fig. 7)
and An-30 aerial photography aircraft (Fig 8) [2, 3].
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Fig. 7. Soviet twin-engine turboprop military transport aircraft
of the An-26 type developed by aircraft designer O.K. Antonov
(1962, Kyiv, Ukrainian SSR) [2]

Fig. 8. Soviet twin-engine turboprop aerial photography aircraft
of the An-30 type developed by aircraft designer O.K. Antonov
and his Design Bureau No. 473 (1963, Kyiv, Ukrainian SSR) [2]

The next flying «brainchild» of the Design Bureau’s
team, headed by O.K. Antonov, became the world's first
wide-body military transport aircraft type An-22
«Antaeus» (Fig. 9) [2]. The creation of this domestic
airplane marked the onset of a new stage in the global
aircraft industry. In terms of its tactical and technical
characteristics, it surpassed everything that was created in
world aviation before it.

Fig. 9. The first Soviet military transport four-engine turboprop
giant aircraft of the An-22 «Antaeus» type (60 tons payload; it
set 12 world records) developed by General Designer
0.K. Antonov and his Kyiv Design Bureau No. 473 (1965,
Kyiv, Ukrainian SSR) [2]

The creation of the An-22 «Antaeus» type aircraft
required a comprehensive solution of many scientific
design and technological problems, as well as a huge
amount of experimental work [2]. At the 26th
International Aviation and Space Salon at Le Bourget
(1965, Le Bourget, Paris), this domestic aircraft was in
the center of the general attention of viewers and
specialists and produced a real scientific and technical
sensation. The English newspaper The Times wrote on
this occasion [2]: «... Thanks to this plane, the Soviet
Union was ahead of all other countries in the aircraft
industry». Delivery of large cargoes (for example, gas

turbine stations, rotor excavators and trucks) to the Far
North of the USSR with the help of the An-22 «Antaeus»
type aircrafts confirmed that thanks to this unique aircraft
transport aviation made a new progressive step forward.

In the 1960s, the Kyiv Design Bureau under the
leadership of its General Designer O.K. Antonov (this
high rank was conferred on him in 1962) continued
work on the modernization of the An-26 aircraft and, as
a result, developed a new design of the domestic high-
altitude turboprop record airplane of the An-32 type
(Fig. 10).

Fig. 10. Lightweight twin-engine turboprop transport aircraft of
the An-32 type developed by General Designer O.K. Antonov
(1964, Kyiv, Ukrainian SSR) [2]

In 1976, the next Resolution of the Council of
Ministers of the USSR on the development and creation
instead of the An-26 type aircraft by the Kyiv Design
Bureau of a new twin-engine turbojet military transport
aircraft, necessary for the uninhabited regions of the
country with no concrete airfields, was adopted [2]. On
August 31, 1977, such an aircraft, called the An-72 (Fig.
11), successfully completed its first flight. In 1978, the
An-72 was launched into pilot production at the Kyiv
aircraft plant, and in 1985 into serial production at the
Kharkiv aircraft plant [3].

Fig. 11. Soviet twin-engine turbojet military transport aircraft of
the An-72 type (affectionately called «Cheburashka» by pilots
and aviation specialists) developed by General Designer
O.K. Antonov and his legendary Design Bureau (1978, Kyiv,
Ukrainian SSR) [2]

The An-72 type aircraft also had a civil
modification. The power plant of this aircraft included
two powerful turbojet engines of the /[-36 type mounted
above the wing for use during its flight of the Coanda
effect — the growth of lift due to the «sticking» of the
exhaust jet to the wing [2]. The airframe design of the An-
72 type aircraft, in which composite materials were
widely used [4], was made all-metal. The main tactical
and technical characteristics of the An-72 type aircraft
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[5]: maximum flight speed 705 km/h (its cruising speed
550 km/h); flight range 2700 km; ceiling (lifting height)
10100 m; maximum take-off weight 32 tons; empty
aircraft mass 19.5 tons; hull length 28 m; runway length
800 m, and the run 450 m. Note that over time, a
modification of this aircraft appeared in the USSR, called
An-74 [2, 5].

Under the scientific and technical guidance of the
Ukrainian aircraft designer O.K. Antonov the extremely
difficult task of developing and building in the USSR a
new heavy long-range military transport aircraft of the
An-124 «Ruslan» type (Fig. 12) successfully was solved
Fig. 12) [2, 6]. For this, General Designer O.K. Antonov
went on very bold technical solutions for that time. In
particular, the swept wing of a supercritical profile was
used for the first time in the world on a plane of this
class [6].

Fig. 12. Soviet heavy long-range four-engine turbojet military
transport giant of the An-124 «Ruslan» type — a «swan song» by
the General Designer O.K. Antonov (1982, Kyiv, Ukrainian
SSR) [2]

One of the technological methods that made it
possible to achieve a high weight index for the An-124
«Ruslany type aircraft was the wide use of composite
materials in it [4, 6]. Today, this aircraft is the largest
mass-produced transport aircraft. We point out that the
An-124 «Ruslan» military transport aircraft is currently
used in cooperation with NATO countries in the transport
of large-sized military cargoes (Fig. 13) [2].

Ererer e g N e
Fig. 13. Loading a German military helicopter into the An-124
«Ruslan» military transport aircraft of the Volga-Dnepr
international air transport company [2]

We emphasize the fact that for any design bureau in
the world there are special projects, in the work on which
its specialists reached the «top» of their professional
skills. For the Kyiv Design Bureau, under the leadership
of twice Academician (of the Republican and Union

Academies of Sciences) O.K. Antonov such a project was
the aircraft of the type An-124 «Ruslan». Describing the
features of this aircraft, which set 30 world records (as of
2006, there were 483 world records at the O.K. Antonov
Design Bureau, 378 of which have not been beaten yet),
experts often use the words «unique», «not having
analogues in world aviation» and others [2, 6]. Kiev
aircraft manufacturers have developed and created a lot of
excellent airplanes. But even in this domestic aviation
series, the An-124 «Ruslan» type of aircraft is a
monumental technical object [6]. This aircraft was the last
one created under the direct scientific and technical
guidance of the great Ukrainian aircraft designer O.K.
Antonov.

Let us give the basic tactical and technical
characteristics of the An-124 «Ruslany» type aircraft [6]:
wingspan 73.3 m; body length 69.1 m; height 20.8 m;
empty aircraft mass 173 tons; maximum take-off weight
405 tons; normal take-off weight 392 tons; power plant is
four turbofan engines /I-18T; maximum flight speed 865
km/h; cruising flight speed (750-800) km/h; flight range
4500 km; ceiling (lifting height) 9500 m; useful flight
load (120-150) t; crew is 6 people.

Orienting the team of the Kyiv Design Bureau to the
solution of new problems, O.K. Antonov in one of his last
speeches said [2]: «... Then you can only go in a
revolutionary way, mastering new ideas. And, as you
know, there are no limits to the new technology». After
the death of General Designer O.K. Antonov his aviation
plans embodied in the «life» of his talented followers.

In December 1988, at the Design Bureau named
after O.K. Antonov, under the leadership of General
Designer Peter Vasilyevich Balabuev, a new Soviet heavy
long-range military transport turbojet aircraft of the An-
225 «Mriya» type was created (Fig. 14) [2, 7].

Fig. 14. World's largest Soviet six-engine turbojet military
transport giant of the An-225 «Mriya» type developed by the
Design Bureau named after O.K. Antonov (1989, the photo was
taken during the transportation of the «Buran» space shuttle by
this plane) [2]

The An-225 «Mriya» type aircraft of extra-large
carrying capacity, created on the basis of the design of the
An-124 «Ruslan» type aircraft, is the largest aircraft in the
world. It is designed to transport bulky goods weighing
up to 250 tons inside the fuselage or on an external
suspension to anywhere in the world. This aircraft can
also be used as a launch complex for military space forces
or launch vehicles of a new generation [2, 7]. Initially, it
was created to transport a number of components of
super-power launch vehicles of the «Energia» type and
the Soviet «Buran» shuttle shuttle spacecraft from the
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manufacturers of the USSR to the southern Baikonur
cosmodrome. Its first test flight took place on December
21, 1988, which was a huge victory for Soviet aviation.
On March 22, 1989, the An-225 «Mriya» made its flight
with a payload of 156.3 tons on board. During this flight
of the An-225 «Mriya» type aircraft, 109 world aviation
records were set at once.

Let us indicate the main tactical and technical
characteristics of the An-225 «Mriya» type aircraft [7]:
wingspan 88.4 m; body length 84 m; height18.2 m; empty
aircraft mass 250 tons; maximum take-off weight 600
tons; fuel weight 300 tons; power plant S six turbofan
engines J1 -18T; cruising flight speed 850 km/ h; practical
flight range 15600 km; practical ceiling 11000 m; useful
flight load up to 250 tons; crew is 6 people.

It should be noted that in 2001, the relevant aviation
services of Ukraine were issued certificates for the An-
225 «Mriyay aircraft of its compliance with the standards
of civil aviation aircraft. Currently, the only flying
specimen of the An-225 «Mriya» type aircraft performs
commercial cargo transportation as a part of the air
transport division of the Sate Enterprise «Antonov» —
Ukrainian «Antonov Airlines»y Company [7]. From May
10 to 15, 2016, the An-225 «Mriyay type airplane made a
flight along the Ukraine-Australia route, making four
intermediate landings along the way with refueling [7].
Here, the full range of the flight with bulky cargo on
board (generator of the «Brush SEM» Company weighing
117 tons) was 15.5 thousand km. Today, the An-225
«Mriyay is the owner of 250 world aviation records. The
aircraft of the type An-225 «Mriya» is listed in the
Guinness Book of Records [7].

In conclusion of this section, we point out that the
Scientific-&-Research ~ Planning-&-Design  Institute
«Molniya» of the Kharkov Polytechnic Institute (KhPI),
now called the National Technical University (NTU)
KhPI, has a certain relation to the development and
creation at the Design Bureau, headed by O.K. Antonov, a
number of transport aircraft. Here, the participation of
specialists from the KhPI consisted in the joint solution of
important tasks to ensure electromagnetic compatibility
(EMC) and lightning protection of electronic equipment
of such aircrafts (in particular, the An-124 «Ruslan» type
aircraft) with designers of the Design Bureau. For the
performance of these works, a number of employees of
the Scientific-&-Research Planning-&-Design Institute
«Molniya» of the NTU «KhPI» twice (in 2004 and 2014)
were members of authors' teams whose were awarded the
high title of Laureate of the State Prize of Ukraine in the
field of science and technology. At present, such scientific
and technical cooperation on the basis of contractual work
between the Scientific-&-Research Planning-&-Design
Institute «Molniya» of the NTU «KhPI» and the
«Antonov» State Enterprise continues successfully. Its
main tasks are the issues of providing EMC and durability
of onboard devices and structural elements (for example,
fuel tanks) of «Antonov» aircraft to the damaging effect
of such a natural source of powerful pulsed
electromagnetic  interference (fields, currents and
voltages) as linear lightning. The Scientific-&-Research
Planning-&-Design Institute «Molniya» of the NTU
«KPI» to simulate the effects of lightning on the aircrafts

has  the  necessary  high-voltage  high-current
electrophysical equipment of its own manufacture [8].

3. The universal human qualities of the aircraft
designer O.K. Antonov. What kind of person in the life
people remembered this outstanding Ukrainian aircraft
designer? Externally, Oleg Konstantinovich looked much
younger than his years (Fig. 15). He remained young in
spirit, too. He is remembered by a man of athletic build,
well dressed, elegant, emphatically intelligent and helpful
in communication. He was distinguished by a rare
spirituality. Perhaps this helped him to become not just
famous, but the legendary aircraft designer [9]. Its
distinguishing feature as an aircraft designer is that he did
not create any combat «strike» aircraft — attack aircraft or
bomber (of course, for this, in the former USSR there
were other special design bureaus). All of his planes were
produced as both passenger and transport. In each of his
flying machine, O.K. Antonov provided an opportunity
for its peaceful application. He impressed everyone who
came across him with his highest inner culture,
extraordinary erudition and range of his interests and
hobbies [10]. It would be naive to assume that the
creation and implementation into practice of the aircrafts,
developed under the guidance of O.K. Antonov, as well as
the solution of many problems in a large team of the Kyiv
Design Bureau, passed without various contradictions and
conflicts.

Fig. 15. Outstanding aircraft designer of our time, Academician
0.K. Antonov in a quiet homely atmosphere in the period of
successful conquest of his life and creative «heights»
(1970s, Kyiv, Ukrainian SSR) [1]

A characteristic feature of the Soviet era in which
0O.K. Antonov worked, there was bureaucracy. Often the
only way out of the situation at the design bureau and
outside it was the struggle, which took away the aircraft
designer infinitely many strength and health, undermined
by a serious illness (tuberculosis) in the prewar period [2].
Oleg Konstantinovich married three times. In 1936, Lydia
Sergeevna Kochetkova gave birth to his son Rolland.
Elizaveta Avetovna Shakhatuni (an aircraft designer who
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has worked with him for several decades) gave birth to his
daughter Anna. And the third young wife Elvira Pavlovna
gave birth to his son Andrei and the daughter Elena. The
most surprising thing here is that the aircraft designer
with all his spouses until his death (he died of a stroke and
was buried in the Baikovo cemetery, Kyiv) communicated
cordially and in a friendly way [8]. By the way, after the
third marriage of the General Designer of the Design
Bureau, his superiors scolded him for «old-time pranks»
(there was no trial, but the corresponding «treatment»
was) [2]. We can only mentally imagine what kind of
nerves for Oleg Konstantinovich all this «cost» and what
he had to «pay» for his production and family victories.

At the work O.K. Antonov has always been strongly
opposed to administrative-command methods of
management. He almost never ordered. In his inherent
intelligent form, he advised the employee or asked him
about the execution of a particular task. Having become a
world-famous aircraft designer, Oleg Konstantinovich
amazed his subordinates with his very easy accessibility
[9]. He had an amazing ability to recognize talented
people. In all possible ways and forces he supported their
undertakings and aspirations. He tried to invite them to
work with him. This support for gifted people O.K.
Antonov also transferred to students, having been
successfully engaged in teaching since 1977 (he had the
academic title of Professor) at the Kharkiv Aviation
Institute (KhAI) named after N.E. Zhukovsky (in this high
school he for many years headed the Department for
Aircraft Design) and preparing for Ukraine's aircraft
industry a new worthy shift [2, 9]. Under his «wing» there
was the formation of many aircraft designers in Ukraine
and abroad. At the Kyiv Design Bureau headed by
Academician O.K. Antonov the Ukrainian aviation
Scientific school recognized in the world has been
established [9, 10].

From the memories of E.A. Shakhatuni (a close
associate of O.K. Antonov and the LAureate of the Lenin
Prize of the USSR) [2]: «.. The main thing that
characterizes Oleg Konstantinovich is his unconditional
talent, exceptional love for his work, and, of course,
intelligence. These qualities in the first place determined
his relationship with the team. Everyone who came to
work with Oleg Konstantinovich was immediately infected
with his obsession. He was able to arrange people in such
a way so as not to push them in their work. Employees
themselves became carriers of his aspirations and his
ideasy.

In the capital of Ukraine, city of Kyiv, on May 31,
2012, on the territory of the legendary Design Bureau
No. 473 in honor of its former scientific and technical
leader, an outstanding Ukrainian aircraft designer,
Academician O.K. Antonov bronze monument was
opened (Fig. 16) [11].

In the first capital of Ukraine, city of Kharkiv, on
May 26, 2012, on one of the walls of the main educational
building of the KhAI named after N.E. Zhukovsky,
currently called the National Aerospace University named
after N.E. Zhukovsky, in honor of his teacher, Professor,
Academician O.K. Antonov bronze plaque was opened
(Fig. 17) [12].

=
Fig. 16. Bronze monument to the Head of the legendary Design
Bureau No. 473 Oleg Konstantinovich Antonov installed in the
territory of the Aviation Scientific-Technical
Complex named after O.K. Antonov (sculptor A. Shatalov;
Kyiv, Academic Tupolev Str. 3, Ukraine) [11]

Fig. 17. A plaque in honor of thé General D.esi-gner of tﬁe
legendary Design Bureau No. 473 O.K. Antonov mounted on
the wall of the educational building of the KhAI named after

N.E. Zhukovsky (now National Aerospace University named
after N.E. Zhukovsky, Kharkiv, Chkalov Str. 17, Ukraine) [12]

4. Awards and honors of O.K. Antonov. For
outstanding merits of Oleg Konstantinovich Antonov in
the field of domestic aircraft design, since November 19,
1984, the Kyiv Design Bureau was called the Design
Bureau named after O.K. Antonov whose historical
successor is the «Antonov» State Enterprise which is now
apart of the State Concern «Ukroboronpromy [13].

For great success in the design of new aviation
technology and in connection with the 60th anniversary of
the birth, O.K. Antonov in 1966 was awarded the title of
Hero of Labor 1966 and he was awarded the «Hammer
and Sickle» gold medal. He became a holder of six orders
(1944, 1945, 1957, 1966, 1971, 1975) of the Soviet
country. For valiant work during the Second World War
he was awarded a number of combat medals. He became
the Laureate of the State (1952) and Lenin (1962) Prizes
of the USSR, as well as the Honored Worker of Science
and Technology of the Ukrainian SSR. In 1976, the
creative work of an outstanding aircraft designer was
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awarded the State Prize of the country in the field of
science and technology for the creation and introduction
of the An-24 passenger turboprop aircraft. He was
awarded the A.N. Tupolev Gold Medal of the Academy
of Sciences of the USSR (1979). He became an honorary
citizen of the city of Saratov (1981). The streets in Kyiv,
Saratov, Vinnitsa and Ulan-Ude as well as avenue in
Ulyanovsk were named after him. In 2006, postage
stamps of Ukraine and Russia dedicated to O.K. Antonov
and the most famous aircrafts of his design were issued.

Conclusions. Outstanding  Ukrainian  aircraft
designer, Academician of the Academy of Sciences of the
Ukrainian SSR and the Academy of Sciences of the
USSR Oleg Konstantinovich Antonov who was in the
period 1952-1984 an authoritative scientific and technical
leader of the world famous legendary Soviet aircraft
Design Bureau No. 473, Kyiv made an enormous personal
contribution to the development of domestic military
transport and civil aviation. Under his direct design
guidance, about 100 types of aircrafts were developed and
built including the fascinating hobby of his youth — light-
wing gliders. The unique four-engine turbojet military
transport giant of type An-124 «Ruslan» possessing a
payload up to 150 tons and performing commercial flights
around the globe and today reliably transporting heavy
expensive large-sized equipment to long-distance
distances is a triumph of his aviation talent. At present,
his aviation work in Ukraine is continued by the
creatively inspired colleagues and followers of this
talented scientist and designer.
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INFLUENCE OF GEOMETRICAL PARAMETERS OF THE INDUCTOR AND
ARMATURE ON THE INDICATORS OF A LINEAR PULSE ELECTROMECHANICAL
CONVERTER OF AN ELECTRODYNAMIC TYPE

Purpose. The aim of the paper is to study the influence of geometrical parameters, namely, the number of layers and the cross section
of the copper tire of the inductor and the armature coils on the power and speed indicators of a linear pulse electromechanical
converter (LPEC) of an electrodynamic type. Methodology. On the basis of the developed chain mathematical model, recurrent
relations are obtained for the calculation of interconnected electromagnetic, mechanical and thermal processes of LPEC of an
electrodynamic type. The effect of the thickness of a square copper tire and the number of its layers in the inductor and armature
coils on the characteristics and characteristics of electrodynamic LPEC is investigated. It is these parameters that determine the
number of turns and the axial height of the coils with limited radial dimensions. Results. The influence of the geometrical parameters
of the inductor and the armature coils with limited radial dimensions on the electrical and mechanical characteristics of LPEC of an
electrodynamic type is established. It has been established that with an increase in the thickness of a rectangular cross-section of
copper tire from 1 to 2.5 mm, an increase in the amplitude and pulse of electrodynamic forces (EF) occurs. However, the maximum
speed of the armature is the highest at LPEC wound with a 1.5 mm thick tire. The highest efficiency value is demonstrated by LPEC,
in which the inductor and armature coils are wound with a 2 mm thick tire. With an increase in the number of layers of the inductor
coil tire, the amplitude of the EF decreases significantly, and the magnitude of the EF pulse decreases slightly. As a result, the
maximum armature speed, efficiency and temperature rise of the coils are reduced. Originality. It is established that the largest
amplitude of the EF is realized in LPEC with the minimum number of layers of tires of the inductor and armature coils. The largest
value of the pulse EF occurs when the maximum number of layers of the inductor and the armature. In this case, the largest values
of the amplitude and pulse of the EF occur under the condition that the number of tire layers of the inductor and the armature coils
are the same. Practical value. It has been established that the greatest efficiency 21.82 % is realized in LPEC, in which the number of
tire layers is 2 mm thick with inductor and armature coils are 4. A catapult model for launching an unmanned aerial vehicle was
made and tested on the basis of LPEC of an electrodynamic type. References 12, figures 6.

Key words: linear pulse electromechanical converter of electrodynamic type, chain mathematical model, recurrent relations,
geometrical parameters of inductor and armature coils, electrodynamic forces, efficiency.

Po3pobnena nanyrozoea mamemamuyna Mooeny JAIHIIHO20 IMRYILCHOZO eneKmpomexaniunozo nepemeoprosaya (JIIEII)
enekmpoounamiunozo muny. Ompumano peKypeHmui cnigeiOHOWEHHA ONA PO3PAXYHKY 63AEMONO08 A3ZAHUX e/1eKMPOMAZHIMHUX,
Mexaniunux i mennosux npouecie. Bcmanoeneno, w0 npu 306inbuieHHi mMOGUWIUHU KEAOPAMHOI MIOHOT WIUHU KOMYUIOK
inoykmopa i axkopa 6i0 1,0 0o 2,5 mm 306inbuiyromeca amniaimyoa i eéenununa imnyasvcy enekmpoounamiunux zycunsv (E/3).
Maxcumansna weuoxicmsy akopa nauoinewa y JIIEII, komywku indykmopa i AKopsa AK020 HaMoOmaui wiunorw mogwunoio 1,5
mm. Haiioinvwe 3nauenns KK/ y JIIEII, komywiku sako2o namomani wiunoro mosuwiunoito 2,0 mm. Ilpu 36invumenni xinbkocmi
wiapie wiunu Komywku inoykmopa amniaimyoa EJI3 3nusicyemoca icmomno, a éenuvuna imnyascy E/[3 — nesnauno. Buacnioox
UbO20 ZHUNCYIOMBCA MAKCUMATbHA wieuoKicmy axkopa, KK/[ i nepesuwienna memnepamypu komyuiok. Haiidinowa amnaimyoa
EJ/I3 peanizyemvca ¢ JIIEII npu minimanshiii KinteKocmi wiapie wiun KOmywioxk iHOykmopa i AKopa, a Haudinvuia eeaudyuna
imnynocy E/I3 eunuxae npu maxcumanvnin ix kinokocmi. Ilpu uvomy naitéinewii 3nauenns amnaimyou i imnynvcy E/I3
GUHUKAIOMb 3a YMOGU, KONU YUCI0 wapie wunu Komywok oonaxogi. Hanoinvwuii KK/J[ (21,82 %) peanizyemoca ¢ JIIEIL, y
AKO20 KOmywiKu in0yKmopa i AKopsa namomani 6 uwomupu wiapu xeaopamnoi wiunu moewunoio 2,0 mm. Ha o6a3i JIIEI]
eNeKmpoOUHAMIYHO20 Muny Oyna 6u2omosieHa i eUnPoOOysana mooeib Kamanyibmu 0 3anycKy 0e3niiommnozo aimanbhozo
anapamy. bi6n. 12, puc. 6.

Kniouogi cnosa: niniliHMil iMIyJIbCHMIl e/leKTPOMeXaHIYHMIl IepeTBOPIOBAaY eJEKTPOJAMHAMIYHOIO THIY, JIAHIIOIOBA
MATeMaTH4YHA MoOJe/lb, PEKYPEeHTHi CHiBBiIHOILIECHHS, TreOMETPM4YHi @apaMeTpH KOTYHIOK IHIyKTOopa i sKops,
ejiekTpoauHamMivHi 3ycuiias, KK/,

Pa3zpabomana yennas mamemamuueckan mooeib TUHEHHOZ0 UMNYIbCHO20 IIeKmpomexanuyeckozo npeoopasosamens (JIUIII)
anekmpoounamuueckoco  muna. Ilonyuenst  pekyppenmusle  COOMHOWIEHUsA  ONA  pacuema  63AUMOCBAIAHHBIX
INEKMPOMACHUMHBIX, MEXAHUYECKUX U MENI06bIX NPOUeccos. Ycmanosneno, Ymo npu yeeaudueHuu moaujuHsl Keaopammnoii
MeOHOU WUHbL KamyuieKk uHoykmopa u saxkopsa om 1,0 0o 2,5 mm ysenuuusaiomcsa amnaumyoa u 6eJUYUHA UMHYIbCA
anexkmpoounamuyeckux ycunui (31Y). Makcumanwvnaa ckopocms axkopa naudonvwan y JIHII1, kamywku uHOyKmopa u aKops
Komopozo namomanwvl wiunoi monwgunout 1,5 mm. Haubonvwee 3nauenue KIIJ] y JIUIII, kamywiku Komopozo Hamomawul
wiunoi monwunoii 2,0 mm. Ilpu ysenuuenuu Konuvecmea cioeé WuHsl Kamywku unoykmopa amnaumyoa /1Y ymenvuiaemes
cyugecmeenno, a eenuyuna umnyavca /Y — nesnauumensno. Bcnedcmeue smozo cnuscaromca makcumanvHasa cKopocmo
akopa, KIIl u npesvimenusn memnepamypvt kamywiex. Haubonvwan amnaumyoa 3/Y peanusyemca e JIUIIl npu
MUHUMANBHOM KOAUUECMEe C10e6 WUH KAmyuieK UHOYKMopa u AKopsa, a haudonvwan eenuuuna umnynvca /Y eo3nuxaem
npu makcumanvHom ux Koauuwecmee. Ilpu smom naubonvuwiue 3navenua amnaumyovt u umnyavca /1Y eo3nuxaiom npu
ycnosuu, Koz0a KoJIU4ecmeo cioee wiuhvl Kamyuiek oounaxoevl. Hauoonvwuii KIIJ] (21,82 %) peanuzyemca ¢ JIUIII, y
KOMOpo20 KamywKu uHOYKmMopa u AKOpA HAMOMAHbL 8 Yemolpe c10a Keaopamnoi wunsl moawunoii 2,0 mm. Ha é6aze JIHII1
INEKMPOOUHAMUYECKO20 MURA Obl1a U320MOGNCHA U UCHBIMAHA MO0elb Kamanyibmul 074 3ANYcKa OecnuiomHozo
Jnlemamensnozo annapama. butin. 12, puc. 6.

Kniouesvle cnosa: IMHEeHbIH UMITYJIbCHBIH J1eKTPOMeXaHHYeCKHIl Tpeodpa3oBaTeb JIEKTPOAHHAMUYECKOT0 THIIA, LeMHAs
MaTeMaTH4YecKass MO/Jej]b, PeKYppPeHTHbIe COOTHOLIEHHUs, FeOMeTpHYeCKHEe MapaMeTphbl KATylleK HHAYKTOpa H SIKOps,
3JieKTpoAuHaMudeckue ycuausi, KIT/L
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Introduction. Linear pulse electromechanical
converters (LPEC) allow to provide a high speed of the
actuator (A) in the short active area and/or to create
powerful force pulses at its slight displacement [1-3].
Such converters are used in many branches of science and
technology as electromechanical accelerators and shock-
power devices [4, 5]. One of the most promising is LPEC
of electrodynamic type [6, 7]. In this converter, which has
a coaxial configuration, the fixed inductor and accelerated
armature are made in the form of monolithic disk coils,
which are impregnated with epoxy resin. Serially
connected the inductor and the armature are tightly wound
with the same copper tire. The current from a pulsed
power source containing a capacitive energy storage
(CES) is excited in them [4, 8]. The armature is connected
to the inductor and to the power source using movable
(flexible or sliding) current leads. The inductor and the
armature are connected in opposite directions by the
magnetic field, as a result of which electrodynamic forces
(EFs) of repulsion act between it. These EFs cause axial
displacement of the armature relative to the fixed inductor
(Fig. L,a).

Fig. 1. Constructive (@) and electric (b) circuits of LPEC of
electrodynamic type: 1 — inductor; 2 — armature;
3 — actuator; 4 — return spring; 5 — power supply;
a, b — flexible current leads

In the process of LPEC operation, a change in the
magnetic coupling between the armature and the inductor
occurs. In addition, their resistances increase due to
heating with high-density pulsed current. These features
of the operating process must be taken into account in the
mathematical model of LPEC of electrodynamic type [9].
When operating in a dynamic mode with a rapid change
of electromagnetic, mechanical and thermal parameters,
the efficiency of LPEC is not high enough, which is due,
in particular, to the lack of justification for choosing the
geometric parameters of active elements — inductor and
armature coils.

The goal of the paper is the study of the influence
of geometrical parameters, namely, the number of layers
and the cross section of the copper tire of the inductor and
the armature coils on the power and speed indicators of
LPEC of electrodynamic type.

Mathematical model. Consider a mathematical
model of LPEC of electrodynamic type, which uses the
concentrated parameters of the inductor and the armature.
We will assume that the fixed inductor and the
accelerated armature are made in the form of coaxially
mounted circular multi-turn disk coils that are tightly
wound with the same square-section copper tire.

To take into account the interconnected electrical,
magnetic, mechanical and thermal processes, as well as a

number of nonlinear dependencies, the solutions of the
equations describing the indicated processes will be
presented in recurrent form [10].

When a starting pulse is applied to the thyristor VS,
the inductor and the armature are excited by an aperiodic
polar pulse from the CES C, shunted by a reverse diode
VD (Fig. 1,b). We believe that in a pulsed power supply
the resistance of the diode VD and thyristor V'S in the
forward direction is negligible, and in the opposite
direction their conductivity is just as small.

Electrical processes in LPEC of an electrodynamic
type on the time interval {0, ¢}, where ¢, is the time at
which the CES voltage is u¢ = 0, can be described by the
equation:

d t
(R + Ro(T)]+ L~ [ =0, uc(© =U. (1)
0

where n = 1, 2 are the inductor and armature indexes,
respectively; R,, 7T,, L, are the active resistance,
temperature and inductance of the n-th element; M, is the
mutual inductance between the inductor and the armature,
moving along the z axis with speed v,;

d!// di . dM12
—— =L -2M + Ly |—=2 t)—=. 2
& L, 12(2) Z]dt iv, () & 2

Substituting equation (2) into (1) we obtain:

dm . di
(RI(TI)+R2<T2>—2vZ<t) 12 j~z+[L1 ~2Myp(2)+ L]+
dz dr
3)
1 t
+—[idt=o0.
<o
The solution of equation (3) can be represented as:

i = Ay exp(ogt) + 4, exp(ast) , 4)

where A,, A, are the arbitrary constants,

=1

— !

0,5
) \
ayn = _0,52 + {025(2) —HL] are the roots of the

characteristic equation; E=L-2M5(z)+Ly;
dmM
O = Ri(T)+ Ry (T) = 2v, (N =+

To represent the solution in a recurrent form, we
define the values of arbitrary constants at the time #.

If o>z,
transformations we get:
uc(ty) +0-i(ty) + ay |5 -i(ty)

Zexplay ot oy —a12)

Substituting expressions (5) into equation (4), we
obtain the expression for the current:

uc(ty)+0-i(ty)

then after a series of

4 =

6))

(1) = 2oy —a [exp(erAt) —explayar)] +
i(ty) - ©
+ —k[a2 exp(alAt)— a exp(azAt)],
@ —a

where At=t; 1} .
Voltage on the CES:

12 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.3



uc(tp)+0-ity)

uc(ten) = tr—an [oe; explenAr) - explagar)]+
- (7
+ EM a22 exp(oz]At)—ozl2 exp(azAt)]
ay

If @<2yzEC™! , then the roots of the characteristic
equation can be represented as:
ap=—0tjw=aw exp(j(;r + 9)), (8)

5
where 5:0,505_1; H:arctg( z072c™! —1)0 ;

@ =(5C)"; o = (5*1C*1 -0,250%= 2 )0’5 :

Substituting the values of the roots (8) into equations
(6), (7) and taking into account that
2j sin(a)lAt) = exp(j a)lAt)— exp(— jwlAt) ,
we get:
i(tp41) = - " exp(- 5Ar){: MNue ) +O-ity) Jsin(e 4t )+ ©)
+ wyi(ty,) sin(a)lAt - 0)}
Voltage on the CES:

uc(th41) = —@ooq  expl= A Wuc (4) + 6 -i(t)]x (10)
x sin(e At — «9)+ i(ty)wo= sin(a)lAt - 29)}.

If ®=2V5C™ , then &= o and current is:
i(tg.41) = exp(- 388 - 5 uc () + ©- i) ] (1)
Voltage on the CES:
uc () =uc (4) =it 55 + @ity oAr +1)x
x exp(— oAt)+i(1 (55 - O).
Current in LPEC in the time interval {¢, o } varies
according to the law:

i(tps1) = i(tk)exp(— @5“Az). (13)
Mechanical processes in LIEP can be described by
the equation:

(12)

dMm dv

iz(t)E:(ma+m2)d—tZ+KPAz(t)+KTvz(t)+ i
+0,12577, B, D32 (1),

where m,, m, are the mass of the armature and A,
respectively; Kp is the value of elasticity of the return
spring; Az(f) is the value of the displacement of the
armature with A; Ky is the coefficient of dynamic friction;
7. 1s the density of the medium of displacement; f, is the
aerodynamic resistance coefficient; D,, is the outer
diameter of the A.

The effectiveness of the axial force action on the

armature will be estimated by the value of the impulse of
EF [11]:
15)
where F(z, t) is the instantaneous value of axial EF acting
on the armature.

Based on equation (14), the value of the

displacement of the armature with A can be represented
as a recurrent relation:

S(tgs1) = s(t) + v, (L)AL + IAC [(my +my),  (16)
where v, (t, 1) =v,(¢)+ SAt/(ma + mz) is the speed of
the armature with A along the z axis;

P = j F(z,0)dt,

9=i%m)%@)—KpAzak)—KTvz(rk)—

~0,12577, iy D2 ().

Thermal processes. In the absence of displacement
of the armature, which occurs either before the start of the
forward stroke, or after the return stroke, there is a
thermal contact between the inductor and armature coils
through the insulation gasket. The temperatures of the
n-th active elements of the LPEC of electrodynamic type
can be described by the recurrent relation [12]:

_1. 1
Tyt = Tyt &+ (1~ ), R, (D2, D2 '+
+0,2572Ty Do, H yatry, + T, (tk)/la(T)da_l]{O,ZSEaTnDean +(17)

q
+ 4,0, |,

A (T
L[O,mm% +L>] :
Co(T)ry d,H,

Aa(T) is the thermal conductivity of the insulation gasket;
d, is the gasket thickness; D.,, D;, are the outer and inner
diameters of the active elements, respectively; ar, is the
heat transfer coefficient of the n-th active element; C, is
the heat capacity of the n-th active element.

Temperatures of the n-th active elements when the
armature is moved and there is no thermal contact
between the armature and the inductor can be described
by the recurrence relation:

Tyt =T ) + (1= 2)To + 47 21, (6 Ry (T, ez} ¢

“1y-1{n2 2 |1
><Den[_[n (Den_DinT :‘3

where & = exp{—

(18)

where y = exp{f 0,25A1De, 0t 7, o (T, }

The initial conditions of the mathematical model of
LPEC are as follows:

T,(0) = T, — the temperature of the n-th active element;
i,(0) = 0 — the current of the n-th active element;

s(0) = sy —the initial axial distance between the coils of
the armature and the inductor;

u(0)=U, — the CES voltage;

v,(0) = 0 — the armature speed along the z axis.

The efficiency of the LPEC of electrodynamic type
will be estimated by the relation:
my +m, )vzz + KPs2

cu?

Main parameters of LPEC of electrodynamic
type. Consider LPEC, whose movable armature and fixed
inductor are made in the form of flat coaxially mounted
disk coils. At the armature, one end side faces the
inductor, and the second one interacts with A. The
inductor (n=1) and the armature (n=2) are tightly wound
with K, layers of a square-section copper tire with
thickness a. The outer diameter of the n-th element is
D.,=100 mm, the inner diameter is D;,=10 mm. The CES
has the following parameters: capacitance C = 3 mF,
voltage Uy = 0,4 kV. The initial distance between the
inductor and the armature is s,=1 mm. The coefficient of
elasticity of the return spring Kp=25 kN/m. Mass of A is
m,=0,25 kg.

We investigate the influence of the thickness a of a
copper square tire and the number K, of its layers in the

n =1oo( %. (19)
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inductor and armature coils on the characteristics and
indicators of the LPEC of electrodynamic type. These
parameters determine the number of turns

De,, — D;
N, = Ent| 05—2—" |K
" ( a+2o ] pr

and the axial height
H, =(a+20)K,,

of the n-th coils with limited radial dimensions, where
Ent(f) is the largest integer not exceeding f; J is the
insulation thickness of the copper tire.

Investigation of operation processes in LPEC.
Consider the electrical and mechanical characteristics of
the LPEC of electrodynamic type, in which both the
inductor and armature coils are tightly wound in four
layers K,,=4 with a square tire of different thickness
(Fig. 2). As the thickness of the copper tire a increases
from 1 to 2,5 mm, the number of turns of each coil N,
decreases from 160 to 68, and the axial height H,
increases from 4,4 to 10,4 mm. In this case, the amplitude
of the current i, increases significantly — from 0,30 to
1,56 kA, and the amplitude of the current density j,
decreases slightly from 304,3 to 250,4 A/mm”.

Ug,V; LA

500

400

300

5 10 15 ¢,ms 2,0
a
F(E), 1, 5, mm
@, T
14 —- 1,0
— 15 f
12 ) ~=- 20 i
- 29 f
10 /s‘f“w;\ .

0 0,5 1,0
b

Fig. 2. Electrical (@) and mechanical (b) characteristics of
LPEC, the coils of which are wound with a copper tire of
different thickness a

15 £f,ms 2,0

An increase in the thickness of the copper tire a
changes the regularities of the flow of electrical
processes: the CES voltage uc decreases to zero value

faster, and the current takes the form of a clear pulse with
a significant increase in the leading front and falling of
the falling front. With an increase in the thickness of the
copper tire a from 1 to 2,5 mm, the power indicators of
LPEC increase. The amplitude of the EF F,, increases
from 3,78 to 12,65 kN, and the impulse of the EF P,
increases from 4,52 to 9,16 N-s. However, speed
indicators depending on the thickness of the tire do not
have an unequivocal pattern.

The maximum speed of the armature V7, is the greatest
at LPEC, whose coils are wound with a tire of thickness
a =15 mm, and is 11,24 m/s. If the tire has a smaller or
greater thickness, then the speed decreases: at a = 1 mm —
Va=28,16 m/s, and at a = 2,5 mm — V;, = 9,44 m/s.

An ambiguous dependence on tire thickness is also
demonstrated by the efficiency of the LPEC of
electrodynamic type. The highest efficiency value
n =21,8 % has LPEC, in which the inductor and armature
coils are wound with a tire of thickness of ¢ = 2 mm. If
the coils are wound with thinner or thicker tires, the
efficiency decreases: at a = 1,5 mm 5 =20 %, at @ = 2.5 mm
n = 18,8 %. Note that if the coils are wound with an even
thinner tire a = 1 mm, then the efficiency takes an even
lower value 7 = 8,5 %.

With increasing thickness of copper tire a from 1 to
2,5 mm, the temperature rise of the inductor and armature
coils 8, decreases from 0,6 to 0,23 °C..

On the basis of the analysis performed, it can be
concluded that the most effective is the LPEC of
electrodynamic type, in which the inductor and armature
coils are wound with a copper tire with a thickness of
a = 2 mm. The number of turns of each coil is N, = 84,
and their axial height is H, = 8,4 mm.

Investigate the effect of the number of layers of the
tire of the inductor coil Kj,; on the indicators of the LPEC
of electrodynamic type. Obviously, as K, increases, the
number of turns N, and the axial height H; of the inductor
coil increase. We will consider LPEC, in which the
inductor and armature coils are wound with a copper tire
with thickness of ¢ = 2 mm. The armature coil is wound
in two layers, contains the number of turns N, = 22 and
has the axial height H, = 4,2 mm. Consider the electrical
and mechanical characteristics of LPEC, in which the
inductor coil is wound with several layers K, (Fig. 3).

With an increase in the number of tire layers of the
inductor coil K}, three times (from 2 to 6), the amplitude
of the current i,, decreases almost in the same proportion
(from 2,57 to 0,86 kA), and the current pulse itself
becomes more stretched due to an increase in the front
and rear fronts. When the parameter K, is increased, the
voltage of the CES uc decreases to zero value more
slowly.

With an increase in the number of tire layers of the
inductor coil K,; 3 times the amplitude of the EF F,
decreases 4.1 times (from 18,72 to 4,57 kN), while the
impulse of the EF P; decreases slightly (from 6,79 to 5,69
N-s). As a result, the maximum speed of the armature with
A Vi (from 12,54 to 10,53 m/s), efficiency # (from 18,08
to 13,57%) and temperature rise of the coils 8, (from 0,73
to 0,3 °C) are reduced. These patterns of change in the
maximum speeds V;, depending on the number of layers
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of the tire of the inductor coil K,; manifest themselves in
a change in the nature of the displacement of the armature
with A s (see Fig. 3,b).

Up W, 1A

ol A\

o PRI
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B
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E

0 0,5 1,0
b
Fig. 3. Electrical (@) and mechanical (b) characteristics of
LPEC, the coils of which are wound with tire thickness
a =2 mm with a different number of layers of the inductor coil
tire K

1,5 f,ms 2,0

Influence of the number of layers of the tire of
inductor and armature coils on the indicators of
LPEC. Consider the effect of the mutual ratio of the
number of layers of the tire of inductor Kj,; and armature
K coils of thickness @ = 2 mm on operation indicators of
LPEC of electrodynamic type. We assume that the
maximum number of layers of the tire coils K,; = K, = 6.

With an increase in the number of tire layers of the
inductor coil K, and/or of the armature coil K, the
amplitude of the current i, decreases, but in different
degrees. So, if the number of tire layers of both coils is
minimal Kj,; = Kj,, = 1, then i, = 5,8 kA. If the number of
tire layers of one of the coils is minimal and of the second
one is maximum, then the following pattern is observed:
at K, = 1, K» = 6 the current amplitude decreases to
im = 0,865 kA, and at K, = 6, K, =1 the current
amplitude decreases to i, = 0,846 kA. If the number of
tire layers of both coils is maximum Kj,; = K, = 6, then
the current amplitude decreases to the greatest extent (to
the value i, = 0.7 kA).

Similar dependencies on the number of tire layers of
the inductor K,,; and armature K,,; coils are observed at the
coil temperature rises. The maximum temperature rise
(612 = 1,5 °C) occurs at the minimum number of layers of
the coil tire K,; = Ky, = 1 and minimum (6,,=0,21 °C) at
the maximum number of layers of the tire K,; = K, = 6.
At K,; = 1 and K}, = 6 the temperature rises ¢, = 0,33 °C,
and at K, = 6 u K, = 1 the temperature rises 6, , = 0,31 °C.

The ratio of the number of layers of tire of coils
significantly affects the power indicators of the LPEC of
electrodynamic type (Fig. 4).

F(), ki

i
ST
/

/59
2 25

v Epg o

10

Lh sz T
_\_\_‘_‘—\—\_._
]

— T

==}

.—'—'_'_'—H—'_’
T
2 ———1
e ———
N
1 - I
1 2 3 4 5 Kpy 6

b
Fig. 4. Distributions of the maximum value (a) and impulse (b)
of the EF depending on the ratio of the number of tire layers of
the inductor and armature coils of the LIEP

The amplitude of the EF F,, is the greatest at the
minimum number of layers of tires of inductor and
armature coils. At K,;=K,,=1, the value of K,;=K,,=1 kN.
With an increase in the number of layers of the tire of one
of the coils, this value is significantly reduced. So, at K,=1
and K,,=6 the amplitude of the EF is F,,=2,75, and at K, =6
and K,=1 the amplitude of the EF is F,, =2,34 kN. If the
number of tire turns of the inductor and armature coils is
maximum K, =K,,=6, then the amplitude of the EF
increases to F,=7,6 kN. We can note the following
pattern: the largest values of the amplitude of the EF F,,
are observed under the condition that the numbers of tire
layers of the inductor and armature coils are the same.
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Impulse of EF P has a different pattern on the ratio
of the number of tire layers of the inductor and armature
coils. The largest value of the impulse of EF occurs at the
maximum number of layers of the tire of coils. At
K,1=K,,=6 the value of P;=10,06 N-s. If the number of
layers of the inductor and the armature tire is minimal,
then the value of the impulse of EF is reduced by more
than two times. At K,;=K,=1 the value of P=4,49 N's.
The highest impulse values of the EF P are realized when
the number of tire layers of the inductor and armature

coils is equal. If the number of tire layers of one of the
coils is maximal, and in the second one is minimal, then
the EF impulse decreases. At K, =1 and K,=6 the
impulse of EF P=4,06 N-s, and at K,=6 and K=1
P[:3,3 N-s.

Let us consider the regularity of the distribution of
the efficiency of LPEC of electrodynamic type as a
function of the ratio of the number of tire layers of the
inductor and the armature coils for its various thickness
a (Fig. 5).
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Fig. 5. The LPEC efficiency distributions depending on the ratios of the number of tire layers of the inductor and armature coils at
the tire thickness a: 1,5 mm (a); 2 mm (b); 2,5 mm (c)

The highest values of efficiency are realized at a
certain ratio of K, and K. If the tire thickness a is equal
to 1,5 mm or 2 mm, then the highest efficiency value is
realized at K,=K,,=4 and takes the values # = 20,01 % and
n = 21,82 %, respectively. If the tire thickness is @ = 2,5 mm,
then the greatest efficiency value (7 = 18,91 %) is realized
at K,=4 and K,=3.

On the basis of the research carried out, it can be
concluded that there is an optimal thickness of the copper
tire a = 2 mm and the corresponding number of turns in
each layer of the inductor and armature coils. From the
point of view of power indicators, the number of layers of
the tire of coils should be the maximum of the considered
range (K, =K;=6). From the point of view of the
efficiency of acceleration of A, coils should have fewer
layers (K,1=K,;=4).

Taking into account the relationships obtained, on
the basis of an LPEC of electrodynamic type a model of a
catapult for launching an unmanned aerial vehicle (UAV)
was made (Fig. 6).

In this model, both inductor and armature coils are
wound with a copper tire and are compounded with epoxy
resin in a rectangular insulating frame. The inductor coil
is attached to the starting stop wall, and the armature coil
is made with the possibility of axial movement along the
central guide.

The electrical leads of the inductor and armature
coils are located between the two dielectric guide plates
and are connected by flexible wires to each other and to
the power source. The armature coil is braked by means
of an elastic damper attached to the brake stop wall. To
the coil of the armature accelerating protrusion is attached
that pushes the UAV.

1 2 3 4 5 6

-1

Fig. 6. Model of a catapult for launching an UAV: 1 — guide
plates for moving an UAV; 2 — UAV;
3 — guide plates for moving the current leads of the armature
coil; 4 — brake stop wall; 5 — brake elastic damper;
6 — accelerating protrusion; 7 — armature coil; 8 — inductor coil;
9 — starting stop wall; 10 — current lead coils

The carried out tests of the model with the
parameters set above confirmed the validity of the
theoretical studies carried out on the LPEC of
electrodynamic type.

Conclusions.

1. On the basis of the developed chain mathematical
model, recurrent relations are obtained for the calculation
of interconnected electromagnetic, mechanical and
thermal processes in LPEC of electrodynamic type.

2. It is established that with an increase in the thickness
of the square copper tire of the inductor and armature
coils from 1 to 2,5 mm, the amplitude and impulse of the
EF increase. However, the maximum speed of the
armature is the highest at LPEC, the coils of which are
wound with a tire 1,5 mm thick. The highest efficiency
value is demonstrated by LPEC, in which the coils are
wound with a tire 2 mm thick.
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3. With an increase in the number of layers of the
inductor coil tire, the amplitude of the EF decreases
significantly, while the value of the EF impulse decreases
slightly. This reduces the maximum speed of the
armature, efficiency and temperature rise of the inductor
and armature coils.

4. The greatest amplitude of the EF is implemented in
LPEC at the minimum number of tire layers of the
inductor and armature coils. The largest value of the
impulse of the EF occurs at the maximum number of
layers of the tire of coils. In this case, the largest values of
the amplitude and impulse of the EF occur under the
condition that the number of tire layers of both coils is the
same.

5. The highest efficiency (21,82%) is realized in LPEC,
in which the inductor and armature coils have four layers
of square tire 2 mm thick.

6. A catapult model for launching an unmanned aerial
vehicle was made and tested on the basis of the LPEC of
electrodynamic type.
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APPLICATION OF THE COMPUTING ENVIRONMENT MAPLE
TO THE CALCULATION OF THE DYNAMICS OF THE ELECTROMAGNETS
IN THE COMPLICATED SYSTEMS OF FORCED CONTROL

3aranpHuii onuc TeMu aocikeHHs. Pozensdacmuca 3anpononosana agmopamu MemoouKka po3paxynky OUHAMIKU eleKmpomazrimie,
wo npayowoms y CcKk1aonux popcosanux cucmemax. Ilodioni popcosani enexmpomazHimu WIUPOKO 3ACMOCOGYIOMBCA 6
ENIeKMPOMEXAHIUHUX KOMYMAYIIIHUX Anapamax, 30Kpema y 6aKyyMHUX KOHMAKIMOPAX, O/ 3MEHWEHHA X po3mipie, CHOMCUGAHHA
eHepeii ma ona nidsuuieHHA WeUOKOOIl, w0 céiouums npo AKTYAIbHICTH AaHOI TeMu. Mamemamuuna mMooens OuHamiku gopcosanoi
eNeKMPOMACHIMHOL CUCIeEMU, W0 6PAX08YE 0COOTUBOCHI NOBEOIHKU Yy HECIAUIOHAPHUX NPpoyecax il OKpemux eieMenmie — MexaniuHoi
cucmemu, MAZHIMHO20 MA e1eKMPUYHO20 Kill 3 YPAXYBAHHAM 63ACMOOII eNeKmPOMAZHIma 3 NPUCHPOEM KEPYBaHHsa nio uac
CHpayboGyeanHa anapama, micmumb neHi O3HAKU HAYKOBOI HOBU3HM I € MeTOK CTaTTi. Memoouxka po3paxynKy oOunamiku
¢popcosanux enexmpomaznimie 3acmocogye mamemamuyunuii nakem Maple. B 0cHogy po3paxyHKy nOKIa0eHo MamemMamuyny mooes,
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YPAGHEHUIl MAZHUMHO20 U INIEKMPUUECKO20 KPY208, OONOTHEHHBIX YPAGHEHUAMU O6UNCEHUA IIEMEHNO08 MEXAHUUECKO
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DPAa3IUYHBIX RPOUECCO8, AGMOMAMUYECKU OCYULECMENAA 0YEHb CLOMCHbBIE U ZPOMO30KUE Mamemamuyeckue npeoopazoeanus,
noszeonaem, uzdezas CAO0MHCHBLIX RPOUECCO8 GbIOOPA CROCOOA YUCTEHHO20 UHMEZPUPOBAHUA, NPOZPAMMUPOSAHUE CIOHCHBIX U
2POMO30OKUX YPAGHEHUIl U Npoyedyp UX YUCAEHHO20 UHMEeZPUPOBAHUA, NOIYUaAmb pPe3yAbmamsl pPAcuemos 6 YOOoOHOIl
maoauunou uwunu zpagpuueckoit ¢hopme, umo ceudemenvcmeyem o0 TPAKTHUECKON 3HAYUMOCTH OAHHOU padombl.
Ilpugedennvie 6 cmamove pe3yabmMamvl CONOCMAGIEHUA DPACYEMO8 ¢ ONYOIUKOBAHHBIMU paHee IKCHEPUMEHMATbHbIMU
OaHHBIMU, CBUOEMeNbCMEYIOm 0 BLICOKOI 3(P(eKTHUBHOCTH npediodceHHbIx modeneii u memoouk. buodn. 10, puc. 6.

Kniouesvie cnoea: 3eKTPOMarHuThl, TMHAMUKA, ()OPCHPOBAHHOE yNpaBJeHHe, KOMMYTAIHOHHbIE ANNAPAThl, BAKYYMHbIe
KOHTAKTOPbI, MaTeMaTH4ecKHii maker Maple.

Introduction. DC electromagnets are simpler in design
than the AC electromagnets as they have higher reliability
and durability. In terms of initial traction force, size and
mass, however, they lose significantly in comparison to the
the AC electromagnets (which are actually forced
electromagnets), because during the operation of the
electromagnet, the currents in their windings exceed (ten
times or more) the values of currents that are in the
windings after the operation of the electromagnet. Forced
control of DC electromagnets essentially means that during
operation a current flows through a winding, whose value
significantly exceeds the current permissible under long-
term heating, is used to increase the traction force during
operation and to increase the speed of the apparatus. After
operation, the current in the winding and, accordingly, its
magnetomotive force (MMF) are reduced, but the armature
of the electromagnet remains in the final (brought) state,
since, at small gaps, the traction force is usually
superfluous even at small values of MMF.

Forced electromagnetic systems (FEMS) [1] are
widely used in drive systems of low and medium voltage
electromechanical switching devices, in particular in
contactors, which execute switching operations (switching
on and off) the main circuits of powerful electric motors
and some other objects.

The FEMS wusually includes the electromagnetic
mechanism (EMM) — the main contact module and the
actuator, which provides the execution of switching operations
by contacts (in contactors, the actuator's role is most often
performed by a forced unpolarized electromagnet with a
rotating spring) and a control device (CD) that performs
changes in the windings* control circuit to provide the required
values of currents both during operation and in the final state.
Note, that in the AC electromagnet which is actually forced,
since during the operation the current in the winding is much
greater than the current in the final state, the values of the
current change without any CD due to the difference in the
values of the inductance in the released and final states).
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When designing switching devices with FEMS, it is
necessary to take into account the interaction of the
electromagnet with the control device during the
operation of the apparatus. Therefore, it is necessary to
calculate the dynamics of the electromagnet taking into
account the action of the CD. There is a large number of
publications devoted to the methods of calculating the
dynamics of electromagnets, some of which are listed in
references [2 — 9]. Nonetheless, in our opinion,
insufficient attention is given to the issue of the
interaction of the forced electromagnet with a CD taking
into account the large variety of existing CDs and some
features of operation of forced -electromagnets in
switching devices.

The goal of the work is to describe the mathematical
model of FEMS dynamics, which takes into account
peculiarities of behavior in switching devices of individual
elements of FEMS during transients, as well as to build a
technique for calculating the dynamics of forced
electromagnets using the computing environment Maple.

Mathematical model. The calculation of the FEMS
dynamics, where the electromagnet is only a part of the
control system that contains the power source, the
mechanical system, the forced control device and the
electromagnet itself, is reduced to a solution of coupled
differential equations. These describe the transients in the
circuits of the windings and in the circuits of the forced
control device of these windings, transients in magnetic
circuits of electromagnets taking into account the effect of
eddy currents. They also describe the dynamics of the
moving part of the switching device, namely, the armature
of the electromagnet, the main contacts of the apparatus,
mechanical parts that connect armature with moving
contacts (levers, rods, springs, etc.). In many cases, forced
control systems are designed so that, when the switching
device is operated, the circuit diagrams of the windings
are automatically changed if there are several windings or
if there are certain changes in the circuits of the forced
control device. In the process of performing the on and
off operation of the device, also the mass (the moment of
inertia) of the moving system can significantly change. If
the switching of the main circuits uses vacuum
interrupters, the process of movement is significantly
affected by bellows and the actual vacuum, which
“prevents” the opening of the contacts, pulling the
moving contact to the fixed one. All of the above-
mentioned factors must be taken into account by creating
separate fragments of the mathematical model of the
dynamics of the electromagnet in the composition of the
forced control system, i.e., writing the equation for
transients in the mechanical system, as well as in the

magnetic and electric circuits of the forced
electromagnetic system.
Transients in the mechanical system of the

switching device. Kinematics of switching devices in
many cases are built so that the part of moving elements
carries translational motion, and the other part carries
rotary motion (Fig. 1). Since the angles of rotation of
moving parts in actual apparatus are relatively small and
usually do not exceed 10-15°, a rotating motion with a
slight error can be reduced to a translational motion
relative to an element adopted as a basic one. Such

element may be, for example, an actuator whose armature
moves progressively along the axis of the actuator, which
is at a distance r, from the axis of rotation O of the lever,
to which other parts of the switching device are attached
and which operate at different distances (shoulders) from
the axis O. From the initial armature position the path s
passed by the actuator is measured. In calculating the
dynamics of motion reduced to the motion of the base
element (in our case, to the actuator's armature), the
masses of parts moving at different distances from the O
axis must be replaced by reduced masses in accordance
with the condition of maintaining the moment of inertia.
For example, the reduced mass mj of the part with mass

my acting at distance 4 from the O axis is given by the
formula:

my=my -1y /1. (1)
If the moment of inertia J of some part, for example of
the lever shown in Fig. 1, is known, then the calculation

of its reduced mass is carried out according to the
formula:

/ 2
my=J/r]. )
Thus, the actuator’s mass reduced to the axis of the

actuator's motion for the fragment shown in Fig. 1 will be
equal to:
mo=m, +myrg [ ri AT (3)
The forces that counteract the movement of the
actuator’s armature must also be replaced by reduced
forces, which are calculated in accordance with the
condition of maintaining the moment of force. For
example, the force F; of a spring acting at a distance 7
from the O axis in the calculation of the dynamics of the
actuator's armature motion should be replaced by the
reduced force

F =F r/r. 4)

actuator

AF

. (h

i ) : I armatyre (1) 0
| ©
C 1o

lever (J)

A

i
i
i i
! 7 '
: detail (ma) :
i i

i
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: VY F;
D)

|
i Va

g
Fig. 1. A fragment of the mechanical system
of the switching device

A characteristic feature of electromechanical
switching devices is the gradual nature of the forces
opposing the movement of the actuator's armature as well
as the gradual nature of the change in the mass of moving
parts due to the peculiarities of the kinematics of these
devices (Fig. 2).
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Fig. 2. Kinematic circuits of the switching device in three
characteristic positions
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During the operation of the switching device, two stages
of the motion of its mechanical system can be observed: the
first stage — from the initial position (position of rest) to the
initial contact position (0 < s < s.) and the second stage —
from the of initial contact position to the end position (s, < s
< 51). At the first stage, the reduced mass of moving parts is
comprised of the reduced mass of the mechanical system m,
and a reduced mass of moving contacts m.. At the second
stage, the moving contacts stop — they are faced with fixed
contacts, therefore the reduced mass of moving parts is
almost abruptly reduced to the value m,

= m,+ m, at s<s (5)
m at s2s,.

v
Thus, when the switching device operates, there is a
motion with a variable mass, which is described by such a
system of differential equations:

d
)= F - (6)
ds
EZV’ (7

where F is the electromagnetic force providing the
actuator's movement, F, is the reduced force that
counteracts the movement of the actuator’s armature, v is
the speed of the actuator's armature, s is the path passed
by the armature from the beginning of the movement, ¢ is
time.

After performing the differentiation operation in (6),
we obtain:

2 .

m % + & vi=F-F; (®)

Function (5) is discontinuous, at its differentiation
there are pulsed functions which makes it practically
impossible to carry out further calculations using (8),

therefore we have applied the approximation of this
function with the use of hyperbolic tangent. As a result,
the following expression is obtained:
m=my,+mg-(1-th(4-(s—s.)))/2, 9
where 4 is a suitably chosen large constant number.

The function (9) is smooth, allowing for a
differentiation operation, but the mathematical expression
of the derivative is very cumbersome, but the Maple
computing environment does not require the programmer
to perform transformations related to bringing the
equations to a canonical form: this code performs all the
required complex algebraic transformations itself. In the
Maple environment it is only necessary to write
expressions (7), (8), (9) and write the command that
provides the solution of the system of differential
equations.

The force F,, which counteracts the movement of the
actuator’s armature is formed due to the action of the
rotary and contact springs, the action of forces of the
deformation of the bellows, the action of vacuum and
friction. This force has a step-by-step nature, but since it
does not require differentiation, the corresponding
expression in the code can be written as follows:

F-H
F+—2—1. at s<sg;
F S (10)
=
Fy-F
B+ 3 (s—s,) at s>s.,
Sk ~Sc

where F), F, are the values of reduced countermeasures
force, respectively, at the beginning and end of the first
stage of the movement of the mechanical system of the
apparatus; F, F, are the values of reduced countermeasure
force, respectively, at the beginning and end of the second
stage of the movement of the mechanical system of the
apparatus.

The difference between F; and F, must be equal to the
sum of the values of the initial contact forces at all poles of
the apparatus.

Transients in the magnetic circuit. A mathematically
rigorous calculation of transient magnetic field can be carried
out by solving a system of nonlinear partial differential
equations featuring the magnetic vector potential 4. Similar
problems are solved relatively simply for 2D plane-parallel
or plane-meridian fields [9]. In such cases, where the total
costs of simulating high-fidelity 3D models is inacceptably
high and even 2D models are not applicable, alternative
techniques may need to be used including those that have
proven themselves well in the past. Such a technique for
magnetic circuits is a method of electromagnetic analogies,
complemented by new features provided by modern
software products, in particular the Maple code.

Figure 3 shows an substitution circuit of the magnetic
circuit of a double-rod electromagnet used in the vast
majority of vacuum and low voltage contactors. In contrast
to the well-known circuit, which is given in many sources, in
particular in [1], in this circuit, on each section of the core,
divided along the axis into n equal parts, the «eddy» MMFs
that arise during transients are introduced:

o,
Aqu,‘:AGC. dt- , j=L2,...,n. (11)
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Fig. 3. Substitution circuit of the magnetic circuit of a double-rod electromagnet taking into account the effect of eddy currents in cores,
armature and yoke

«Eddy» MMFs also appear in the branches of the
substitution circuit corresponding to the sections of the
armature and yoke:

42,y

F —.
a(y) dt

ma(y) —

G (12)

In (11), (12) and in Fig. 3 the following notation is used:
AG. is the electrical conductance of the equivalent short-
circuited circuit in the eddy current path that arises in the
area with the number j divided into n equal parts of the core
of length I, G,y is the electrical conductance of the
equivalent short-circuited circuit in the eddy current path
generated in the armature, @; is the magnetic flux through
the area of the core with the number ;. The variables @, @,
are magnetic fluxes through the armature and the yoke,
respectively. The variable F,, denotes the MMF of one coil®,
AF,, is the MMF of one part of the coil, divided into n equal
parts (AFy, = Fiy/ 1), R, Ry are the magnetic resistance of
the armature and yoke, respectively. The variable AR, is the
magnetic resistance of the core section with the number j, A
is the magnetic conductivity of the working gap, A/ is the
magnetic conductivity of outflow which falls on one area of
the core. The variables Fn,, Fr,, describe the «eddy» MMFs
arising respectively in the armature and yoke; Fi,; is the
«eddy» MMF that occurs in the core section with the number ;.

The calculation of the magnetic resistances ARy¢j, Rina,
R, the electrical conductances AG,, G,, Gy, as well as the
magnetic conductance of outflow AAy is carried out
according to the formulas:

Ry =l /(n-p(®;/8)-S,), (13)
Rinay) = Lagy) tt(Poyy 1 Sa)) = Sagy) » (14)
AG,=1/(n-8-m-p,), (15)
Guy) = lay) /(16 - pg - (Co)/ oy +buyy [ €4)) 5 (16)
My=2-1/n, (17)

where A is the specific magnetic conductivity of outflow;
in the case of two parallel circular cores we have:
4

1n(z/dc+,/(z/dc)2 —1) '

The conductances of working gaps can be calculated
by the method of enlarged field tubes:

A= py (18)

—

Electromagnet, the circuit of which is shown in Fig. 3, is double-
rod, so it has two identical coils, each of which can have one or
more windings. In the first case, the MMF of the coil is equal to
the MMF of its winding, in the second case, the MMF of the coil
is equal to the sum of MMFs of windings with different number
of turns and different currents in them.

u [7d; 4-d,
| ——+1.63-d_ +1.232:0+1, - +211.(19)
2| 46 P P20+,

In (13)«(19) we indicate: x is the relative magnetic
permeability, ie., a nonlinear function (for a specific
magnetic material; this function, depending on the magnetic
flux density, is usually given in tabular form.), d, S, are the
diameter and cross-sectional area of the core, d,, S,, /, are the
diameter, cross-sectional area and thickness of the pole tip, /
is the distance between the axes of the cores and ¢ is the
working air gap between the pole tip and armature.

The calculation of the magnetic circuit makes it possible
to determine the magnetic fluxes, and thus the traction force
created by the electromagnet. On the other hand, the traction
power determines the movement of the mechanical system,
therefore, processes in the mechanical system and in the
magnetic circuit are interrelated. These processes, however,
are inextricably coupled with processes in electrical circuits,
which we consider below.

Transients in the electric circuit. In this paper,
choosing from a lot of existing systems of forced control,
we consider a system, which is most often used in low
and medium voltage contactors (Fig. 4).

Fig. 4. Principle electrical circuit
of a widespread system of forced
control that is used in low and
medium voltage vacuum
contactors and in some SF6
medium voltage contactors [10];
u is the instantaneous value of the
nominative voltage of the control
circuit; u is the voltage at the
output of the diode bridge

This forced control system provides power supply from
a DC or AC source:

U for DC;
Upy-sin(2-m- f-t+a) for AC.

where fis the frequency, « is the initial phase.

Thus, the voltage at the output of the diode bridge can
be constant or rectified, but in any case, the voltage
reduction due to its drop in the bridge diodes should be
taken into account, which can be especially significant
when powered from the network of ultra-low voltage:

u0=|u|—2-ud(iB). (21)

In this paper, the nonlinear characteristic of the diode is
replaced by a piecewise linear dependence: a very large
resistance to R4 at negative (reverse) currents, at relatively
large positive currents of the voltage drop on the diode is

(20)
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considered to be a constant value of Uy, and at relatively
small positive currents smaller than some value [, the diode
is considered as a resistor with resistance Ug,/ Iy

R4 at i<O0;
ug = UdO'i/[O atOSi<IO; (22)
Uqo at i> /.

Another feature of this system of forced control — it
involves the use of an electromagnet with two coils, each
of which has two windings — booster (B) and holding (H).
Booster windings are wound by a wire of a relatively
large diameter and have a large MMF. These windings
operate short-term — during the operation of the
electromagnet, when the control auxiliary contact KM is
closed, and as a result they are connected in series,
connected to the power supply to the control circuit, and
generate the MMF that is sufficient to allow the contactor
to operate. After operation of the contactor, the contact
KM opens and the retaining windings are connected in
series with the booster windings. These are wound with a
relatively thin wire. As a result, they have considerably
greater resistance and considerably less MMF, which at a
small gap is sufficient to hold the armature of the
electromagnet in the pulled state. Capacitor C provides
efficient arc extinguishing at interruption of high current
that passed through the booster windings, and the diode
VD2 prevents countercurrent in the holding windings
when the contactor is braked, and in some cases even
blocks the operation of the apparatus.

This electric circuit is often considered to be too
complicated for programming, but its description is much
simpler if the parallel connection of the capacitor C with the
auxiliary control contact KM, which is closed when the
coordinate s of the armature stroke does not exceed the value
of the coordinate s, at which the opening of this contact
occurs, to replace with one capacitor with very high
capacitance Cy when s <'s,, and at s > s, the capacitance of
this capacitor becomes equal to its nominal value C:
C:{CM at s<s,; (23)

C, at s>s,.

In this case, we obtain the following differential

equations for electric circuits:

diy oy 49

Uyg=2"Ry-ig+2-Lg- +2~NB~d—t0+uC; (24)

det
U =2 Ry iy +2- Ly -0 0.n, 90 s (25)
dr dr
duc
= -0, 26
5 " i (26)

In these three equations, the unknown values are
currents g, iy, voltage uc and magnetic flux @, but the
latter is determined when solving the corresponding
magnetic circuit equation.

Note that the Maple code does not require
representing the task of integrating systems of differential
equations in the form of a system solved with respect to
the first derivatives. It independently chooses the method
and step of integration, as well as independently performs
complex algebraic transformations, which makes it an
valuable tool for solving complex problems of forced
systems dynamics calculation.

Model validation on a full specimen.

Data of experimental studies of industrial samples of
vacuum contactors are presented in one of the previous
papers [10], where forced control systems were used as in
Fig. 4. In particular, the oscillograms of the dynamic
characteristics of the currents in the booster and holding
windings were obtained at the power supply of the control
system from DC and AC sources. The experimental data
were compared with the results of calculations performed
using a simplified model of the magnetic circuit, which was
considered as a circuit with lumped parameters (Fig. 5).

=~
S

g core (c)

- Fes
¥

yoke (y) @y {*Fny

Fig. 5. A sketch of a double-rod magnetic core of the
electromagnet and its simplified substitution circuit

The equations compiled for two circuits with magnetic
fluxes @, and @, have the following form:

1 do, 2-@
—R—a-?o=1L1(<150/Sa)~1aJr A;—(cbl—qﬁo)//\ofe; 27)
2~iB-wB+2~iH~wH—(2-GC+Gy)~%=
=H(D,/S,)- 1, +2-H(D/S,) 1, +(D, - D)/ Ay, (28)

The calculations are carried out in accordance with the
following input data, the designations of which
correspond to those given in Fig. 5 and in explications of
the formulas (5), (10) and (11)~26): [, = 65 mm; /, = 65 mm;
I =59 mm; / = 64 mm; d, = 26 mm; d, = 30 mm; J = 5 mm;
ay=6 mm; a,=5 mm; b, =40 mm; b, =32 mm; /, = 3 mm;
Sk = 05 S. = 3,5 mm; s, = 4,5 mm; m, = 2,2 kg; m. = 0,6 kg;
Fi=161N; F,=172N; F;=221N; F4=253N; Losg =5 mH;
Loy = 18 mH; Ry = 56 Q; Ry = 900 Q; p, = 20-10° Qmy;
Ry=1-10°CQ%; Up=1V;I,=1A, Cy=1F; Cy=1 pF.

The results of some calculations are shown in Fig. 6.
These results are plotted directly on the oscillograms, which
makes it possible to assess the adequacy of the proposed
technique and the high accuracy of the calculations
performed.

Conclusions.

1. Utilization of the computing environment Maple for
mathematical modelling of the dynamics of forced
electromagnetic systems allows to significantly accelerate
the process of simulation, save time and significant material
resources, while providing an acceptable accuracy of the
results.

2.The adequacy of the developed model is confirmed by
experimental studies, which showed a good coincidence of
the results of the mathematical and the full-scale
experiments, and, characteristically, this coincidence is
observed in the conditions of complex shapes of curves of
currents in windings.
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Fig. 6. Comparison of experimental data obtained on industrial samples of vacuum contactors with calculation results using
a simplified model of the magnetic circuit, which is considered as a circuit with lumped parameters
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Application of the computing environment Maple to the
calculation of the dynamics of the electromagnets in the
complicated systems of forced control.

General description of the research topic. The authors propose a
technique for calculating the dynamics of electromagnets operating
in complex forced systems. Such forced electromagnets are widely
used in electromechanical switching devices, in particular in
vacuum contactors, to reduce their size, energy consumption and to
increase speed, which indicates the relevance of this topic. A
mathematical model of the dynamics of a forced electromagnetic
system, which takes into account the peculiarities of behavior in
transients of its individual elements — the mechanical system, the
magnetic and electrical circuits, taking into account the interaction
of the electromagnet with a control device when the apparatus is
activated, contains certain signs of scientific novelty and is the
purpose of the paper. The technique of calculating the dynamics of
forced electromagnets uses the computing environment Maple. The
calculation is based on a mathematical model, which is a system of
nonlinear differential equations of the magnetic and electric
circuits, supplemented by the equations of motion of the elements of
a mechanical system. The use of the computing environment
Maple, applied here to automatically perform the mathematical
transformations, allows avoiding the complicated processes of
choosing the numerical integration method, programming of
complex and cumbersome equations and numerical integration
procedures, to obtain results of calculations in convenient tabular
and/or graphic form. This specifically indicates the practical
significance of this work. The results of the comparison of
calculations with previously published experimental data presented
in the paper indicate the high efficiency of the proposed models and
techniques. References 10, figures 6.

Key words: electromagnets, dynamics, forced control, switching
devices, vacuum contactors, computing environment Maple.
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HIGH CURRENT HARMONICS INFLUENCE ON THE CHOICE OF CONDUCTORS OF
CRANE POWER SUPPLY SYSTEMS

Purpose. To study the effect of high current harmonics on the power and voltage losses in the conductive lines of the crane power
supply systems and the development of an account method for this influence in practical calculations. Methodology. For research
analytical methods and methods of simulation are used. Results. Analytical calculations have been performed for power losses
and voltage losses for the conductors of crane power supply systems in the conditions of high harmonic generation for frequency-
controlled drives. Originality. For the first time, the authors have obtained the analytical expressions and graphical dependencies
in relative units for practical calculations that allow determining the effect of high harmonics to the values of power losses and
voltage losses for crane supply systems, while the parameters of steel conductors are nonlinear for load current and frequency.
We have established that the values of power losses and voltage losses increase for crane power supply systems. It is shown that
the power losses lead to a decrease the efficiency of crane supply systems up to 7 %, which must be taken into account when
choosing electric drive systems and its payback period. Practical value. The obtained theoretical expressions can be used for
calculations, design, optimization of crane power supply systems in terms of high harmonic generation. References 12, tables 2,
figures 4.

Key words: high harmonics, voltage losses, power losses, conductors, steel materials, aluminum tires, crane power systems.

Y cmammi nposedeno docnidricennn 6niaugy sULUX 2apMOHIK CIMPYMY HA 6MPAmu HARPY2U i ROMYICHOCMI 8 CIHPYMONPOBOOAX
cucmem yHcuenenna Kpanie. Ompumani HeoOXiOHI po3paxyHKoei CniggiOHOweHHA 0N 6USHAYEHHA RAPAMEmpie CIMPYMOnPO8ooie
npu naaguocmi euwgux apmonix. Ha npuxnadi naii6ineus po3noecrodiceHux 4acmomHuo-pezyib08aHux npueoodie NOKA3IaHo, wio
6 mponeiinux ainiax 3i cmanesux mamepianie empamu Hanpyzu i nomyxycHocmi 3pocmarwoms 00 4 pazie i 0o 1,43 pasu,
6ionogiono. Ilokazano, w0 Haneénicmv HeNIHIHOI 3a1€)HCHOCMI AKMUBHOZ0 ONOPY CHMANEGUX CPYMORDPOBOOI6 6i0 cmpymy
Hasanmax cennsa i yacmomu npu3eo0ums 00 30iNbUieHHA PO3PAXYHKOGOT Geuyunu 8mMpam HOMYMNCHOCHI 6 NOPIGHAHHI 3
PO3paxyHKom uepe3 Koegiyicnm cnomeopenusa cmpymy. Becmanoeneno, wo eenuuuna tgg,; moyce 6ymu uKOpUCMAna AK
KOHCMPYKMUGHUI NOKA3HUK cmpymonpoeody. Hasenicmv empam nomyscnocmi npuzeooumsv 00 3uudxcennna KK/ cucmem
JcusneHHsa Kpanie 00 7 %, wio HeoOXiOHo epaxosysamu npu eubGOpi cucmem e1eKmponpueoody i iiozo mepminy oxynnocmi. biosm.
12, Tabmn. 2, puc. 4.

Kniouosi cnosa: Buuli rapMoOHiKM, BTPaATH HANPYrH, BTPATH MOTYKHOCTi, CTPYMOIIPOBO/M, CTAajeBi MaTepianu, ajroMiHieBi
LIMHH, CHCTEMH JKHBJICHHS KPaHiB.

B cmamve nposedeno uccinedosanue 6auUAHUE BbICUWIUX 2APMOHUK MIOKA HA ROMEPU HANPANCEHUA U MOUWIHOCHMU 6
moKonpoeooax cucmem numanusa kpanos. Ilonyuenvt neodxooumsle pacuemnsie cCOOMHOULEHUA O ONPedeieHUA NAPAMEMPOE
MmoKonpo6oooe npu Hanuyuu evicuux apmonux. Ha npumepe naubonee uacmo ecmpeuaroujuxca 4acmomuo-peyiupyemplx
npuE0006 NOKA3AHO, YMO 8 MPOJIEHHBIX JUHUAX U3 CHIATIBHBIX Y20]IKO6 NOMEPU HANPAICEHUA U MOWHOCIU 603pacmaiom 00 4
pas u oo 1,43 pasza, coomeemcmeenno. Ilokazano, umo Hanuyue HeIUHENHOU 3AGUCUMOCHU AKMUGHOZ0 CONPOMUGIEHUA
CINAIbHBIX MOKONP0GOO06 OM MOKA HAZPY3KU U YACHOMbl RPUEOOUN K YEENUYEHUIO PACUEMHOU 6eIUYUHbL NOMEPs MOUWHOCHU
nO cpasHenuio ¢ pacuemom uepes Kor(uuuenm uckaxcenus moxda. Ycmanosneno, umo GenuyvuHa tgg,; Moxyicem 0vinp
UCNONB306aHA KAK KOHCMPYKMUGHbLI nOKazamens mokonposooa. Hanuuue nomeps mowinocmu npugodum x cnuxcenuro KIT/{
cucmem RUMAHUA KPanog 00 7 %, umo HeoOX00UMO YUUMbIGAMb NPU 6blOOpe cucmem INEKmMponpueooa u ezo cpoka
oKkynaemocmu. bubn. 12, tabx. 2, puc. 4.

Kniouesvie cnosa: BbBICHIME TAPMOHHMKH, NMOTEPH HANPSIKEHHs, TOTePH MOIIHOCTH, TOKOMPOBOJAbI, CTAJIBHbIE YTOJIKH,
aJIOMMHHEBbIE INNHBI, CHCTEMBbI TUTAHUS KPAHOB.

Introduction. The main number of cranes is their efficiency, cost, without taking into account losses in

powered by alternating current of power frequency, which
is decisive when choosing the type of used electric drives
of cranes. The modern state of crane production industry
is characterized by the introduction of semiconductor
converters, significantly changing the quality of the crane
electric drive, providing uniformly accelerated start and
stop of mechanisms, which contributes to the reliability
and durability of their mechanical structures and moving
parts with significant energy saving [1-3]. In most cases,
the advantage is given to the use of a variable frequency
drive (VFD). The presence of semiconductor converters
leads to the emergence of higher harmonics currents in
the power supply system of cranes (PSSC), which in turn
negatively affects the quality of electric power,
electromagnetic compatibility, leads to a drop in voltage
and power losses. When choosing a type of adjustable
drive, an economic assessment is made by comparing

AC PSSC, which cause deterioration of the efficiency of
the PSSC-VFD system [4-6].

The goal of the paper is to study the effect of
higher current harmonics on the power losses and
voltages in the conductors of the power supply systems of
cranes and the development of methods for taking this
influence into account in practical calculations.

Main materials of investigations.

1. Initial data. In existing practice, the AC power
supply system is mainly used, and for the implementation
of adjustable electric drives in crane installations,
controlled rectifiers with DC motors or VFDs based on a
two-stage frequency converter with an independent
voltage inverter, having an uncontrolled, controlled or
active bridge rectifier are used. The presence of bridge
rectifiers leads to the appearance of higher harmonics of

© P.D. Andrienko, O.V. Nemykina, A.A. Andrienko

24 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.3



n=6k=1 order (k is the natural number k£ =1, 2, 3, 4, ...)
in the AC network, which leads to an increase in the
calculated current by an amount taken into account by the
distortion coefficient v or the harmonic factor THD; in
accordance with the requirements of International
Standards IEEE 519-1992 or IEC 61000-3-12:2012 [5-7].

To assess the effect of higher harmonics in the AC
PSSC using a two-stage frequency converter (FC), an
equivalent circuit has been used (Fig. 1). The power
source (QG) in the equivalent circuit is a symmetric system
of limited power voltages. The power supply network is
simulated by successive R;L; chains.

G r - T

' — ' Rm Ly Rz Ia Rn I R I.Im
HO- N2 0
T .

Fig. 1. Equivalent circuit of the AC PSSC

Each chain includes a corresponding inductance and
a resistance: of a transformer — Rz Lyg, of a cable line —
Ry Ly, of a section of a conductor Ry; Ly; — respectively
to the first crane in the span.

When modernizing cranes, the VFD circuit with the
common rectifier (R) which is located on the crane is
most often used. Depending on the type of crane,
conductors of profiled steel, aluminum tires, flexible
cables are used.

The following assumptions were made during the
analysis:

e the constancy of the amplitude, the sinusoidal shape
and symmetry of the three phase voltages on the
secondary winding of the power transformer;

e the inductive and active resistances of all network
elements, except the main conductor, are considered
constant and independent on current;

e taking into account the influence of higher
harmonics of the current is carried out by the simulation
results for the PSSC with a VFD or by analytical
relations, while the parameters of the conductor depend
on the frequency and load current.

The choice of conductor sections is made according
to the heating condition and is checked for voltage losses
at the most distant point [8, 9].

The rated current of the conductor at non-sinusoidal
load is determined based on the value of the calculated
power (P) by the relation [9]:

P P

I= = (M
x/?/%U,wm x/g-cosqpl V-U,om

where U,,, is the nominal voltage, U,,, = 380 V;
A, cospy, v are, respectively, the power factor for the non-
sinusoidal circuit, the power factor of the main harmonic
and the distortion factor.

For crane installations with controlled rectifiers and
DC motors or two-stage frequency converters and VFD
operating in intermittent mode, the input power factor is
A = 0.5+0.6 [2]. Ensuring electromagnetic compatibility
(EMC) of the frequency converter (FC) with the supply
network is achieved by installing an input smoothing
reactor and/or an active rectifier. In this case, the input
power factor of the main harmonic increases and can

reach unity. Further studies were performed with
cosp; =0.5+1 [4].

In the case of generation of higher harmonics, the
calculated current of the conductor is determined by the
relation [10]:

2

where I, is the value of the calculated current of the
harmonic of the n-th order in conductors.

For a bridge rectifier, the relative values of the
higher harmonics of the input current are determined from
the relation:

* 1 1 1

I =k,,~1—”:kn~—=kn- s 3)

n

=
o

where £k, is the coefficient taking into account the relative
value of the amplitude of the n-th harmonic at different
pulsations of the rectified current.

For the ideal rectifier L,=o, k,=1 the input current
distortion factor v =0.955.

For a three-phase bridge rectifier in the input link of
the FC and a capacitive filter, the values of higher
harmonic currents were obtained by the simulation
method [11], which was performed in the Matlab software
package (Table 1).

The relation (2) in relative units with regard to (3)

takes the form:
Dl k| )
i=1 f n

Table 1
Higher harmonic input current values

10 % n=5 | n=7 |n=11|n=13|n=17|n=19| v
ey 383%122% | 7% | 3% | 3% | 2% |0.926
Li=0, k=1 20% [14%| 9% | 7% | 6% | 5% |0.955
k, 191 (087077042 05 | 04 —

2. Determination of the parameters of conductors
taking into account higher harmonics. A feature of
conductors in terms of the generation of higher harmonics
is the dependence of their active resistance on the
magnetic permeability of the steel conductor and the
frequency of the current.

The value of the active resistance of conductors
made of corner steel is determined by the relations [9]:

/
Ry =KyRy = Kg - pso ?

t
K,=1+084-4,, at pg, <l

K, =0,758+,/134-8,-083, at 1<p, <3\, (5

K,=0758+11598,, at f, >3

ﬂW:2-1072£~ Lﬂ
P\ pso

where S, P, [ are, respectively, the section, cm?, perimeter,
cm, length, m; R, is the ohmic resistance of steel
conductor to direct current, Q/km; u is the relative
magnetic permeability of steel conductor, which is
determined by the curves [10], depending on the magnetic
field strength H = 0.4-7-1/P, A/cm; ps, is the resistivity to
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direct current, Q-mm?*/m; [ is the current in the conductor,
A, S, is the section, mm>.

For trolley lines made of corner steel 50x50x5 and
75%x75%10, according to the condition of permissible
heating, the magnetic field strength values H are within
6+23.5 A/cm, which corresponds to the value
i = 1500+750. According to relations (5), f, for the
frequency 50 Hz (the first harmonic) takes the values
P = 3.653.2 and B, = 6.5+5.8, respectively. The
specified values of f,; correspond to the coefficient
K, = 5+4.5 and K, = 8.25+7.6. Active resistance to
alternating  current R, 1.5+1.4 Q/km and
R, = 0.85-0.78 Q/km for comer steel 50x50x5 and

75%x75%10, while the ohmic resistance of the corners to direct
current is 5 and 8.25 times less, respectively (Table 2).

The value of the inductive resistance of trolley lines
of corner steel for the first harmonic is determined by the
relation [9]:

X=X+ X"~ X' +056R,,;, (6)
where X' and X'' are the internal and external inductive
resistances of trolley lines, respectively.

The values of active and internal inductive
resistances of trolley lines made of corner steel R, and
X", according to relations (5), (6), depend on the load
current and frequency. The value of the internal inductive
resistance X' does not depend on the load current.

Table 2
Parameters of the investigated conductors
Xop1, Qkm
Dimensions, mm Load current, A | Ry, Q/km | R, Q/km Thnaw A t20 01
X, Qkm | X", Q/km

Trollevs 50x50%5 100/170 0.3 1.5/1.36 0.216 0.85/0.77 328 0.71/0.725
4 75%x75%10 200/360 0.103 0.85/0.78 0.18 0.49/0.44 542 0.788/0.795

Tires 40x4 — 0.192 0.222 0.214 475 0.96

120x10 — 0.0255 0.0331 0.153 2070 4.6

The parameters of the most used conductors in the
form of steel trolley lines and aluminum tires for the first
harmonic are given in Table 2. Analysis of data of Table 2
shows that for trolley lines made of corner steel, 7g¢,;
varies in the range of 0.71+0.795 and practically does not
depend on their section; with a slight error, zgp,,; ~ 0.75 =
= const can be taken, while for tires, fgg,, increases with
increasing section of tires.

Internal inductive resistance for the corners of
50x50% 5 and 75x75x 10 is in the range of 0.216+0.18
Q/km and with a slight error X' = 0.195 = const can be
taken.

When generating harmonic currents #>5 in the steel
conductor, the coefficient f,, expression (5), therefore,
with an accuracy of up to 10%, K,, = 1.159-8,,, can be
taken.

The relative value of the active resistance of the
conductor for the harmonics of the n-th order, taking into

account expressions (5):
R K
. B P _ [ )
ol Kot P

— wn
wn R

where f*, = f;/f; is the relative frequency of the harmonic
of the n-th order; f,, f; are the frequency of the harmonic
of the n-th order and the fundamental frequency,
respectively.

Active and inductive resistance of trolley lines for
the harmonics of the #-th order:

*
Ra)n =Rl fn ’ (8)
* 1 & *
Xon=Xpt1- fu=| X +056R 1A f |"fu- 9
Using relations (8) and (9) we express the value:

(0,195 10,56 Ry £ j S

R

wn

t8Pun = = "
Ram Rwl ’ f n

. (10)

At f » > 5, the value of the internal inductive
resistance of the trolley lines is small compared with the
external inductive resistance, therefore, with enough
accuracy for practice, it is possible to use the relation:

€ Pon = 18001 " fy = 0.56- f; . (11)

Note that for aluminum tires and copper conductors
in the frequency range under study, the manifestation of
the skin effect is insignificant, therefore the tires
resistance is constant R, = R,;.

The tgg,,, value for harmonics of the n-th order of
aluminum tires and copper conductors is determined by
the relation tgp,, = tg@u1/ u-

3. Determination of voltage losses in conductors
taking into account higher harmonics. In the general
case, the voltage losses are determined by the relation [10]:

(12)

where AU, are the voltage losses for harmonics of the n-
th order in conductors:

‘/gkmax']n '(Ra)n'l'cos(/’l + X on 'Z-Sin(ol)
Unom

_ \/gkmax 1, R, ~l(cosqo1 +12P ~sin(p1)
Unom

where I, ¢, are the current value of the n-th harmonic and
the shift angle of the main harmonic, respectively; / is the
conductor length; k. is the coefficient taking into
account the increase in peak current relative to the
calculated value of current.

The value of cosg, is determined by the switching
angle y for rectifiers installed in the input link of the FC.

Using the previously accepted assumptions, we
transform the relation (12). For steel conductors, the
relation takes the form:

AU, = 100 =

(13)

-100,

26
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n 2
AU*:JE;ﬂéEJl—

N/

N 2
1 | cosgy +0,56- f, -sing,

(kn)z_* - :
1, CosQ +1g@,, -sing@

(15)

n=6k+l1

=+ >
k=1 n
For aluminum tires the relation (15) takes the form:

¥

AU =

=6k=1 S
1+" S (k) 1 [ cosgy+ 18Py - [y -Singy
" * cos @ +tg@, -singy

a

In the study of voltage losses in terms of the
generation of higher harmonics, it was found that their
value is determined mainly by the product tgg,,// ,-sing,

Jz (16)

which is part of the function flp) =
= (COS(ZJI+tg¢wlfkn'5in¢l)-
The dependencies of the function

Ap)=(cosp;+tgp,'sing;) for the main harmonic are
shown in Fig. 2.

#w)
13 T
501 = 0,75
_.—'—'—'_'_'_'_‘_"‘“-‘—-.____
12 \
1.1
€os g
]US 0a oy ne ng 1
a
)
3 T T
| Ig0m= 4.6
4 -
-
3
tgwa1= 1,7 ™
180 =U,-96-“”“ \
I R R ), e o]
]D.S 0a n7z 0z o9 1
b

Fig. 2. Dependencies flp) = (cosp;+tgp,,;-sing;)
for conductors made by trolley lines (a) and tires (b)

For trolley lines (tgp,1=0.75) at changes
0.6 < cosg; < 0.95, the function f{p) can be approximated
with enough accuracy for practice by the value f{p)~1.2,
which greatly simplifies the calculations. The maximum
value of the function f{p)~1.25 takes at cosp;=0.8.

When using tires tggp,, varies in the range of
0.96+4.6.

For tgp,1=0.96, at 0.5 < cosp; <0.95, the values
Aep) = 1.37. For tgp,; > 1.7, which is typical for tires of
50x6 mm and more, the function monotonously increases
with decreasing cosp;. The minimum value the function
fp) takes at cosp; = 1.

The dependencies of the relative values of
AU'=f(cosp;) for trolley lines and tires, calculated by

relations (15) and (16), are shown in Fig. 3. Analysis of
dependencies shows that at the same harmonic
composition of the current, the relative value of the
voltage losses in conductors of the steel corner is much
higher than in tires. This is explained by the fact that for
trolley lines the component AU, n is inversely
proportional to f,, and for tires to (f',)>. When reducing
the shift coefficient to cosp; = 0.5, which is typical for
controlled rectifiers, voltage losses increase 4 times for
steel corners, and 2.5 times for tires.

AU o4
]

I£01 = 0,75

h o5 ¢y

AUT %%

] 1501~ 4.6

| tg0. =095

€05
5.5 a 0.7 0z na 1

b
Fig. 3. Dependencies AU =f{cosg;) for conductors at v =0.955
(solid line) and v = 0.926 (dotted line), made by trolley lines (@)
and tires (b)

2.3

This circumstance confirms the need to take into
account the effect of higher harmonics when calculating
the voltage losses.

The decrease in the distortion coefficient v from
0.955 to 0.926 leads to a decrease in the voltage losses in
the conductors, which indicates a non-linear dependence
of AU" on the amplitudes of the harmonic components of
the current curve.

Therefore, when designing PSSCs that have
semiconductor converters (rectifiers, FCs, voltage
regulators), it is necessary to determine the harmonic
composition by simulation modeling. Dependencies of
AU have a number of characteristic points.

For conductors of corner steel, the relation (15) takes
the form:

-atv<0.95and cosp; =1

. n=6k+l 1
AU = 1+ > (k) — .

k=1 n

amn

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.3 27



- at sing; = 1 (cosp; = 0)
(18)

-atk, = I,AU*—>\/§.

The absolute value of the voltage losses is
proportional to the calculated value of I, and the active
resistance R, according to (13). Since the tire resistance
is less than steel corners one, at an equal value of the
calculated current, the absolute value of the voltage drop
in the tires is significantly less.

Note that the use of cable conductors for powering
portal [12] and gantry cranes provides a significant
reduction in voltage losses due to their relatively low
tg(owb

4. Determination of power losses in conductors
taking into account higher harmonics. The power
losses in the AC conductors for the first harmonic is
determined by the relation [9]:

AR =3() )R, =3[\/_ P

3.cosq-U

2
J Ry, (19)
nom

where [, is the calculated value of the main harmonic
current.

The relative value of the additional losses in the AC
conductor in the conditions of generation of higher
harmonics is determined from the relationship:

n=6k=l

AP n=6k+1
* k=1 n * *
AP =L — o N R, ~(1,,)Z,
AP, Pt

where AP, are the power losses at the main harmonic in
the AC conductor.

Taking into account expressions (3) and (7), the
relative value of the additional losses in the conductor:

n=6k+l f*
\VJn

AR = k- :
&

Relative total losses taking into account the first
harmonic:

(20)

21

ASP" = (1+APZ*). (22)

After summing up the series (21) for the conductor
under consideration at v = 0.955, we obtain the value
AP’s = 0.26. The relative total losses ATP" = 1.26
according to (22).

When calculating using the distortion coefficient v,
the relative total losses:

AZP = AP,V = 1/*=1/0.95=1.11.

The resulting value by the ratio (22) 1.26/1.11 = 1.135
times more compared with the well-known conventional
approach.

When the distortion coefficient v = 0.926 according
to the data of Table 1 relative value of additional losses
according to the expression (21) AP's = 0.436. Relative
total losses taking into account the main harmonic
AXP" = 1.436.

When calculating using the
ATP" =1/0.93* = 1.15.

The value of the relative total losses increase by
1.436/1.15 = 1.25 times.

distortion factor:

In conductors made of aluminum tires (for example,
for powering portal cranes), the active resistance value is
not significantly dependent on the presence of higher
harmonics, therefore, with enough accuracy for practice,
power losses can be determined using the standard
technique: ASP'= AP,V = IHVA

This circumstance confirms the need to take into
account the effect of higher harmonics when calculating
power losses in conductors.

5. Influence of power losses in conductors on the
efficiency of power supply systems of cranes. Figure 4
shows the dependence of the relative value of the main
harmonic power losses (APl* =AP,/P;) in conductors 100 m
long at load currents and the parameters of the conductors
given in Table 2 when changing the values of
cosp; =0.5+1.

The dependency analysis (see Fig. 4) shows that at
cosp; = 1 and [/ = 100 m, the relative power losses in the
trolley lines are 5% and 6.1%, respectively for the corners
50x50%5 and 75x75 x10, for aluminum tires 1.4 % and
1.03%, respectively, for sections 40x4 mm and 120%10
mm. At cosg; = 0.5, the relative losses in trolley lines are
20 % and 25 %, respectively for 50x50x5 and 75x75x10,
the losses in tires are 4.1 % and 5.5 %, respectively for
sections 120x10 mm and 40x4 mm.

AP, %
25—

20

15

1o

leos @y

* ]
AP 1 ﬁ’n

- ees g
E.S 0.6 0.7 02 0e 1

b
Fig. 4. Dependencies AP, "=f{cosg;) for conductors made by
trolley lines (@) 50x50%5 mm at P = 59 kW (solid line) and
75%75%x10 mm at P = 125 kW (dotted line); as well as made by
tires (b), 40x4 mm at P =100 kW (solid line) and 120x10 mm at
P =500 kW (dotted line)

Thus, the relative losses in trolley lines increase by
3-3.5 times as compared with tires. At real lengths of
60-70 m and the location of the nodes for feeding trolley
lines, the losses in them are 3-5 %, depending on the
angle of the corner. Taking into account the additional
losses from higher harmonics and real power factors, the
power losses increase to 4.5-7 %.
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At tire lengths up to 300 m, which is typical of gantry
cranes, the losses amount to 4.2 %, taking into account the
additional losses the power losses increase to 5 %.

This circumstance leads to a decrease in the
efficiency of the PSSC with VFD, which must be taken
into account when justifying the payback period of the
electric drive system.

Conclusions.

1. The presence of higher harmonics in the conductors
of power supply systems of cranes at changing values of
cosg; = 0.5+ 0.95 causes:

- an increase in voltage losses of 1.8-2.5 times as
compared with sinusoidal current for tires tggp,, and of
3.2-4 times for steel trolley lines;

- an increase in power losses of 1.26-1.43 times
compared with sinusoidal current at using steel trolley
lines.

2.1t is shown that the decisive parameter affecting the
voltage and power losses is the tangent of the conductor
tgp,1, which can be used as a design parameter of the
conductor. Conductors with minimal tgg,,; have minimal
losses.

3. The presence of power losses in conductors made by
trolley lines, taking into account the additional losses
leads to a decrease in the efficiency of power supply
systems of cranes to 4.5-7 % at using trolley lines and up
to 5 % when using tires, which must be taken into account
during the feasibility study of electric drive systems. The
presence of additional losses from higher harmonics in the
power systems of AC cranes leads to an increase in the
cost of the implementation of conductors.
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PARAMETRIC ANALYSIS AND STRAY FIELDS OF TOROIDAL
SUPERCONDUCTING MAGNETIC ENERGY STORAGE

Purpose. To carry out a parametric analysis of superconducting toroidal magnetic systems with a discrete winding, establishing
the possibility of using an idealized model in the form of a toroidal current surface and an approximate method for determining
the level of fields of scattering of a real magnetic system. Methodology. The calculation of the distribution of the magnetic flux
density in the winding, the field of scattering and energy of the storage’s field was carried out using asymptotic methods for
solution of the problems of electrodynamics in systems with massive curvilinear conductors with current. An iterative calculation
procedure was used to determine the dimensionless characteristics. Results. The dimensionless characteristics of a toroidal
magnetic system with a winding in the form of individual superconducting coils of circular shape are calculated. The results are
obtained depending on the value of the storage's energy capacity for various values of the relative radial size of the torus. For a
toroidal superconducting storage device with energy capacity of 450 MJ, enough to perform the function of damping irregular
oscillations of power transmitted over the transmission line, magnetic fields of scattering are calculated for different numbers of
coils and torus section sizes. Originality. Based on a comparison of the values of dimensionless characteristics calculated for a
system with individual coils, and for an idealized mathematical model of a continuous current surface, it was established that the
relative deviation of the dimensionless characteristics does not exceed 10 %. In contrast to the idealized model, the magnetic field
of a toroidal system composed of individual coils spreads beyond the toroidal surface and decreases the faster, the smaller the
relative radial sectional size of the torus, the greater the number of coils used and the closer they are to each other. Practical
value. The results obtained for dimensionless characteristics allow to conclude that the idealized model can be used at the first
stage of the development of a superconducting inductive storage. The estimation of the field of scattering can be made on the
basis of a simple model of unidirectional current filaments. References 15, figures 7.

Key words: superconducting magnetic energy storage, parametric analysis, stray magnetic field.

Pozenanymo naonpogiony mopoioanvny mazuimny cucmemy 3 Komywikamu Kpyenoi ¢opmu. Jlocniornceno mosxncaugicmo
GUKOPUCMAHHA  [0eani306anoi mamemamuynoi mooeni y euiadi cyyinbHoi CcmpymMoeoi noeepxHi 0131 NPO6eOCHHA
napamempuyHozo0 aHaNizy MAZHIMHUX cUCEM 3 00Medicenol0 KinbKicmio okpemux komywiok. Ha ocnosi nopienanns eenuuun
0e3po3MipHUX XapaKkmepucmuK, po3PAxX06aHUx ONA cucmemu 3 OKpemumu Komywikamu i 0na ideanizoeanoi mooeini,
6cmanoeneno, uio ionocne eioxunenusa e nepesuwiye 10 %. Ompumano 3anexncHocmi MazHiMHO20 NOAA PO3CIIO6AHHA ONA
Mmaznimnoi cucmemu enepzoemuicmio 450 M/lxc 6i0 6ionocnozo po3mipy nepepizy mopa i Kinbkocmi xKomyuiok. Bukonano
OUIHKY XapaKkmepHoi iocmani 6i0 mopoioanvnoi noeepxui, na AKiil cnadae maznimue none posciroeanna. bion. 15, puc. 7.
Knrouosi crosa: TopoigajJbHUI HAINPOBiTHMIT IHIYKTUBHUN HAKONMYYyBa4, NapaMeTPUYHMIl aHAJi3, MarHiThe moJe
po3ciloBaHHS.

Paccmompena ceepxnpogodauian mopouodanvHas MAZHUMHAA CUCHeEMA C Kamywkamu Kpyznoi gopmoi. Hccneoosana
603MOJNCHOCHb UCNOJIb306AHUA UOEAIUIUPOCAHHOI MAMEMAMUULECKOU MOOeNU 6 Ude CHIIOWIHOIL MOK0GOI NO6epXHOCmU O
npPO6edeHUA NAPAMEMPUYECKO20 AHAIU3A MAZHUMHBIX CUCHEM C 0ZPAHUYEHHbIM KOluvyecmeom omoenvHvix Kamyuwiek. Ha
OCHOB€e CPagHeHUs GeIUYUH 0e3PaAZMEPHDBIX XAPAKMEPUCIUK, PACCYUMAHHBIX 0N CUCIEMbL C OMOEIbHLIMU KAMYUWKAMU U 014
uoeanu3uposanHHoll Mooenu, yCmano6ieHo, Yno omuocumesvHoe omkinonenue ne npesviuiaem 10 %. Ilonyuenwt 3agucumocmu
MAZHUMHO20 NONA PACCEAHUA ONIA MAZHUMHOU cucmembl Inepzoemkocmuio 450 M/I>c om omnocumensnozo pazmepa ceueHus
mopa u Konuuecmea KamyuieK. Buinonnema ouenka xapakmepnozo paccmoaHus om mopouoanbHOll NoGepXHOCMU, HA
Komopom yovleaem mazHumnoe none pacceanus. buon. 15, puc. 7.

Kniouesvie crosa: ToponaanbHblii CBepXNPOBOAAINMI HHAYKTHBHBIII HAKONHUTE/b, NapaMeTPUYECKHil aHAIN3, MATHUTHOE
1oJie paccestHus.

Introduction. Recently, there is an increase in the
interest of researchers to the possibility of using
superconducting magnetic energy storage (SMES) to
increase the sustainability of power systems and improve
power quality as a promising high-tech way to solve a
number of problems in the power industry [1-3]. This
interest is due, among other things, to the successes in the
use of superconducting magnetic systems with large
accumulated energy in large-scale physical facilities for
controlled thermonuclear fusion [4-6].

Investigations to identify areas of potential effective
use of SMES to address the issues of improving the
reliability and manageability of power transmission in the
power systems of Ukraine have shown that it can be
economically feasible to use them in the following areas:
ensuring the dynamic stability of power plants, damping
irregular fluctuations in the power system load, short-term

emergency frequency regulation large disturbances [7].
The values of SMES energy capacity for use in the
specified areas of the power industry are approximately in
the range of 100 — 10,000 MJ. For these applications,
there are both several operating SMES and research-based
SMES projects, taking into account specific power
systems and their operating modes [8, 9]. Regarding the
feasibility of SMES in the specified energy capacity
range, the fact add optimism that the magnetic energy
storage of toroidal configuration, intended for use in
large-scale physical installations, primarily in the field of
controlled thermonuclear fusion, have been developed,
created and operated for many years.

To be able to use SMES in the power industry, one
of the main factors is lower cost compared to alternative
solutions. Here, an important characteristic is the

© Yu.M. Vasetsky, I.L. Mazurenko, S.L. Bondarevskyi
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necessary mass-dimensional parameters of SMES and,
above all, its magnetic system. These parameters usually
include the following [10, 11]: dimensions — large radius
R and dimensions of the torus section: volumes (masses)
of the material of the superconducting winding V. and the
structural material of the holding mechanical system Vj,.
An important characteristic is also the field of scattering
of the toroidal system.

When developing a superconducting storage device,
the following parameters are initial: the energy of the
magnetic field of the storage device W, which is necessary
for its corresponding application; the properties of a
superconducting material — the permissible maximum
values of the magnetic flux density on the winding B,, and
current density in the conductors j,; the material
properties of the mechanical holding system — the
permissible values of mechanical stresses o

At carrying out a parametric analysis, a relationship
is established between the initial and mass-dimensional
parameters of the magnetic energy storage, and
investigations are performed on the effect of the
configuration, in this case of a toroidal magnetic system,
on the mass-dimensional parameters. Such investigations
are adequately performed using an idealized mathematical
model in the form of a current surface for tori with
sections of circular, D-shaped, and racetrack shapes [4,
10]. At the same time, real superconducting toroidal
storages are made as a system of individual coils, the
axial lines of which are located on a toroidal surface. The
parameters of such systems differ from the results of the
calculation according to the idealized model [11, 12]. In
addition, if there are no fields of scattering for an
idealized torus, in a real system the magnetic field extends
beyond the toroidal surface [4, 13].

The goal of the work is to carry out a parametric
analysis of superconducting toroidal magnetic systems
with a discrete winding, to establish the possibility of
using an idealized model in the form of a toroidal
current surface, and also to investigate magnetic fields
of scattering and use an approximate method to
determine them in a magnetic system composed of
individual coils.

The influence of the discreteness of the winding
on the mass and dimensional parameters of the
toroidal storage. Analysis of the feasibility of
estimating the mass and dimensional parameters of the
magnetic system with a limited number of coils based on
the use of the calculation results by an idealized model
can be performed by comparing the data obtained by
these models. It is believed that magnetized media are
absent.

Figure 1 shows a system of N = 14 individual coils
in its section by the xOy plane, in which the rotary axis of
the torus lies. In this investigation, it is assumed that the
section of each coil has the shape of a rectangle with sides
A and A, and does not change along the perimeter of the
coil. The intersection lines of the toroidal surface by the
x0Oy plane are shown by dotted circles with the smallest
and largest radii p; and p».

Y
A

-
.

s

- s -
-

Fig. 1. Toroidal system with limited number
of coils

To find the relations between the dimensional initial
and mass-dimensional parameters, we represent the
maximum value of the magnetic flux density at a certain
point of the winding as

B, =2k, (M

and the field energy distributed in the volume V in the
form

ol *R

2
w=| B~ av =
5 210 4
where [ is the total current of all windings, kz and kj are
the dimensionless characteristics of the magnetic system.
Considering (1) and (2) as a system of two algebraic
equations, the current / and the large torus radius R are
expressed in terms of the initial parameters W and B,, as
follows:

Ky » 2

W1/3B,143 W1/3/,l(1)/3
I=—-"-""k;, R=——F"—kp. 3)
2/3 323
Hoy m

The corresponding dimensionless characteristics k;
and kz in (3) take the form

27[1/3 k§/3
1= 7313 ° R~="513,13 "
k1{11/3k;~}/3 7r2/3k%3

“)

Taking into account that the sum of the cross
sections of the conductors of all coils is = 7/}, the volume
of the conductive material of the superconducting
winding V. = S/ is

2/3
IR w

Vsc:._kl: R 1/3 1/3 kSC" (5)

Jm JmBm ™ to
where the introduced dimensionless characteristics will be
w=2-CB_ |-kR. (6)

k2/3
w
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From (5) it can be seen that with an increase in the
energy capacity of an magnetic energy storage, the
required volume of the superconducting winding
increases as V,, ~ W*”. The volume of steel structures of
the mechanical holding system is proportional to the first
power of the field energy — Vi, ~ W [10, 14]. Therefore, at
relatively low power consumption, within the limits of the
values considered in the work, the volume of structural
materials turns out to be much smaller than the volume of
the superconducting winding [9, 14].

It follows from the above relations that such
parameters as the size of the magnetic system, the total
toroidal current, the volume of the superconducting
material are determined not only by the stored energy of
the magnetic field, but also by the dimensionless
characteristics of the magnetic system ky, kp, k; and
related characteristics kg, k;, k..

In an idealized model of a toroidal current surface,
any of the listed dimensionless characteristics k; depends
only on the configuration of the torus section, which is
characterized by a set of dimensionless initial parameters.
For example, for a torus of a circular section, this may be
the only parameter — the ratio of small » = (p, - p;)/2 and
large R = (o, + p1)/2 (see Fig. 1) torus radii & = /R —
relative radial size of the torus section.

The dimensionless characteristics of a circular torus,
expressed in terms of the dimensionless parameter &, will
be [4]

kg =1/(1-¢), kW:Z(l—\/l—gz), ky =2ne, (7)
-1/3
kg =|:27T2(1—£)2(1—\/1—82)j| ,
L3 (®)
k. =4rme 47z(1—g)(1—\/1—52j .

Systems composed of a set of momentless constant
tension windings of a more complex D-shape form a
torus, the section geometry of which is also described
using one parameter [4]. [t may be the same relative radial
section size & To describe the section of a torus with
racetrack windings, two independent dimensionless
parameters are necessary [10]. An idealized model makes
it possible to obtain visual results for determining the
values of geometrical parameters at which one or another
configuration has optimal indicators. Thus, the analysis
shows that the minimum values of the large torus radius
and the volume of the superconducting winding for the
mentioned configurations of magnetic systems are
achieved in the range of the dimensionless parameter
£~(0.4-0.6)[10].

We now consider a magnetic system with a discrete
toroidal winding in the form of a system of a limited
number of coils with a rectangular section.

The transition from an idealized model to a model of
a winding with individual coils greatly complicates the
analysis. Now, the dimensionless characteristics kz and
kw, and hence kg, k;, ki, also depend on additional

dimensionless initial values that characterize the geometry
of the system: the number of coils N, the relative values of
thickness A/R and the width %./R of coils, as well as the
parameter which characterizes the presence of a gap
between the coils k; = h/hy < 1, where hy is the
maximum width of the coil with no gap, when /4, = 0.

For a system with a discrete winding with additional
data on the number of coils N and the value of %, the
sectional dimensions of each coil A/R and A./R are also to
be determined by given magnetic energy values # and the
properties of the superconducting conductors B, and j,,.
That is, the dimensions of the section of the coils depend
on the initial parameters of the storage, and at the same
time, these dimensions affect the value of the
dimensionless characteristics kg, k, k. of the storage.

The most significant is that any dimensionless
characteristic ; is determined not only by the parameters
of the torus section, but also depends on the initial
parameters of the storage k(s,..., W, By, jm, N, ky). This
means that a parametric analysis cannot be carried out
separately for the initial dimensional and dimensionless
parameters. However, the task can be formulated not only
as finding the mass and dimensional parameters for a
particular storage capacity, but also based on obtaining
corrections to the values of dimensionless characteristics
that are valid for an idealized model. This allows to carry
out a generalized analysis for the approximate values of
quantities with a certain error, and to characterize its
deviation by the value

p =L, )

where £; is the value of the dimensionless characteristic
when calculating with the help of an idealized model of a
continuous current surface, k;y is the same characteristic
of the system with separate coils.

During the calculations, the following features of the
system with a discrete winding were taken into account.

First, each value of the mass-dimensional parameters
and dimensionless characteristics were found as a result
of solving the problem with the following initial
parameters: & W, N, ky, B, j.. Permissible values of the
magnetic flux density and current density in the winding
B, = 5 T, j, = 410’A/m* were selected, which
corresponds to the values for the wire based on the low-
temperature NbTi superconductor.

Secondly, it was taken into account that for real
windings the position of a point on the perimeter of the
coil section (see Fig. 1) with the maximum value of the
magnetic flux density B, depends on the size of the
section, i.e. is a function of the initial parameters. This
point is shifted to a region near the angle of a rectangular
section, and therefore the condition for finding its position
was included in the system of equations for finding the
geometry of the system.

Thirdly, the magnetic field of a system with discrete
coils exists not only in a certain internal volume, as in an
idealized model, but extends beyond its limits. Therefore,
the calculation of the magnetic field energy was carried
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out using integration over the volume occupied by the
currents in accordance with the expression:

1 1
WZEZZWM ZEZZJ-AJ/(G'V,
ik

i kvy

(10)

where j, is the current density of one of current systems;
A; is the magnetic vector potential created by another (at

i#k) or the same (at i = k) system in the region of current
flow.

When performing calculations, the asymptotic
methods for calculating the magnetic field of massive
circuits with current, described in detail in [15], were used
to reduce the required amount of calculations. An iterative
calculation procedure was used to determine the
dimensionless characteristics.

As an example, Fig. 2 shows deviations Sz and Sy
for dimensionless characteristics, respectively, kp and &y
of SMES with round-shaped coils depending on energy
capacity at different values of relative radial size & In
order to show the general trends of deviations S and Sy,
a wider range of values ¢ = 0.2-0.8 was chosen as
compared to the minimum values of the large torus radius
and the volume of the superconducting winding.
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Fig. 2. Relative deviations S and Sy for the storage
with round-shaped coils (N =36, k, = 1)

Figure 3 illustrates the effect of the number of
circular storage’s coils on the value of deviation £, from
the value of the idealized model for the dimensionless
characteristic k,., which determines the volume of the
material of the superconducting winding. In this case, the
calculation was carried out at a specific value of the
energy capacity of SMES of 450 MJ, which is sufficient
for the storage to perform the function of damping low-
frequency irregular power flow oscillations along the
high-voltage transmission line [9].

From presented in Fig. 2 dependencies it is seen that
in the considered range of energy capacity and a
significant number of coils N = 36, the calculation error
for the idealized model does not exceed ~10 %.

From Fig. 3 it can be seen that the error in
calculating the volume of the superconducting winding
also does not exceed 10 % for storages with a smaller
number of coils.

The indicated order of the error in calculating the
mass-dimensional parameters of the magnetic system
using the idealized model is also valid when varying other
initial parameters for all the dimensionless characteristics
under consideration. This indicates the possibility of
using an idealized model at the first stage of the
investigation. More accurate calculation can be performed
after selecting approximate parameters of the storage.

/J’_w_' 5%
§ N=36

. N=12 %
N=16 s

-10

W =450 MI; k, =1

-15
0.2 0.4 0.6 £
Fig. 3. Relative deviations £, for the storage with round-shaped

coils

The field of scattering of a toroidal system with a
limited number of superconducting coils. Magnetic flux
density created by the surface current flowing over the
toroidal current surface has only an azimuthal component
and is concentrated inside the toroidal volume, in other
words, there is no field of scattering in the idealized
model.

For a real magnetic system, which is a system of
individual coils with axial lines located on the surface of
the torus, the magnetic field extends beyond the toroidal
surface. A qualitative picture of the magnetic flux density
lines in the xOy plane of the storage with eight coils is
shown in Fig. 4.
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Fig. 4. Lines of the magnetic flux density

Outside the toroidal surface, only a «buckling» of
the field in the region between the coils is shown for lines
with a common magnetic flux density direction, which
coincides with the field direction in the central part of the
torus. However, for a field of scattering in areas adjacent
to the planes in which the coils lie, the magnetic flux
density vector has the opposite direction. Moreover,
outside the toroidal winding, the averaged values along
both directions are the same. This follows from the zero
value of the circulation of the magnetic flux density
vector along a circle of radius p exceeding the outer
radius of the torus p> p,+A/2

§Bd1=p2f3¢d(p=o, (11)
/ 0

where ¢ is the azimuth angle.

For definiteness in the investigation of the field of
scattering, the calculation results are given for the
distribution of the magnetic flux density along the radius
¢, passing between the coils in the xOy plane, as shown
in Fig. 1.

Since, as was shown, the geometrical dimensions
of the magnetic energy storage, including the cross-
sectional dimensions of the coils, depend on the initial
parameters, the distribution of the field of scattering
was calculated, as before, for the storage’s energy
capacity of W = 450 MJ and the properties of the
superconducting wire based on NbTi.

Figure 5 shows the dependencies of the relative
value of the magnetic flux density B/B,, on the relative
distance p/p,, (solid curves) at points in space beyond the
volume bounded by the toroidal surface for p > p, + A/2
(see Fig. 1); p,, is the distance from the vertical axis of the
torus to the point at which the magnetic flux density takes
the maximum value B,. These dependencies make it
possible to estimate the value of the field of scattering for
different values of the relative size of the section of the
torus € and, accordingly, different maximum radial sizes
of the torus.

The flux density of the magnetic field of scattering
for all ¢ decreases sharply away from the surface of the
toroidal storage. At small values of & near the toroidal
surface, the value of the magnetic flux density is greater.
This is explained by the fact that for small & the magnetic

flux density within the relatively small transverse size of
the torus, changing inversely to the radius, drops to
smaller values for p, than for larger &

B/B,

0.24

0.207

0.16]

0.12]

0.08

0.04}

0 15 3 45 6 75 9

Fig. 5. Field of scattering of the toroidal magnetic system
with the number of coils N= 16 and k;; = 1

£ P

At the same time, the field decrease rate is the
highest at small ¢. This character of the dependence is due
to the fact that at the outer radius of p, for small & the
coils diverge relative to each other to a lesser extent than
for large & The characteristic size Ap, on which the field
of scattering significantly decreases, can be estimated as
the distance between the coils on the radius p,. So, from
Fig. 1 it is shown that this distance is approximately

. LT
Ap=2p, s1nﬁ—hc :2R(1+5)smﬁ—hc. (12)

The relative distance from the toroidal surface on
which the field decreases

A_/gz(“_g_ st]smz,
o I-¢ N
substantially depends on the relative cross-sectional size
of the torus section &, the number of coils N, and also on
the coupling coefficient k.

The values obtained from (13) are consistent with
the data on the reduction of the field in the magnetic
system with real-section coils shown in Fig. 5.

It is convenient to present the dependencies of the
magnetic fields of scattering with a different number of
coils for a specific value of ¢ In Fig. 6, dependencies are
presented for £= 0.6 and &, = 1.

It can be seen that the external magnetic field
decreases the faster with distance from the toroidal
surface, the greater the number of coils used, in other
words, the smaller the discreteness of the superconducting
winding.

In the previous two cases, the calculations were
carried out with the exact coupling of the coils near the
radius p; — A/2, and the discreteness was most
pronounced at the radius p,. However, it is almost
impossible to ensure accurate coupling of coils in a
particular system. Figure 7 presents the results of
calculations on the effect of the coupling coefficient on
the fields of scattering for N = 16, ¢ = 0.6 for different
values of the coupling coefficient k;, = 1, 0.67 and 0.5.

(13)
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Fig. 6. The influence of the number of coils on the value of the
field of scattering (¢= 0.6 and &k, = 1)
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Fig. 7. Influence of the parameter £, on the value
of the field of scattering

The fields of scattering will be the smaller, the
closer the coils are located to each other. In Fig. 7
dependencies are built in named units, which makes it
possible to estimate the real values of the magnetic flux
density and the distances covered by the fields for a
storage with energy capacity of W =450 MJ.

The calculation of fields of scattering using the
complete model with a discrete winding is rather time-
consuming. To simplify the analysis, various approximate
mathematical models can be used. However, as noted in
[4], the nature of the approximate winding models
significantly influences the results of the field calculation,
especially near current-carrying parts. Thus, the use of
current filaments as a model is associated with the
appearance of features at the locations of the filaments,
which introduces significant perturbations in the local
field under consideration. However, the estimation of the
field of scattering can be performed in the region between
the coils at a certain distance from them.

Taking into account that the field of scattering
decreases rapidly with distance from the winding, to
estimate it in the xOy plane, it is enough to use a simple
plane-parallel model of a system of unidirectional current
filaments. The position of the vertical current filaments is
determined by the intersection of the axial lines of the

coils with the plane. The calculation results for some
values of the relative size of the sections of the torus ¢ are
shown in Fig. 5 by dashed lines. It can be seen that such a
rough model allows, however, obtain preliminary results
of the value of the field of scattering.

Conclusions.

1.In toroidal magnetic systems with a winding
consisting of individual superconducting coils, it is
advisable to carry out parametric analysis using
dimensionless characteristics similar to those used for an
idealized mathematical model of a toroidal current
surface.

2. The dimensionless characteristics that show the
influence of the geometrical configuration of the magnetic
system on the dimensions of the toroidal winding, the
mass or volume of the material of the superconducting
winding, in the considered energy capacity range are only
approximately independent on the total accumulated field
energy and properties of the superconducting winding. At
the same time, the relative deviations of the dimensionless
characteristics calculated by the two models do not
exceed 10 %, which makes it possible to apply an
idealized model at the first stage of the development of a
superconducting storage.

3. In contrast to the idealized model, the magnetic field
of a toroidal system composed of individual coils spreads
beyond the toroidal surface and decreases the faster, the
smaller the relative radial size of the torus section, the
greater the number of coils used and the closer they are to
each other.
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REFINED SELECTION OF ALLOWABLE CROSS-SECTIONS OF ELECTRICAL
CONDUCTORS AND CABLES IN THE POWER CIRCUITS OF INDUSTRIAL
ELECTRICAL EQUIPMENT TAKING INTO ACCOUNT EMERGENCY OPERATING
MODES

Purpose. Implementation and clarification of the existing engineering approach for determination in industrial power
engineering for allowable sections of cable-conductor products (CCP) S;; of electric wires and cables in the circuits of electrical
equipment of the general industrial installations characterized flowing in malfunction of current ii(t) of short circuit (SC) with
different amplitude-temporal parameters (ATPs). Methodology. Scientific and technical bases of electrical power engineering,
electrophysics bases of technique of high voltage and high pulse currents, theoretical bases of the electrical engineering. Results.
The results of the developed engineering approach are resulted in the calculation determination on the condition of thermal
resistibility of CCP permissible sections of S; of the uninsulated wires, insulated wires and cables with copper (aluminum) cores
(shells), polyvinyl chloride (PVC), rubber (R) and polyethylene (PET) insulation, on which in malfunction of their operation the
current iy(t) of SC can flow with the set by normative documents of ATP. It is shown that divergence between the values of basic
calculation coefficient of C;, by existing and offered to the engineering calculations selection of permissible sections of S;; of cores
(shells) of the tested wires and cables for normal of their operating time at the nominal current load of CCP makes no more (3-8)
%, and in the mode of de-energizing of CCP arrives at to (9-26) %.. Analytical correlation is got for the specified calculation
determination of integral of action of J, of current iy(t) of SC (Joule integral) in the power circuits of the tested electrical
equipment. It is set that in the circuits of of the general industrial installations (for permanent time of slump of T,=20 ms of
aperiodic constituent of current of SC) maximum possible amplitudes of density of 6,,,<L../Siy of SC current at time of his
disconnecting t,c=100 ms for the uninsulated wires with copper (aluminum) cores make according to approximately 0.64 (0.36)
KA/mm?, for cables with copper (aluminum) cores (shells), PVC and R insulation — 0.47 (0.30) KA/mm?, and for cables with
copper (aluminum) cores ( shells) and PET insulation — 0.39 (0.25) KA/mm?. At time of disconnecting t,=160 ms of SC current in
the circuits of electrical equipment (T,=20 ms) permissible amplitudes of current density of d;,, of SC for the unsuolated wires
with copper and aluminum cores are accordingly about 0.52 (0.29) KA/mm?’, for cables with copper (aluminum) cores (shells),
PVC and R insulation of 0.39 (0.25) KkA/mm?, and for cables with copper (aluminum) cores ( shells) and PET insulation — 0.32
(0.21) kA/mm’. Originality. First by a calculation the specified numeral values of sections of Sy and amplitudes of density 6y, of
SC current are determined for the uninsulated wires, insulated wires and cables with copper (aluminum)cores shells), PVC, R
and PET insulation. New analytical correlation is offered for the calculation estimation of thermal resistibility of tested CCP to
the action of current of SC. Practical value. The obtained results will be useful in the increase of thermal resistibility of CCP with
copper (aluminum) cores (shells), PVC, R and PET insulation, widely applied in the power circuits of electrical equipment of the
general purpose industrial installations. References 6, tables 6.

Key words: electric power engineering, electric wires and cables of circuits of electrical installations of the general industrial
purpose, calculation selection of allowable sections of wires and cables in the circuits of electrical equipment.

Haoani pe3ynomamu po3poonenozo iHIHCEHEPHO20 eN1eKMPOMEXHIUH020 Ni0X00y 00 YMOUHEHO020 PO3PAXYHK08020 6udopy
ZPAHUYHO OORYCIMUMUX hepepi3ie S; eNeKMPUYHUX Hei30/1b06AHUX OPOMis, i3071b06AHUX OPOMIE i Kabelieé 3 NOJiGIHINXI0pUOHOI0
(IIBX), 2cymoeomro (I) i noniemunenosoro (IIET) i3onauyicro i mionumu (antominiceumu) syxcunamu (06010nKamu) no ymogi ix
mepmiunol cmiiikocmi, no AKUX € CUNOBUX KONAX eN1eKMPOYCMAHOGOK 3A2alNbHONPOMUCI08020 NPUSHAYEHHA 8 ABAPIIIHOMY
pexcumi npomikae cmpym iy(t) kopomkozo 3amuxanus (K3) iz 3a0anumu napamempamu. Ha niocmagi yvo20 nioxooy 30iiicnenuii
ymouHeHuil euodip nepepizie S; 01 6KazanHux opomis (kaodenie) cCUNOGUX Kill 00CTIONHCYBAN020 eleKmpoodadonanns. Bukonana
PO3PAXYHKO6A OUIHKA ZPAHUYHO OORYCHUMUX AMATIIMYO WiinbHOCMI Oy, cmpymy ii(t) K3 6 danux opomax i kabenax cunosux Kin
6KA3AHUX eNleKmpPoycmanogok. Ompumani pe3yromamu CRPpUAMUMYMb NIOGUUWIEHHIO MEPMIYHOI cmillKocmi eneKmpuuHux
Hei301b06aHux Opomis, i30nvoeanux opomie i kaovenie 3 IIBX, I' i IIET i3onayicio i mionumu (antominiceumu) xcunamu
(0o6ononKamu), AKi WIUPOKO 3ACHIOCOBYIOMbCA 6 CUNOGUX KOIAX e/IeKMPOYCMANO60K 3a2A/IbHONPOMUCI06020 npusHaienns. biomn.
6, Tabu. 6.

Kniouoei cnosa: ejleKTpOeHepreTuKa, eJeKTPHYHI ApoTH i Kkaleai Kil €1eKTPOYCTAHOBOK 3arajibHONPOMHCIOBOIO
NpPU3HAYCHHS, PO3PAXYHKOBHIi BUOip rPAHNYHO JONYCTHMUX Iepepi3iB ApoTiB i kabeJliB B K0/1aX €J1eKTP000IaJHAHHSA.

Ilpugedennvt pezynvmamosl pazpadomanHHoz0 UHHCEHEPHOZO INEKMPOMEXHUUECKO20 NOOX00a K YHOUHEHHOMY pPACYEmHOMY
6b100pY NPEOenbHO O0ONYCHUMBIX cedeHuil Sj INeKMmPUYECKUX HeU30IUPOBAHHBIX NP0B0008, U30IUPOGAHHBIX NPOBOO0E U
kabeneit ¢ nonusununxnopuonoii (I1BX), pesunosoit (P) u nonusmunenosoi (I13T) uzonayueit u meOnvimu (ani0OMuHUeGbIMU)
acunamu (000104KAMU) HO YCLOGUIO UX MEPMUYECKOU CHIOUKOCHU, NO KOMOPbIM 8 CUNLO6LIX UEHAX 3JIEKMPOYCHMAHOBOK
00WEnpPOMBILIICHHO20 HAZHAYEHUSA 8 ABAPDUIIHOM peiicume npomeKkaem mokK i(t) kopomkozo 3amvikanus (K3) c¢ 3adoannvimu
napamempamu. Ha ocnosanuu smozo nodxoda ocywiecmenen ymouyHeHHblI 6bl00p ceyenuii S; 014 YKA3AHHBIX HPOE0OOE
(kabeneii) cunoevix yeneil ucciedyemozo IneKmpoooopyoosanus. Beinonnena pacuemnaa ouenka npeoenbHo O00RYCHUMBIX
amnaumyo niaomuocmen Jy, moka it) K3 e paccmampusaemvix npoeodax u Kabenax cunogvlx uyeneil yYKA3AHHBIX
anekmpoycmanoeok. Ilonyuennvie pesynomamut Oyoym cHOCOOCMEO8AMb NOGLIUIEHUI) MEPMUYECKOU  CMOUKOCHU
INNEKMPUYECKUX HEU30IUPOBCAHHBIX NPOBOO0G, U30IUPOCAHHLIX NP060006 u Kabdeneii ¢ IIBX, P u II2T uzonayuei u meOnvimu
(antomunuesvimu)  scunamu  (000104KAMU), WUPOKO  NPUMEHAEMBIX 6  CUI0BbIX  UENAX  INeKMPOYCHAHOB0K
oOuenpombluenH020 Hasnauenus. bubn. 6, Tabd. 6.

Kniouesvle cnosa: 3J1IeKTPOIHEPTETHKA, JJIEKTPUYECKHE MPOBOAA U KaGeau 1eneii 3J1eKTPOYCTAHOBOK OOIIENPOMBINLIEHHOT0
HAa3HAYEHHSI, PACYETHBII BHIOOP MpeaeTbHO TOMYCTHMBIX CeYeHHIl MPOBOIOB H KabeJleil B HensX 3JIEKTPOOOOPYy/10BAHMSI.
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ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.3 37



Introduction. Issues of a reasonable selection of
cross sections of electrical wires and cables used in
electrical equipment (electrical installations) of industrial
electric power industry have been and are being given
increased attention [1]. Particularly acute these issues
arise during emergency operation of its electrical
equipment, due to all types of short-circuit (SC) in
electrical networks (ENs). No less dangerous for the
reliable operation of electrical equipment powered from
industrial power supply networks are modes of operation
associated with the current overloads of its wide range of
cable and conductor products (CCP). Most fires of CCP
of circuits of electrical equipment of industrial electric
power industry (at temperatures of current-carrying wires
cores and cables of about 450 °C [1]), which lead to a
prolonged de-energization of consumers of electrical
energy, as well as to great material damage and loss of
people lives, just related to similar modes of their
operation. Of the possible emergency modes of operation
of the EN (SC of various types, ignition of the CCP and
other types of its damage), calculated to select their
electrical equipment, including its components such as
electrical apparatus, and accordingly its CCP is SC mode
[2, 3]. In [1], a well-known electrical engineering
approach was presented on the approximate selection in
the field of industrial electric power industry of the
minimum allowable S},,;, cross sections of various brands
of electrical wires and cables for short-term modes of
their operation from the condition of their thermal
resistance to the action of SC current. The “bottleneck” in
this engineering approach is the calculation finding of the
Joule integral B, for the SC current (integral of the SC
current action), which determines the accuracy of
calculating the values of the specified sections S;,;,. The
graphic materials given in [1] (for example, Fig. 36.38)
for three types of materials of wires cores and cables
(copper, aluminum and steel) used in determining the
final temperature 6, of Joule heating by SC current of the
current transmission parts of CCP do not fully describe
the features of the process of approximate calculation of
the numerical values of the specified integral B; and
allowable cross sections S, (for example, selecting the
amplitude-time parameters (ATPs) for these purposes of
periodic and aperiodic components of the SC current,
duration # of the SC process, etc.). In addition, the
absence in [1] of the analytical relation for the
approximate determination of the temperature §; of Joule
heating by the SC current of the current-carrying parts of
the CCP makes it difficult for the wires and cables to
check whether the condition of their thermal resistance to
the SC current is met.

Therefore, in the field of industrial electric power
engineering, when choosing the values of the minimum
allowable cross sections S, for the CCP of power
circuits of electrical equipment, there is a need for a more
detailed and refining calculation of the allowable cross
sections S of electrical wires and cables containing metal
cores (i=1) and return shells (i=2), as well as one or
another belt and protective insulation.

The goal of the paper is to carry out the
engineering approach refining the existing ones that

determines the minimum allowable cross sections S},,;, of
the cable and conductor producta in industrial power
engineering for calculation selection of the maximum
allowable cross sections S of electrical wires and cables
in the power circuits of industrial electrical equipment
taking into account the flow of three-phase short-circuit
current i,(¢) in emergency mode.

1. Problem definition. Consider uninsulated copper
and aluminum wires commonly used in power circuits for
electrical equipment for general industrial use, as well as
insulated wires and cables with copper (aluminum) inner
cores and outer shells having polyvinyl chloride (PVC),
rubber (R) or polyethylene (PET) insulation [1, 4]. We
assume that in the circular continuous or split copper
(aluminum) cores and shells of the specified wires and
cables of power circuits of electrical installations in
atmospheric air with temperature of =20 °C in the
normal mode of their operation under the rated current
load, alternate current flows in their longitudinal direction
with frequency /=50 Hz, and the maximum long-term
permissible temperature 6, of Joule heating for non- and
insulated wires and cables with PVC, R and PET
insulation does not exceed numerically the regulated by
current requirements levels in 70 °C u 65 °C, respectively
[1]. For the generality of the problem to be solved, let us
agree that in the studied power circuits with CPP, their
operation modes are possible, when their current-carrying
parts are completely de-energized. As in [1], we believe
that the thermal resistance of the considered electrical
wires and cables is limited by the permissible short-term
temperature 6 of heating the current-carrying parts of
wires (cables) at three-phase SC in the EN of power
supply system of the electrical installation under study.
We believe that the values of ;5 correspond to the known
permissible short-term temperatures of heating of the
CCP by AC SC currents of power frequency [1]. In this
regard, the numerical temperature values 65 for
uninsulated copper wires with tension less than 20 N/mm?
will be 250 °C, and for uninsulated aluminum wires with
tension less than 10 N/mm? — 200 °C [1]. For insulated
wires and cables with copper and aluminum conductors,
PVC and R insulation, the numerical values of the
temperature 65 are 150 °C, and for the indicated CPP with
PET insulation — 120 °C [1]. When selecting S;; sections,
we assume that the SC current iy(¢) is almost uniformly
distributed over the cross section of the core and the shell
of the wire (cable). One of the rationales of this
assumption is that the minimum penetration depth A; of
the magnetic field (thickness of the skin layer) from the
SC current i(#) in the quasistationary approximation to
the considered non-ferromagnetic conductive materials,
determined from the calculated expression of the form
A = [WUrfuope)]™ [5], where py is the electrical
conductivity of the core (shell) material of the CPP 6=20 °C,
and uy=47-10"" H/m is the magnetic constant, numerically
for copper is approximately 9.3 mm, and for aluminum is
11.8 mm. It can be seen that these values of A; turn out to
be comparable with the real radii (thicknesses) of the
current-carrying cores (shells) of wires and cables
commonly used in electrical circuits of electrical
installations for general industrial purposes. Let us take
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advantage of the adiabatic nature of the taking place at
acting durations of SC current i,(¢) of no more than 1000
ms in the materials of cores (shells) of the CCP under
consideration of the thermal processes, under which the
influence of heat transfer from the surfaces of their
current-carrying parts having the current temperature
0,60, and their thermal conductivity of layers of their
conductive materials and insulation on Joule heating of
the current-carrying parts of the cores (shells) of wires
(cables) is neglected. It is required by calculation in an
approximate form taking into account the nonlinear nature
of the change due to Joule heating of the indicated CCP of
the specific electrical conductivity y; of the material of its
cores (shells) and the condition of thermal resistance of
the CCP to the action of SC current in expanded form to
determine the permissible cross sections S; of current-
carrying parts for uninsulated copper (aluminum) wires,
as well as for insulated wires and cables with copper
(aluminum) cores (shells), PVC, R or PET insulation,
widely used in power circuits of electrical installations of
general industrial purpose and through which in
emergency mode of operation of the EN the three-phase
SC current i(f) of the power frequency /=50 Hz with
these or other specified ATPs flows.

2. The proposed refined approach to the selection
of the allowable cross-sections S; of wires and cables
in circuits of electrical installations for general
industrial purposes. From the heat balance equation for
the current-carrying parts of the CCP of the circuits of
indicated electrical installations in the adiabatic mode and
the condition of their thermal resistance to current iy(¢) of
the adopted SC, the analytical expression for the refined
calculation determination of the allowable cross sections
S, of the considered electrical wires and cables takes the
following form [6]:

1/2
Sit =[ak s =Tan] > =Ja” 1 Ci (1
ke
where J, = B, = Ii ;% (t)dt is the Joule (action) integral of
0

the SC current iy (?), A%s; Jys, Jy are the current integrals
for the current-carrying parts of the wires (cables), the
permissible short-term temperature and the long-term
permissible heating temperature of the material of which
are ;s and 0, respectively, Arsm™: Cik=(L1S—L,,)1/ 2 is the
coefficient, the numerical values of which will be listed
below and compared with the known ones, A-s"?m .

2.1. Calculation of the current integrals Jys, Jy
and coefficient Cj. For the calculation definition with
engineering accuracy of the values of the current integrals
in (1) Jys and Jy; used in [5] in the form of current or
inertia integrals (see formula 4.56), whose integrand
function, unlike the classical Joule integral, contains not
the square of current i,(¢), but the square of the density of
the specified current J4¢f) in electrically conductive
materials of the CCP we use the following approximate
analytical expressions [6]:

Jis = 7080 In[co; Boi(Grs — o) +1]; (2)

-1
it = 70ioit n[co; Boi (0 —0p) +1], €)
where cy;, Po; are, respectively, the specific volumetric
heat capacity and the thermal coefficient of the electrical

conductivity of the conductive material of the core (shell)
of the wire (cable) of the considered power circuit of the
electrical installation before the impact on the tested CCP
of the emergency current iy(¢) of the SC with arbitrary
ATPs, quantified at ;=20 °C.

Table 1 shows the numerical values of the used
values of yy;, co; 1 fo; for the main conductor materials of
the current-carrying parts of the CCP at the temperature
of the medium equal to §,=20 °C [5, 6].

Table 1
The values of the characteristics of the main materials of the
current-carrying cores (shells) of non- and insulated wires and
cables of power circuits of electrical installations for general
industrial use at 6,=20 °C [5, 6]

Material of the Numerical value of the characteristic
core (shell) of Yo Coi Boi
the wire (cable) 107-(Qm)™" | 10%J/(m>°C) 107%-m3/J
Copper 5.81 3.92 1.31
Aluminum 3.61 2.70 2.14

Knowing the values of the indicated characteristics
voi, Coi and fo; (see Table 1), for given values of the
normalized temperatures 6y, 0;s and 6y, using (2) and (3),
the numerical values of the current integrals Jys, Ji; and
the coefficient Cj;. used in (1), can be relatively easy
founded for a wide range of the CPP used in the power
circuits of the considered electrical installations. Table 2
shows the numerical values of the desired coefficient C;;.
for the main versions of the CPP used in the power
circuits of electrical installations for industrial purposes.

Table 2
Refined values of the coefficient Cj;. for non- and insulated
wires (cables) with copper (aluminum) cores (shells) in the
power circuits of electrical installations for general industrial

purposes
Type of insulation Numerical value
in the wire (cable) | Material of the core of Cy.,
of the circuit of the |  (shell) of the wire 10% A-s"?/m?
electrical (cable) _
installation Jur0 a0
. . . Copper 1.56 1.86
Without lat
otk msuiation Aluminum 0.88 | 1.09
PVC, R Copper 1.16 1.51
Aluminum 0.74 0.97
PET CopPer 0.96 1.36
Aluminum 0.62 0.88
Note that in Table 2 the case, when J;#0,

corresponds to the rated load current of the CCP in the
circuits of the electrical installations under study (the
temperature of their current-carrying parts is ), and the
case J;=0 — to the de-energization mode of the CCP (the
temperature of their current-carrying parts before the flow
of the SC current ii(f) through them equal to the ambient
air temperature 6,=20 °C). To compare the obtained
refined data for the coefficient Cj. (see Table 2), Table 3
shows its numerical values known according to [1],
corresponding to the mode of operation of the CCP, when
Jui#0.
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Table 3
Known values of the coefficient C;, for the main types of
electrical wires and cables with copper (aluminum) cores in
industrial electric power circuits under the action of SC current

on them [1]
Cp,
No. Name of the wire (cable) and core 108
As/m>
1 |Copper wires (cores), uninsulated 1.70
2 |Aluminum wires (cores), uninsulated 0.90
3 Cables (insulated wires) with PVC and R 120
insulation and copper cores )
Cables (insulated wires) with PVC and R
4 . . . 0.75
insulation and aluminum cores
5 Cables (insulated wires) with PET insulation 1.03
and copper cores )
Cables (insulated wires) with PET insulation
6 . 0.65
and aluminum cores

From the comparison of data of Tables 2, 3 it
follows that at Jq#0, their corresponding numerical
values for the coefficient Cy. depending on the type of the
CCP, differ by no more than (3-8)%, and for the mode of
operation of the CCP in electrical installation circuits,
when J=0, these differences increase and reach
(9-26)%. In this regard, demonstratively executed on the
basis of the mathematical relations (2) and (3), taking into
account the nonlinear change in the specific electrical
conductivity y; of the material of the cores (shells) of the
CCP during its Joule heating by SC current iy (¢), the
calculation refinement of numerical values for the
coefficient Cy, directly used to determine by (1) the
permissible cross sections S;, is an electrotechnically
justified and expedient action.

2.2. Calculation at the SC of the action integral
Ju. of the emergency current. To do this, we first write
an analytical relation describing the change in time ¢ of
the SC current ii(¢f) in the power circuits of electrical
installations used in industrial electric power industry.
According to [1, 3], ATPs of a given SC current i,(f) obey
the following temporal dependence:

ix (t) =1y [exp(=t/T,) —cos(2mt / T,)], 4

where 1, is the amplitude of the steady-state SC current
in the power circuit of the electrical installation i(¢); T,
T, are, respectively, the time constant of decay of the
aperiodic component and the oscillation period of the
periodic component of the SC emergency current i,(f) in
the circuit under study.
It is interesting to note that from (4) at 7,=20 ms and
t = 10 ms, corresponding to the largest amplitude of the
shock SC current in circuits of the EN, the well-known
calculation formula for the shock coefficient kg relating to
the characteristic elements and parts of the electric power
system (EPS) (for example, for synchronous generators,
electric motors, etc.) follows [1]:
kg = [1+exp(=0.01/T,)]. (5)
Note that for turbogenerators with power of (100-
1000) MW, the numerical value of 7, is approximately
500 ms (see Table 35.5 in [1]). In this regard, for such
electric power elements, the value of the shock coefficient
ks at SC will be numerically about 1.98. For distribution
cable networks with voltage (6-10) kV, according to the

above-mentioned Table 35.5 of [1], the time constant of
the decay of the aperiodic component of the SC current
takes the numerical value 7,10 ms. In the latter case,
according to (5), the shock coefficient is kg=1.37. As for
the known maximum levels of SC currents in EPS
networks, at nominal network voltage of U,=110 kV, the
numerical value of the switching off current amplitude (in
fact 7,;) is about 50 kA (see table 36.7 in [1]). At
U,=10 kV in the SC mode, the amplitude of the switching
off current in accordance with the data in Table 36.7 of
[1] can reach a level of 125 kA.

Taking into account (1) and (4), the calculation
expression for the desired integral of action J,; of the SC
current #;(¢) in the circuit of the electric installation under
consideration in the adopted approximation takes the
following analytical form:

Jak = L 0.5t +0.2577'T, sinQaty 1 T,))

xcos(2tyc I T,) = 2T, Ty (Tp +47°T;)! [e"kc ITa ©
x[27T, " sinQatyc I T,) =T, ' cosQatye /T, +T, '] |+

+o.5Ta(1—e‘2’kc/Ta)}

From (6) it clearly follows that the value of the
integral of action J, of the SC current i(¢) is directly
proportional to the square of the amplitude 7,; of the
steady-state SC current and duration (switch off time) ¢
of the SC. The greater the numerical values 7, and #c,
the greater will be the numerical values of the desired
quantity J,.. In Table 4 at 7,20 ms (7,=20 ms) for four
fixed numerical amplitude values I, of the steady-state
SC current (30, 50, 70 and 100 kA) and two numerical
values of the duration # of the SC specified by [1] (100
and 160 ms) the numerical values of the integral of action
J, of the SC current i,(7), calculated by (6) are shown.

Table 4
Values of the integral action J; for the SC current #,(f)
according to (4) flowing in the power circuits of electrical
installations for general industrial purposes
(at 7,=20 ms)

Amplitude value 7,,; of the Values of the integral of
steady-state SC current i,(f) in the | action J,; for the SC current

power circuit of industrial i(f) by (4), Ars

electrical installation, kA

=100 ms | #c=160 ms
30 5.4-10 8.1-10
50 15.0-107 22.5-107
70 29.4-107 44.1-107
100 60.0-107 90.0-107

Having determined from (6) the numerical values of
the integral of action J,; of the SC current i,(f) (see Table
4) and knowing the numerical values of the coefficient
Cir. (see Table 2), taking into account (1), the refined
numerical values of the allowable cross-sections S;; of the
current-carrying parts of the considered CCP in the power
circuits of general-purpose electrical installations can be
found. Using accepted assumptions, the allowable
amplitudes of current density J;, in the materials of the
cores (shells) of the wires (cables) under study for the
fault SC mode can be quantified from the ratio d;,,~L,/Si.

2.3. Results of the refined calculation selection of
the permissible cross sections S; and current densities
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0; in wires and cables of circuits of -electrical
installations for general industrial purposes. Table 5
shows the results of the refined calculation by (1), taking
into account the data of Table 2, 4 of the permissible cross
sections S of current-carrying copper (aluminum) parts of
wires and cables of power circuits for general industrial
electrical installations at J;#0, #,—=100 ms and the
amplitude 7,,; of the SC current changing discretely in the
range (30-100) kA.

Table 5
Values of the permissible cross sections S;; for wires (cables)
with copper (aluminum) cores (shells) in the power circuits of
electrical installations of general industrial purpose with
amplitude 7, of the SC current i(¢) of 30-100 kA
(for t,=100 ms and 7,=20 ms)

insuil;i}‘[]ﬁ;oifl the . Section value S;, mm>
wire (cable) of Material of Amplitude 7, of the steady-
the circuit of the the core state SC current, kA
electrical (shell) of the
installation | W€ (€@ |30 150 | 70 | 100
Without Copper 47.11 | 78.51 |109.91(157.02
insulation Aluminum | 83.51 [139.17|194.84|278.35
PVC. R Copper 63.35 [105.58|147.81|211.16
’ Aluminum | 99.30 |165.51(231.71|331.01
PET Copper 76.55 (127.58|178.61|255.15
Aluminum |118.52(197.54|276.55|395.08

From the data of Table 5 it follows that the
permissible density amplitudes 0;;,~I,+/S; of the SC
current at its flow (switching off) time #=100 ms for
uninsulated wires with copper and aluminum cores in the
circuits of general industrial installations (7,=20 ms) are
approximately 0.64 kA/mm’ and 0.36 kA/mm’
respectively, for cables with copper (aluminum) cores
(shells), PVC and R insulation 0.47 (0.30) kA/mm?, and
for cables with copper (aluminum) cores (shells) and PET
insulation 0.39 (0.25) kA/mm* Note that the indicated
numerical values of the permissible amplitudes of the
density 0;,, of the SC current in the materials of the
current-carrying parts of the wires (cables) do not depend
on the amplitude level 7, of the steady-state emergency
current of power frequency 50 Hz in them.

Table 6 presents the results of the refined
determination by (1) taking into account the data of Table
2, 4 for the case J;#0 of permissible cross sections S;; of
current-carrying copper (aluminum) parts of wires and
cables of power circuits for general industrial purposes at
t,c=160 ms and the amplitude 7, of steady-state SC
current changing discretely in the range (30-100) kA
(T,/20 ms).

From the data of Table 6 we find that at the time of
the SC current flow (switching off) #,=160 ms, regardless
of the numerical value of the current amplitude 7., the
permissible density amplitudes  6;,~L/Sy of the
emergency current for uninsulated wires with copper and
aluminum cores in electrical installation circuits of
general purpose (7,=20 ms) is about 0.52 kA/mm’ and
0.29 kA/mm’, respectively, for cables with copper
(aluminum) cores (shells), PVC and R insulation 0.39
(0.25) kA/mm?, and for cables with copper (aluminum)

cores (shells) and PET insulation 0.32 (0.21) kA/mm®
From the analysis of data of Table 5, 6 for the refined
values of the permissible cross sections S;; of the current-
carrying parts of the CCP in power circuits for general-
purpose electrical equipment (J;#0; 7,=20 ms), we can
conclude that for the indicated amplitudes 7, of the
steady-state SC current satisfying the range (30-100) kA,
an increase in the switching off time #,¢c of the SC current
by 1.6 times (from 100 ms to 160 ms) leads to a decrease
in the permissible density amplitudes J;, of the SC
current in the materials of the wires and cables under
consideration by about 1.2 times. At the same time, the
values of the permissible cross sections S; copper
(aluminum) cores and shells (return conductors) of the
CCP under study increase by the same amount (~1.2
times). From here, practical recommendations supported
by the above-mentioned refined engineering calculations
of the values of S; and J;, follows for the operating
conditions of electrical installations for general industrial
purposes: in their power circuits to ensure the thermal
stability of the CCP, the switching off time #,c of the SC
current (types of phase-applied relay protection and
switches in EN) and practically selected values of the
permissible cross-sections S; of their current-carrying
parts must be obligatory mutually agreed.

Table 6
Values of the permissible cross sections S for wires (cables)
with copper (aluminum) cores (shells) in the power circuits of
electrical installations of general industrial purpose with
amplitude 7,,;, of the SC current i,(¢) of 30-100 kA
(for #,c=160 ms and 7,=20 ms)

insuil;t}t]ilz) E;(;fl the . Section value S, mm>
wire (cab]e) of h{ifgsieOf Amplitude Lok of the steady—
the circuit of the state SC current, kA
electrical (sl_1611) of the
installation wire (cable) 30 50 70 100
Without Copper 57.69 | 96.15 |134.61|192.31
insulation Aluminum [102.27(170.45{238.64(340.91
PVC.R Copper 77.58 [129.31(181.03]258.62
’ Aluminum |121.62(202.70(283.78|405.40
PET Copper 93.75 [156.25|218.75|312.50
Aluminum |145.16|241.93|338.71 [483.87

2.4. Calculation estimation of the thermal
stability of electrical wires and cables in circuits of
electrical installations for general industrial purpose.
Within the framework of the proposed approach to the
selection of the allowable cross sections S; of wires
(cables) in the power circuits of electrical installations for
general industrial purposes, the calculation estimation of
their thermal stability can be demonstratively carried out.
For this purpose, as in [1, 6], we determine the thermal
stability of the wires and cables under consideration in the
circuits of the electrical installations under investigation
according to the following thermophysical condition:

;s <Os , (7
where 65, 05 are, respectively, the current (final) and
permissible short-term temperature of heating of the
current-carrying parts of the considered electrical wires
and cables in the power circuits of the EN.
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To find in (7) the values of the current or final
temperature O;5 of heating the material of the current-
carrying parts of the CCP, determined by Joule heat from
the action of the SC current i,(¢) on it, we first use the
well-known nonlinear dependence of the specific
electrical conductivity y; of the material of the core (shell)
of the wire or cable on the value of temperature 6;5 [5]:

7i = voill + coiBoiBis — 001 (8)
It should be noted that the expression (8) in the
temperature range from 20 °C to the melting temperature
of materials of the cores (shells) of the CCP, according to
experimental data from [5], approximates the temperature
dependence of y; for copper and aluminum with an error
of no more than 5 %. In addition, we note that, both
earlier and in (8), the value y, means the electrical
conductivity y; of the material of the current-carrying
parts of the CCP at temperature 6,=20 °C. Taking into
account (8), the solution of a non-uniform differential
equation of the first order for the final temperature ;5 of
Joule heating by SC current ii(f) of the material of the
core (shell) of the CCP in the circuit of the electrical
installation of general industrial purpose under the initial
condition of the form [0;5(t = 0) — 6] = 0 can be written
in the following approximate analytical form [6]:

O;s = 6Oo; +(005ﬂ01)_1lexp(f k701 Boi/ Sz%)_le ©)
where 6, is the initial material temperature of the material
of current-carrying parts of the CCP, equal depending on
the operating mode of the power circuits of electrical
equipment to 6y (J;;7#0) or 6y =20 °C (J;; = 0).

From (9) it can be seen that under the accepted
assumptions, the known numerical values of the
thermophysical characteristics jy, co; and Sy for the
materials used in the current-carrying parts of the CCP
(see data from Table 1 and [5]), and also for founded by
(1) and (6) the numerical values of the permissible cross
sections S;; of copper (aluminum) cores (shells) of wires
(cables) and the integral of action J, of the SC current
il(f), determination of the desired final temperature O;g
does not cause any electrical engineering difficulties.

As one of the examples (the first example) of the
practical implementation of the results obtained, we carry
out at 8,=6,=70 °C (J;#0), according to (7) and (9), the
calculation estimation of the thermal stability of
uninsulated (bare) copper wire of the power circuit of
general-purpose electrical equipment for the emergency
case when #~160 ms, 7,=20 ms and 7,=100 KA.
According to the calculated data (see Table 6), the
permissible cross-section S; of the accepted wire is
numerically approximately 192.31 mm®. In this case, the
value of the integral of action J,; of the SC current i,(¢) by
(6) will be numerically about 9-10% A*s (see Table 4).
Then by (9) taking into account the data of Table 1, the
final temperature 6O;5 of the Joule heating by the
emergency SC current i(f) of the copper wire under
consideration will be approximately numerically equal to
212.4 °C. It can be seen that this temperature value is less
than the normalized permissible short-term temperature
;s of heating of checked for thermal resistance the copper
wire of the power circuit of electrical equipment, which
according to [1] is 250 °C at tension in it (wire) less than

20 N/mm?. Therefore, we can conclude that condition (7)
for the specified calculation case is satisfied.

Calculation estimation by (9) with the same initial
data (6,=6,=70 °C; t;,c=160 ms; T,=20 ms; I,;,=100 kA,
J.,=9-10% Az's) of the final temperature 6,5 of the Joule
heating of a copper round core of the cable with PVC or R
insulation (the second example) with the permissible cross
section $;=258.62 mm?> (see Table 6) shows that in this
case it reaches a level of approximately 139.1 °C. This
temperature is less than the normalized level of the
permissible short-term temperature ;5 of heating of tested
for thermal resistance the cable with PVC (R) insulation,
which is 150 °C [1]. As we see, the condition (7) is also
satisfied for this calculation case. In this regard, it is
reasonable to say that the carried out calculation estimates
of the thermal resistance of both uninsulated copper wire
and cable with copper core, PVC and R insulation of
power circuits of electrical installations under study
indicate the operability of the proposed -electrical
engineering approach to the refined calculation selection
of the permissible cross sections S; of current-carrying
parts of the CCP used in the power circuits of electrical
equipment of industrial electric power industry.

Conclusions.

1. The proposed electrical engineering approach allows
by the condition of thermal stability of CCP of power
circuits of electrical equipment for general industrial
purposes to provide a refined calculation selection of
permissible cross sections S; of uninsulated wires,
insulated wires and cables with copper (aluminum) cores
(shells-screens) with PVC, R and PET insulation, the
current-carrying parts of which in emergency mode of
their operation can be affected by the current iy(f) of a
three-phase SC in EPS with ATPs specified by
standardizing documents.

2.1t is shown that the discrepancy between the
numerical values of the coefficient Cj included in
formula (1) and determining the values of the permissible
cross sections Sy of the current-carrying parts of the CCP
in the circuits of electrical installations of general
purpose, according to the existing and proposed electrical
engineering approaches to the calculation selection of the
permissible cross sections S of the cores (shells) of the
considered electrical wires and cables for their normal
operation at J;7#0 (at rated current load of the CCP) is not
more than (3-8)%, and at J;=0 (in the mode of de-
energizing of the CCP) it reaches up to (9-26) %.

3. An analytical relation (6) is obtained for a refined
calculation determination of the value of the integral of
action J,; of the SC current ix(f) (Joule integral By) in the
power circuits of the electrical equipment under study,
which allows for given amplitudes 7, of the steady-state
SC current, duration (switching off time) of the SC
process #c, time constant of the decay 7, of aperiodic
component of the SC current #,(f) and oscillation period
T,=20 ms of the periodic component of emergency SC
current to relatively easy find required for the calculation
selection of the permissible cross sections S; of the
current-carrying parts of the considered CCP the value of
the integral J ;.
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4. It is established that in the first approximation in the
power circuits of electrical equipment for general
industrial purpose (7,=20ms) the allowable density
amplitudes 9;,~[,;/S; of the SC current i(f) at its
switching off time #~=100 ms in EPS for uninsulated
wires with copper (aluminum) cores are about 0.64 (0.36)
kA/mm? respectively, for cables with copper (aluminum)
cores (shells) and PVC (R) insulation 0.47 (0.30)
kA/mm’, and for cables with copper (aluminum) cores
(shells) and PET insulation 0.39 (0.25) kA/mm®. If in the
EPS the switching off time #,c of the SC current i(f) in
these circuits increases (7,=20 ms), the permissible
density amplitudes J;, of the fault SC current are reduced
and at #~=160 ms for uninsulated wires with copper
(aluminum) cores equal, respectively, approximately 0.52
(0.29) kA/mm?, for cables with copper (aluminum) cores
(shells) and PVC (R) insulation 0.39 (0.25) kA/mm?, and
for cables with copper (aluminum) cores (shells) and PET
insulation 0.32 (0.21) kA/mm’.

5. A convenient in practical use analytical relation (9)
has been proposed for carrying out, by condition (7), the
calculation estimation of the thermal stability to the SC
current iy(f) of indicated electrical wires and cables,
widely used in power circuits for general-purpose
electrical equipment.
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TECHNOLOGICAL PARAMETERS OF THE COOLING MODE OF POLYMER
INSULATION OF POWER CABLES

Introduction. The cooling mode of polymer insulation after application to the extruder is one of the main factors determining
cable performance. Theoretically, it is ideal to cool the insulation when the temperature of the cooling medium is equal to the
melting point of the insulation material: in this case, the probability of formation of voids in the insulation is less. The cooling
process is usually not subject to stringent requirements, since most insulating materials allow for quite sharp cooling. The
exception is polyethylene, which requires gradual cooling. When the insulation is cooled in a cooling bath, the temperature
decrease starts from the surface. In this regard, the cooling of the insulation of polyethylene is carried out in steps to a
temperature at which the cooled extruded insulation will not be deformed or damaged on the receiving drum. Polyethylene is
characterized by a large value of thermal expansion coefficient, the maximum value of which is in the temperature range
(90-125) °C. As a result, there is an uneven reduction in the volume of the upper and inner insulation layers, especially for
cables with a considerable insulation thickness. The rapid cooling of polyethylene leads to the formation of cracks, air
inclusions both between the insulation and the conductive core, and in the layers located near the core. Purpose. The
substantiation of the technological parameters of the cooling mode of power cables based on the calculation of the thermal
equivalent circuit of a conductive core insulated with polyethylene in transient thermal mode. Methodology. The calculation of
the temperature distribution in the thickness of extruded polyethylene insulation at different points in time, depending on the
temperature of the cooling water, is made by the method of electrothermal analogies. There is a transition from the thermal
equivalent circuit of power cables to the equivalent circuit of the discrete resistive equivalent circuit method, which is
calculated using the nodal potential method. As a result of solving a three-diagonal system of linear algebraic equations by
sweeping and finding at each discretization step (time step) thermal power fluxes in the branches of the thermal equivalent
circuit, the temperature in the thermal capacitances determines the temperature in each insulation layer. Practical value. The
duration of the transition process, corresponding to the achievement of the same temperature throughout the thickness of the
insulation, can be considered as a criterion in determining the length of the cooling bath sections depending on the extrusion
(reception) rate. References 12, figures 6.

Key words: cooling mode, polyethylene insulation, thermal equivalent circuit, discrete resistive equivalent circuit method,
transient mode, nodal potentials method, system of linear algebraic equations, cooling bath length.

O0rpynmosano MemoouxKy pO3PAXYHKY PeHCUMY O0XO0N00MHCeHHA CUN0BUX KaDeie 6 nepexioHoMy meni06omy pexcumi.
Ilpeocmaeneno mennogy cxemy 3amiu{eHHA i3071606aHOI CIMPYMONPOGIOHOT dcunu. 3a OONOMO2010 Memo0i€ OUCKPEMHUX
DPE3UCMUBHUX CXeM 3AMIUEeHHA | §Y3/108UX NOMEHUIAIIE OMPUMAHO PO3NOOII MeMnepamypu 6 moeui noiemunenosoi izonauii
6 pi3Hi MOMeHmu uacy 6 3anexdcHocmi i) memnepamypu 600u, w0 oxonooxcye. Ilokazano, wio mpuesanicme nepexionozo
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Kpumepilo npu 6u3nauenni mexnonoZiunux napamempie oxonooxcenns. bion. 12, puc. 7.

Knrouogi cnosa: pesxuM 0X0JI0/KeHHS, TOJIieTHIEHOBA i30JI511isI, TEMJI0BAa cXeMa 3aMillleHHsI, MeToJ TUCKPETHHX Pe3HCTHBHUX
cXeM 3aMillleHHsl, HeCTaJIMii pe:KUM, MeTOJ BY3JI0BHUX IOTeHLialiB, cucTeMa JIiHIiiHMX anre0paiuHMX PiBHSAHb, JOBKHHA
BAHHU 0XOJIOMKEHHSI.

Obocnosana memoOuKa pacuema pexcuma 0OXnaxcoeHus cunioeslx Kadenei ¢ nepexoOHom mennogom pexcume. Illpeocmaenena
Mennoeas cxema 3ameuieHus U30aUPOSaHHoll moxkonpogooauiell rxneunvl. C nomMoupbio Memoooe OUCKpPemHvIX pe3UCHIUGHDIX
cXem 3amMewieHusn U P3106bIX NOMEHUUAI06 ROJIYYEHO paAcChnpedesienue MmemMnepamypvl 6 moauwe 3IKCMmPyOupoeanHoil
ROMUIMUNEHOBOTL U3OAUUU 8 PA3HBIE MOMEHMbL 6DEMENI 6 3A8UCUMOCINU OM Mmemnepamypul oxaaxcoaroweii 60ovt. Ilokazano,
Ymo OnUmMeIbHOCMb NEPEXOOHO20 NPOUECcCd, COOMEEMCMEYIOUAA O0CIUNCEHUIO 00UHAKOE0I MeMNepamypsl NO 6ceil MOAuiUHe
U30NAYUU, MONHCHO PACCMAMPUBAMD 6 KauecHee KPUMEPUA NPU ONpedesieHUU MeEXHON02UYECKUX NapaMempos 0X1aicoeHus.
bu6n. 12, puc. 7.

Kniouesbie cnoga: peRuM OXJIA:KICHHS, MOJMITHIICHOBAsl H30JsALMS, TelJoBasi cXeMa 3aMelleHHsl, MeTO] IHCKPEeTHbIX
Pe3NCTHBHBIX CXeM 3aMelleHHsl, HeyCTAHOBHBIIWICSI PeKHM, METOA Y3JOBBIX MNOTEHIHAJIOB, CHCTEMAa JIHMHEHHBIX
aaredpanyecKuxX ypaBHeHMId, JIJINHA BAHHBI OXJIAKIEHH.

Introduction. The cooling mode of polymer movement of the workpiece during the technological

insulation after application in the extruder is one of the
main  factors  determining cable  performance.
Theoretically, the cooling of the insulation is ideal at the
temperature of the cooling medium equal to the melting
point of the insulation material: in this case, the
probability of formation of voids in the insulation is less
[1-3]. In the process of cooling, heat from the surface of
the insulation is removed with the help of air or water of
lower temperature. The cooling process is mainly subject
to the laws of convective heat transfer, and, here forced
convection is usually observed due to the continuous axial

process. The process of temperature change over the
thickness of the insulation or shell, that is, inside a solid,
occurs according to the laws of heat conduction.

The cooling process is usually not subject to
stringent requirements, since most insulating materials
allow for quite sharp cooling. The exception is
polyethylene, which requires gradual cooling. When the
insulation is cooled in a cooling bath, the temperature
decrease starts from the surface. In this regard, the
cooling of insulation of polyethylene is carried out
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stepwise to a temperature at which the cooled extruded
insulation will not be deformed or damaged on the
receiving drum [2, 3]. At cable companies, extruded
coating is cooled to temperatures (40...50) °C to comply
with safety requirements [4].

The length of the cooling bath depends on the speed
of extrusion, the diameter of the core (or cable) and the
thickness of the insulation (shell). The length of the bath
for cooling insulation based on crystalline polymers is
longer than for cooling insulation of amorphous polymers,
since the crystallization process is exothermic [2, 3].

The rewinding speed depends on the diameter of the
extruded cables. So, for telephone cables, the conductor
diameter of which does not exceed 1 mm, the reception
speed is one of the highest and reaches 1200 m/min. As
the diameter of the core increases, the reception speed
decreases and for power cables it is about (6-30) m/min.
At cooling of polyethylene insulation, speed is limited by
the length of the cooling bath.

Existing methods for calculation of the cooling
modes of extruded insulation allow one to calculate the
cable rewinding speed at a known cooling bath length or
the bath length at a given rewinding speed [5, 6] without
taking into account the temperature distribution over the
entire insulation thickness in transient thermal mode.

Problem definition. Technological parameters of
the cooling mode affect the internal structure of the
polymer: the lower the cooling rate, the higher the content
of the crystalline phase in the polymer insulation. At rapid
cooling, relaxation processes do not have time to
complete, a violation of the internal morphological
structure occurs, leading to the formation of a non-
equilibrium structure of polymer insulation with a
predominance of the amorphous phase [1-3]. The
quantitative ratio of the crystalline and amorphous phases
ultimately determines the thermal, mechanical and
electrical characteristics of extruded insulation.

At sharp cooling, it is also possible the formation of
internal voids in the thickness of extruded insulation. This
process is most likely to occur when cooling
polyethylene, in which the volume of the melt at
temperature of 200 °C is practically 25% higher than at
20 °C: a sharp change in volume occurs near its melting
point [7]. Polyethylene is characterized by a large value of
thermal expansion coefficient, the maximum value of
which is in the temperature range (90-125) °C. As a
result, there is an uneven reduction in the volume of the
upper and inner insulation layers, especially for cables
with a considerable insulation thickness. The sharp
cooling of polyethylene leads to the formation of cracks,
air inclusions both between the insulation and the
conductive core, and in the layers located near the core.

Thus, in [5] the degree of cable cooling is
determined at a given temperature at the inlet to the bath
and the temperature of the cooling water during
convective heat exchange between the surface of the
insulation and cooling water [8].

For power cables, it is important to obtain the
temperature field distribution over the thickness of
extruded polyethylene insulation, which is determined by
the thermal conductivity of polyethylene insulation,

taking into account the temperature of heating of the
conducing core and the temperature of the cooling water.

The goal of the paper is the justification of the
technological parameters of the cooling mode of power
cables based on the calculation of the thermal equivalent
circuit of a conductive core insulated with polyethylene in
transient thermal mode.

Thermal equivalent circuit of extruded insulated
core in transient thermal mode. In the general case, the
calculation of the temperature field over the thickness of
the insulation when it is cooled is reduced to the
specification of single-valued conditions: geometric
conditions that characterize the shape and dimensions of
the extruded conductive core; physical conditions
characterizing thermal conductivity, heat capacity, density
of the core, insulation and cooling medium, respectively;
initial  conditions characterizing the temperature
distribution at the initial moment of time (at ¢ = 0);
boundary conditions characterizing the interaction of the
extruded insulation under consideration with the
environment [9].

To calculate the temperature distribution in the
thickness of extruded polyethylene insulation at different
times, depending on the cooling water temperature, we
use the method of electrothermal analogies [9]. There is a
complete analogy between the thermal and electrical
equivalent circuits, which allows using the well-known
methods of the theory of electrical circuits to calculate
thermal circuits. The analogue of the potential in the
thermal equivalent circuit is the temperature (7), and the
analogue of the current is the heat flux (P) per unit length
of insulation along its axis (per unit length of cable).

The thermal equivalent circuit of insulation of power
cables (Fig. 1) is calculated using the method of discrete
resistive equivalent circuits [9]. For this, thermal
quantities will be replaced by their electrical counterparts.
Then we calculate the thermal circuit and determine the
desired temperature [9].

The thermal substitution circuit (Fig. 1) reflects: the
heat capacity of the core C,; the temperature-dependent
(non-linear) thermal resistances R; and thermal
capacitances C, of each insulation layer (from 1 to M), the
thermal resistance of heat transfer R,, from the surface of
the wire insulation, as well as the effect of the source of
heating of the wire to the medium temperature 7,,.

Fig. 1. Thermal substitution circuit of the extruded
insulated core in transient thermal mode

To calculate the temperature field in the process of
cooling of a moving insulated conductive core, we take
the following assumptions:

1) an insulated core is considered symmetric about
its axis;

2) the core moves at a constant speed;
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3) the core material and insulation is isotropic;

4) changes in the size of the wire caused by
shrinkage of the insulation are not take into account;

5) the heat transfer along the conductive core is
neglected;

6) the internal sources of heat released during the
phase transition of the polymer during cooling of the
insulation are not take into account;

7) each element has constant electrical and physical
characteristics in its volume.

Given the initial values of the temperature at the exit
of extruded polyethylene insulation from the
vulcanization chamber at time ¢ = 0, namely: of a heated
conductor, insulation (the temperature of which is the
same throughout the thickness and on the surface),
cooling water, it is possible to obtain the temperature
distribution across the insulation thickness at different
points in time.

The calculation technique. From the thermal
equivalent circuit (Fig. 1), we turn to the equivalent
circuit of the discrete resistive equivalent circuit (DREC)
method (Fig. 2) [10], in accordance with which
capacitances are represented by sources of EMF E,, E,
and resistors R, R.. The EMF sources «remember» the
temperatures on the capacitances at the previous (k—1)th
time («old» temperature). Finding a «new» temperature at
the current k-th instant of time in time interval % is
defined as

h
T, ~—-P+T,_,. 1
kG k-1 (1

E cg E ct

Fig. 2. Discrete resistive equivalent circuit of extruded insulated
core in transient thermal mode

The calculation of the DREC is performed by the
method of nodal potentials [9, 10]. The system of linear
algebraic equations (SLAE) of the method of nodal
potentials for the case of M nodes (the number of layers
along the insulation thickness) has the form [9]

Gy Gip Gi3 Gy .. Gy @ J1
Gy Gy Gy Gy . Gay 2 J2
G3 Gy Gs3 Gy . Gay » J3 {,(2)
Gy Gp Gy Gy o Guy || o4 | | 4
Gs Gsy Gs3 Gsqy .. Gsy ?s Js
Gyay Gy Guasz Ouoia - Guaw || oma | | Jua
Gyt Gz Guz Gy Gum (2% Ium

where J; — Jy, are the nodal «currents» (heat flow):

TC ; Gll ! -l-L-i-L is
R

Ji = Iu=0; Jy= =
to Ri+R,y Ry R

the nodal conductivity of the first node (the sum of the
conductivities of the branches converging at the first

node); Gy, = L1 ks the nodal conductivity of

t ct t
the second node;

G33= G223 Gag=Gpo; Gss=Gop5 . G-y -1y = G223

1 1 1 1
Gyy=—+—+—; Gp=— is

R, Ry R,
conductivity between the 1st and the 2nd nodes (taken
with a minus sign the total conductivity between the 1st

and the 2nd nodes); Gy3=G34=Gys5=...=Gy5 ;
G13:G14:G15:...:G1M :0~

As a result of solution of the three-diagonal SLAE
(2) by the method of sweeping and finding at each
discretization step (time interval) thermal power fluxes in
the branches of the thermal equivalent circuit, the
temperatures in the thermal capacitances, the temperature
is determined in each insulation layer. The order of the
resolving system of linear algebraic equations is
determined by the product of the number of nodes and the
number of discretization steps.

The influence of technological modes of cooling
and design parameters of cables on the temperature
distribution across the thickness of extruded
polyethylene insulation. The calculation of the
temperature distribution over the thickness of the
insulation is carried out with given thermal characteristics
(thermal conductivity A, specific heat capacity ¢, density
p): for copper conductor 4, = 200 W/(m'K); ¢, = 420
J(kgK); p, = 8300 kg/m’ [11, 12].

For polyethylene: the density is assumed to be
pa = 940 kg /m’; the dependences of the thermal
conductivity and specific heat capacity on temperature are
given as approximating functions [1, 7]:

A4=0,35 W/(m'K) at 7> 120 °C;
A,=0,41-0,001-Tat T<120 °C;
ca=3150J/(kg'K) at T>115°C;
cq=3750-4,78-T at T<115°C;

Thermophysical characteristics of cooling water
required for the calculation of thermal resistance R, 4,, =
= 0,24 W/(m:K); ¢,, = 5000 J/(kg-K); p,, = 1000 kg/m’ [5].

The calculations are performed for initial insulation
temperature of 200 °C at time ¢t = 0 when extruded
polyethylene insulation exits the vulcanization chamber.

1. The influence of the temperature of the cooling
medium on the temperature distribution. Figure 3
shows the dynamics of the temporal variation of the
temperature distribution in polyethylene insulation 2 mm
thick (i is the layer number in the thickness of the
insulation, measured from the core), depending on the
cooling water temperature. The temperature of the water
in the cooling bath is respectively:

* 30 °C (Fig. 3,a, curve 1 in Fig. 3,d);

* 60 °C (Fig. 3,b, curve 2 in Fig. 3,d);

* 90 °C (Fig. 3,c, curve 3 in Fig. 3,d).

The calculation results are obtained for a conductive
copper core heated to 90 °C with cross section of 95 mm?®.
As the calculations show (compare Fig. 3,c and Fig. 4),
heating the core to 90 °C reduces the probability of
formation of air cavities near the core, provides a more

the mutual
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uniform temperature distribution across the insulation
thickness during the same transient time and improves
adhesion of the polymer melt to the metal conductor.
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Fig. 3. The effect of cooling water temperature on
temporal distribution dynamics of temperature through the
thickness of polyethylene insulation

At cooling water temperature of 30 °C, the most
sharp cooling of the insulation is observed (compare
curve 1 with curve 3 in Fig. 3,d). The decrease in
temperature starts from the surface of the insulation (see
Fig. 3, layer i = 100 at ¢ = 1 s). The surface layer, cooling
over time ¢ = 5 s, tends to reduce its volume, while the
internal ones, which are not yet cooled, impede this
reduction. In this case, the surface layer hardens under the
action of radial pressure and is in a stretched state with
frozen internal stresses. Upon subsequent cooling of the
inner layers, their volume is reduced, but this occurs
under conditions when the outer layers have already
hardened. Volume reduction may occur unevenly, and at
the most mechanically weak points, i.e. where insulation
is last cooled.

180,
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Fig. 4. Dynamics of temperature distribution over the thickness
of the insulation at the temperature of the core equal to 50 °C

The probability of formation of bubbles and voids in
the core, the temperature of which is higher in comparison
with the outer layers of insulation, increases significantly.
The time required to complete the transient thermal
process in the first section of the cooling bath with water
temperature of 90 °C (see Fig. 3,c, curve 3 in Fig. 3,4,
curve | in Fig. 5) is about 100 s.

200 T T T T

40 60 80 (5 100

Fig. 5. Temporal diagram of the temperature distribution across

the thickness of the polyethylene insulation with step cooling in
a three-section bath

During this time, over the entire thickness of the
insulation, practically the same temperature is established,
equal to the cooling water temperature of 90 °C, which
reduces the probability of formation of cavities and the
concentrations of thermomechanical stresses in the
thickness of the polyethylene insulation.
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The transient time can be considered as a criterion to
substantiate the relationship between the length L, (m) of
the first section of the cooling bath and the reception
speed v (m/s). For the case considered, the L;/v value is
100 s. At a rewind speed of v = 0,2 m/s = 12 m/min, the
length of the first section should be equal to 20 m. The
length of the bath can be reduced at least twice with that
same reception speed: at such a length, the temperature
difference between the inner and outer layers of insulation
does not exceed 10 °C (see Fig. 5, curve 1).

The insulation in the second and the third sections is
cooled by water, the temperature of which is equal to
50 °C and 20 °C, respectively, in significantly less time
(compare curve 1 and curves 2, 3 in Fig. 5). The length of
the second section L, is 10 m, of the third (to ensure the
insulation temperature of about 40 °C) is L; = 4 m. Thus,
the total length of the three-section cooling bath will be
30 m. Such cooling mode parameters provide less
probability of formation of voids, air inclusions and
cracks in the thickness of the insulation. The results
obtained are consistent with the data given in [1, 5].

2. The influence of cable design parameters on
the temperature distribution across the thickness of
extruded polyethylene insulation. The effect of the
diameter of the conductive core on the temperature
distribution across the insulation thickness at different
points in time is shown in Fig. 6.

200
T,°C

Tw=90°C
2

180F i \ __‘?____.;..‘.:T“"-"*s,.,‘_\«“. -

Fig. 6. The influence of the conductive core cross section on the
temperature distribution across the thickness of the polyethylene
insulation

The insulation thickness in both cases is 2 mm.
Curve 1 corresponds to the cross section of a copper core
of 95 mm’, curve 2 — of 240 mm”. At the initial cooling
moment, for internal insulation layers located near the
core of a larger cross section, the temperature is lower
compared to the temperature distribution for insulation
with a core of a smaller cross section. The difference is
further leveled, which allows using a bath of the same
length for cooling.

Increasing the thickness of the insulation leads to an
increase in the time of the transient thermal process, and
hence the length of the first cooling section (Fig. 7). To
maintain the same length of the first section of the cooling
bath when cooling cables with a greater insulation
thickness, it is necessary to reduce the reception rate
accordingly.

Figure 7 shows the effect of the number of layers on
the temperature distribution: M = 100 (Fig. 7,a), M = 300

(Fig. 7,b). The core cross section is 95 mm?, the insulation
thickness is 6 mm. An increase in the number of layers
along the insulation thickness improves the calculation
accuracy by 8 %.

50 100 750 200 250

Fig. 7. The influence of the number of layers on the temperature
distribution over the thickness of the insulation

Conclusions.

A technique is developed for calculation of the
technological parameters of the cooling mode of power
cables. The technique is based on the calculation of the
thermal equivalent circuit of a conductive core insulated
with polyethylene in transient thermal mode, taking into
account the dependence on temperature of thermal
resistance and heat capacity using methods of discrete
resistive equivalent circuits and nodal potentials.

The duration of the transient, corresponding to
achieving the same temperature throughout total thickness
of the insulation of power cables of different designs, is
substantiated. It is shown that the duration of the transient
can be considered as a criterion in determining the length
of the sections of the cooling bath, depending on the rate
of extrusion (reception).

The influence of the diameter of the conducting core
and the thickness of the polyethylene insulation on the
cooling mode of the power cables is established.

The proposed technique can be applied to select
technological cooling modes for other types of cables, for
example, symmetric, radio frequency and optical cables.
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THE MICRO- AND NANOSECOND DISCHARGES IN GAS BUBBLES FOR WATER
DISINFECTION AND PURIFICATION

Purpose. Comparison of electrical circuits of experimental plants for obtaining micro- and nanosecond discharges in gas bubbles
in water and comparing the experimental results obtained for disinfecting water using such discharges. Methodology. To obtain
high-voltage pulses on the load in the form of a gas bubbles and a layer of water with a frequency of more than 2000 pulses per
second, a method of generating micro- and nanosecond pulses using high-voltage pulse generators based on a pulse transformer
(PT) according to Tesla, with a transistor opening switch IGBT in the low-voltage part of the circui . A current-limiting resistor
with a resistance R, = 24 kS2 is used to protect the transistor switch at microsecond discharges. At nanosecond discharges, a
multi-gap spark gap is used to sharpen the front of high-voltage pulses. We used a capacitive voltage divider with a division factor
of K, = 7653 to measure voltage pulses, a shunt with a resistance of R; = 2.5 L2 for measuring current pulses. RIGOL DS1102E
digital oscilloscope with a 100 MHz bandwidth was used as a recording device. Results. The effect of micro- and nanosecond
discharges in gas bubbles on microorganisms was experimentally investigated. It was possible to reduce the biochemical oxygen
consumption of water during microsecond discharges, reduce the turbidity of water, and improve its organoleptic qualities. The
energy released in a single pulse with microsecond discharges W, = 17 mJ, with nanosecond discharges W, = 7.95 mJ. At
nanosecond discharges, complete inactivation of E.coli bacteria was achieved. The disinfecting and purifying action of
nanosecond pulses is better compared to microsecond pulses due to an increase in the amplitude of the pulsed voltage up to
30 kV, and a pulsed current of up to 35 A. Originality. The possibility of effective microbiological disinfection of water using
nanosecond discharges in gas bubbles at low specific energy consumption has been experimentally shown. Practical value. The
obtained experimental results on water disinfection using micro- and nanosecond discharges offer the prospect of industrial
application of installations using such discharges for disinfecting and purification wastewater, swimming pools, and post-
treatment of tap water. References 9, figures 3.

Key words: high-voltage generator, micro- and nanosecond pulses, discharge in gas bubbles in water, disinfection and water
purification by discharges, inactivation of microorganisms.

Mema. Ilopienanna eneKmpuuHux Kijl eKCHePUMEHMAIbHUX YCHAHOBOK 01 00ePHCAHHA MIKDO- MA HAHOCEKYHOHUX PO3PAJi6 6
2a306ux OynvKax y 600i i NOPIGHAHHA 00€PHCAHUX EeKCNEPUMEHMANbHUX DPe3YIbmamie 3He3apax3ceHHA 600U 3d 0ONOMO2010
maxux po3paodie. Memoouka. /[nsa ompumanna 6UcoK080JIbMHUX IMAYIbCI6 HA HABAHMANCEHHI Y 6UNAL OYIbOK 2a3y i wiapy
600u 3 yacmomoro oinvuie 2000 imnynvcie 3a ceKynoy 3anponoHo8ano cnocio 2enepayii Mikpo- ma HAHOCEKYHOHUX IMRYIbCI6 3
GUKOPUCMAHHAM 2eHepamopie IMRYabCie 8UCOKOI Hanpyzu HA OCHOBL iIMRYIbCHO20 mpanchopmamopa 3a cxemoro Tecna 3
mpanzucmopnum posmuxarouum nepemurxauem IGBT ¢ nuzvkosonvsmuiin wacmuni kona. Pezucmop, wio oomesxncye cmpym, 3
onopom R, = 24 kOm 6uKopucmogyemupca Ona 3axucmy mpaH3ucmopHozo0 nepemuKasa npu mMikpocekynouux pospaoax. Ilpu
HAHOCEKYHOHUX pO3pA0ax 0azamo3a3opHuill iCKpoGUll PO3PAOHUK BUKOPUCMOGYEMBCA 014 3A20CMPEHHA (PPOHmMY IMRYynbCie
eucoxoi nanpyzu. Mu euxopucmosyeanu emuichuii 0inohuk Hanpyzu 3 Koeghiyiecumom oinenna K, = 7653 ona eumiproeanus
imnynscie nanpyzu, wiynm 3 onopom R; = 2,5 Om — ona eumiprosanna imnynvcie cmpymy. B akocmi 3anucyouozo npucmpoio
suxkopucmosysaeca uugposuit ocyunocpadp RIGOL DSI1102E 3i cmyzoro nponyckanna 100 MIy. Pesyrvmamu.
Excnepumenmansno 0ocniodceno eniue Mikpo- i HGHOCEKYHOHRUX PO3PAOI6 8 2a306ux OyabKax Ha mikpoopzauizmu. Boanocs
IMEeHWUmMu 0ioximiune CHOMCUBAHHA KUCHIO 800010 RPU MIKPOCEKYHOHUX PO3PAOAX, 3HUZUMU MYMHICMb 600U, NOKPAWUMU
opeanonenmuyni nokazuuku. Enepcia, w0 eudinaemovca 6 00HOMY IMRYAbCI NPU MIKPOCEKYHOHUX pO3PAOAX, CKIA0AE
W, = 17 mllanc, a npu nanocekynonux pospadax — W,=7,95 m/xnc. Ilpu nanocekynonux pospaoax 00CAHymo noenoi
inakmueauii 6axmepin E.coli. 3uezapayxcyroua i ouuwyoua 0ia HAHOCEKYHOHUX IMRynbCié Kpawia NOPIGHAHO 3
MIKPOCEKyHOHUMU IMnyabcamu i3-3a 30inbuienna amnaimyou imnynvchoi nanpyzu 0o 30 kB, a imnynvcnozo cmpymy 0o 35 A.
Haykoea nosusna. Excnepumenmanvho noxkazana MoMciugicmov epekmusHozo MIKpOOionoziuHozo 3He3apax3ceHHA 600U 3a
00NOMO02010 HAHOCEKYHOHUX PO3PAOI6 6 2a308UX 0YIbKAX NPU MAAUX RUumomux eumpamax enepeii. Ilpakmuuna 3nauyuwgicme.
Ooepircani ekcnepumenmanvii pe3yiomamu w000 3HE3APANCEHHA 600U 3d OONOMO2010 MIKPO- | HAHOCEKYHOHUX DPO3pA0ie
GIOKpUGAIOMb NEPCnEeKmMugy NPOMUCI06020 3ACHOCYEAHHA YCMAHOBOK 3 6UKOPUCIMANHAM MAKUX PO3PAOI 0N 3He3apPaHCeHHA |
OUUCIMKU CIIYHUX 600, DACETIHIE Ma 000UUCHIKU 8000NPOBIOHOT 600u. Bibn. 9, puc. 3.

Kniouogi cnoséa: BUCOKOBOJBTHMIl reHepaTop, MIKpO- M HAHOCEKYHIHI iMIyJibcH, po3psil B ra3oBuX OyJbKax y Boji,
3He3apaskeHHs Ta 0YMCTKA BOAM PO3PsAIaMH, IHAKTHBANLisI MIKpPOOpraHi3miB.

I]env. Cpagnenue nekmpuueckux cxem IKCHEPUMEHMATbHBIX YCMAHOBOK O ROTYYEHUA MUKDPO- U HAHOCEKYHOHBIX Pa3pA0086 6
2a306bIX NY3BIPAX 6 600€ U CPAGHEHUE ROIYUEHHBIX IKCREPUMEHMATIBHBIX PE3YTbMANO8 00e33apaj)rcusanis 600vl HPU ROMOWU
maxux paspsndos. Memoouxa. /[s nojiyuenus blcOKOGOIbMHbBIX UMNYIbCOG HA HAZPY3KE 6 6UOE NY3bIPLKOE 2a3d U C105L 600bl C
yacmomoit 6onee 2000 umnynvcoé 6 CeKyHOY RpPeONoNCeH CROocod 2enepauuu MUKPO- U HAHOCEKYHOHBIX UMRYIbCO8 C
UCNOJIb306AHUEM 2€HEPAMOPO8 UMNYILCO8 BbICOKOZ0 HANPAMNCEHUA HA OCHOBE UMNYIbCHO20 mpanchopmamopa no cxeme Tecna
¢ mpanzucmopuuvim pazmvikalougum nepexniouamenem IGBT ¢ nuskosonsmuoit wacmu yenu. Toxkoozpanuuusarowiuii pesucmop
¢ conpomuenenuem R, = 24 kOm ucnonvzyemcsa Onsa 3aujumsl MPAH3UCMOPHOZ0 NEPEKNIOUamens HPU MUKPOCEKYHOHBIX
paspaoax. Ilpu HanOCeKyHOHBIX pazpadax MHOZO3A30PHBLI UCKPOBOU PA3PAOHUK UCHOIBL3Yemcsa 01 000Cmpenus ¢ponma
UMRYbCO8 6bICOK020 Hanpacenusn. Mol UCnONb306anU eMKOCHHbII Oenument HANPANCEHUA ¢ KoIpduuyuenmom oenenusn
K, = 7653 0na usmepenua umnynvcoé Hanpax3ceHus, wiynm ¢ conpomuenenuem Ry = 2,5 Om — 014 uzmepeHus umnyibcoe moka.
B kauecmee 3anucwvisaroujezo ycmpoiicmea ucnonwv3oeanca yugpoesoii ocyunnozpad RIGOL DS1102E ¢ nonocoii nponyckanus
100 MT'y. Pe3yniomamul. IKCREPUMEHMANIBHO UCCIE008AHO GIUAHIUE MUKPO- U HAHOCEKYHOHBIX PA3PA006 6 2A3068bIX NY3bIPIX HA
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MUKPOOP2AHU3ZMBL. Y0anoch yMeHbUIUmb OUOXUMUYECKoe nompeodienue KUciopooa 600bl NpU MUKDPOCEKYHOHBIX pa3paoax,
CHU3UMb MYMHOCHb 600bl, YIAYUUWIUMb OP2AHONEnMuU1ecKue noxKazamenu. DHepeus, Gvloensiemas 6 OOHOM UMNYIbCe NPU
MUKPOCEKYHOHbIX paspadax, cocmaensem W, = 17 m/luc, a npu nanocekynomwvix paspaoax — W, = 7,95 m/uc. Ilpu
HAHOCEKYHOHBIX pa3pAadax O0ocmuzHyma nonnaa unakmueauua oaxmepuii E.coli. Obeszapaxcusarouiee u ouuwjarouiee
Oelicmeue HAHOCEKYHOHBIX UMRYIbCOE JIYHUie RO CPAGHEHUIO ¢ MUKPOCEKYHOHBIMU UMAYIbCAMU U3-3d YEEAUYeHUS AMNIUNYObL
UMRYIbCHO20 Hanpsdicenus 0o 30 kB, a umnyascnozo moka 0o 35 A. Hayunas noeusna. JKcnepumeHmanvHo NOKA3aHa
BO3MOICHOCHL IPheKMmUEH020 MUKPOOUOI02UHECKO20 00€33apalrcu6anus 600bl HPU NOMOWAU HAHOCEKYHOHBIX pPAa3paoos 6
2a306bIX NY36IPAX NPU MATBIX YOenbHbIX 3ampamax IHepeuu. Ilpaxmuyeckan snauumocme. Ilonyuennsie Ikcnepumenmansiole
pe3yibmamsl no 00e33apaxcusanuio 600bl NPU NOMOWIU MUKPO- U HAHOCEKYHOHBIX PA3PAO0E OMKPHIGAIOM RNEPCHEeKMugy
RPOMBIULIEHHO020 RPUMEHEHUS YCMAHOBOK C UCNOIb306AHUEM MAKUX PA3PA008 015 00e33apajcuanus u OYUCHKU CHOYHBIX
600, baccelinog u 000YUCMKYU 6000nP0OB0OHOI 600bl. bubil. 9, puc. 3.

Kniouesvlie cnosa: BbICOKOBOJIBTHBI FeHEpaToOp, MUKPO- M HAHOCEKYHIHbIEe UMIYJIbChI, Pa3psi B ra3oBbIX Iy3bIPSAX B BOJe,

066333paﬁ(ﬂBaHl{le H OYHUCTKA BOAbI paspsaiaMi, HHAKTUBAllUA MUKPOOPraHUu3MoOB.

Introduction. In the modern world, researchers are
constantly searching for new energy-saving technologies
for disinfection and water treatment. One of the most
promising and relevant technologies in this direction is
the technology of water treatment using micro- and
nanosecond discharges in gas bubbles [1-3].

The use of short electric pulses of voltage (current)
for water treatment allows to avoid large ohmic losses due
to its heating, to increase the electrical strength of the
discharge gap, thereby obtaining high electric fields with
intensity of £ > 30 kV/cm in a load in the form of a gas
bubble water layer. High electric fields inactivate
microorganisms in water, causing irreversible pore
formation in the cell membranes of microorganisms, as
well as affecting the intracellular contents, including the
impact on their RNA and DNA [4].

Pulsed electrical discharge is also a source of
broadband radiation. It follows from [5, 6] that such
radiation has damaging effects on bacteria, leading to
their degradation and destruction, and, thereby, increasing
the efficiency of microbiological disinfection of water.

Micro- and nanosecond discharges in gas bubbles
inside the treated volume of water cause the formation of
active microparticles with a high value of oxidative
potential, measured in volts. The highest value of the
oxidation potential for ozone (O3) is 2.07 V, for atomic
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oxygen (O) is 2.42 V, for hydroxyl (OH) is 2.85 V, and
for hydrogen peroxide (H,0,) is 1.77 V [7].

Ozonation is widely used for disinfection of drinking
water, as well as water in swimming pools. However, OH
hydroxyls, which are formed in discharges in the presence
of water, have a higher oxidative potential and are able to
destroy persistent chemical compounds, unlike ozone [8].
The use of OH can improve the efficiency of disinfection
and chemical treatment of water. The lifetime of OH
particles in the air is hundreds of microseconds.
Therefore, radicals should be created in the immediate
vicinity of the surface of the separation of water and gas
bubbles in it [1, 9].

Installations using this type of discharge can be
widely used for the treatment of wastewater, waters of
swimming pools and the purification of tap water.

The goal of the work is a comparison of the
electrical circuits of experimental installations for
obtaining micro- and nanosecond discharges in gas
bubbles in water, as well as a comparison of the
experimental results obtained for disinfecting water using
such discharges.

Electric circuits of experimental installations.
Figures 1,a,b show the electric circuits of experimental
installations for water treatment using micro- and
nanosecond discharges in gas bubbles [2, 3].
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Fig. 1. Electric circuits of experimental water treatment plants using discharges in gas bubbles:
a — microsecond; b — nanosecond

In Fig. 1,a,b, the capacitance Cy; is charged from the
mains (220 V, 50 Hz) to the voltage Uj. T is the transistor
switch of IGBT-transistors of type IRG4PHS50UD,
operating as a breaker. Pulse transformer (PT) according
to the Tesla scheme is presented in the form of a
equivalent circuit, where L, is the magnetization
inductance; Ly, L%, are the primary leakage inductance

and reduced secondary leakage inductance; D are the
reverse diodes of the IGBT-key built into the transistors;
C.>1 nF is the «emitter collector» capacitance of the
IGBT-key; Cy <C..<<C,: R’ is the reduced resistance of
the measuring shunt in the high-voltage circuit of the
generator; R.,=300 Q, R=60 Q are the matching
resistances of the shunt R=2.5 Q; C';, (', are the reduced
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capacitances of high-voltage and low-voltage arms of
capacitive voltage divider (CVD) with matching
resistance R.. Here, the unreduced (i.e. real) values of the
capacitances were C; = 2.7-107"2 F, G = 20.4-107° F, and
the division ratio of CVD is K; = 7650. In the electric
circuit of the reactor, C,, R, are the capacitance and
nonlinear active resistance of the discharge gap (DG), and
C, R are the capacitance and nonlinear resistance of the
water layer between the DG and a low-voltage (grounded)
electrode (C'y, R';, C', R" are the reduced to the primary
winding of PT values of these quantities), respectively.
Principal differences between the electric circuits
of experimental installations. In the diagram in Fig. 1,a
a current-limiting resistor with resistance R’y = 24 kQ is
used to protect the transistor switch by current. The
dissipation of active power on the resistor leads to
additional ohmic losses. C;, = 940 pF (2 capacitors
TAMICON 470 pF in parallel), T is the transistor switch
consisting of 2 transistors connected in parallel. In the
diagram in Fig. 1,b C;, = 4230 pF (9 capacitors
TAMICON 470 pF in parallel), the transistor switch T

consists of four parallel-connected transistors. The pulse
duration, the front and the shape are determined by the
discharge circuit C, — SD — Ly — (R, in parallel with C;) —
(R in parallel with C) — Ry, — Cj,,. The sharpening of the
pulse front occurs when a multichannel multigap spark
discharger SD operates. The distance between the gaps is
1 mm, it is possible to adjust, the number n of gaps is
1 < n < 5. The pulse duration is determined by the
presence in the discharge circuit of a low-inductance
capacitive energy storage device C;, = 150 pF assembled
from six KBU-2 capacitors with capacitance of 100 pF
each, calculated for voltage 20 kV (two consecutive
chains of three capacitors in parallel). All voltage from
C;, is applied to series-connected discharger SD and
discharge gap DG in the reactor — a gas bubble in water.
The inductance L, of the load discharge circuit is
le ~0.5 lJ,H

Experimental results. Figures 2,a,b show
oscillograms of voltage (current) pulses obtained at
disinfecting water treatment using micro- and nanosecond
discharges.
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Fig. 2. Oscillograms of voltage (curves 1) and current (curves 2) pulses:
a — at microsecond discharges; b — at nanosecond discharges

At microsecond discharges (see Fig. 2,a), the
voltage amplitude reaches 8 kV, and the current
amplitude is 0.2 A at a pulse repetition rate of f = 2200
Hz. The division along the process axis is 4 kV/div for
voltage oscillograms, and 0.1 A/div for current
oscillograms. Oscillograms of voltage and current in the
load (in the form of a working chamber with water
processed by microsecond discharges) have the shape of
bipolar pulses.

At nanosecond discharges, the amplitude (see
Fig. 2,b) of the voltage across the load reaches 30 kV, and
the amplitude of the current is 35 A at a pulse repetition
rate of f=2200 Hz. The division along the process axis for
voltage oscillograms is 7.9 kV/div, and for current
oscillograms it is 11.7 A/div. At nanosecond discharges,
the shape of the voltage and current pulses in the load is
close to the decaying exponent with a steep front and
superimposed oscillations. A capacitive voltage divider
with division factor K,=7653 was used to register voltage
pulses, and a shunt with resistance R, = 2.5 Q (R, = 300 €,
R, = 60 QO — matching shunt resistances) was used to
register current pulses. A RIGOL DSI1102E digital

oscilloscope with a bandwidth of 100 MHz was used as a
recording device.

Current and voltage on the oscillograms of Fig. 2,a,b
are close in shape and practically not shifted relative to
each other in time. In the first approximation, we can
assume that the load is active and all the energy W is
released in the working chamber. Calculate the energy W7,
based on the relation of the form

t
W= IU(r)~i(t)dt.
0

For the estimated calculation of energy, we represent
the positive part of the pulses in Fig. 2,a in the form of
two rectangular regions with sides along the time axis
t; = 10 ps, and negative one in the form of two triangular
regions with the same base size along the time axis
t, = 10 ps. Then the pulse energy W, is defined as the sum
of the areas of the selected areas W, = U-I't) + 0.5-U-I't, =
= 6000 V-0.15 A-10-10° s + 0.5-8000 V-0.2 A-10-10 ° s =
~(0.009 + 0.008) J = 17 ml.

Oscillograms of Fig. 2,b with nanosecond pulses for
the estimated calculation of the pulse energy are divided
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into triangular areas. The first two triangular regions are
selected at the front when the current and voltage on the
load reach maximum values during #; = 10 ns. To take
into account the pulse energy released in the load on the
flat part of the pulse decay, we choose the second two
triangular regions with duration along the time axis
t, = 150 ns, where the amplitudes of voltage and current
reach values U, = 6 kV, I, = 6 A, respectively. The energy
W, released in each nanosecond pulse, we define as the
sum of the areas of selected areas W, = 0.5-U-I;'t; +
+ 0.5-Uy Lyt ~ (0.5-30000-35-10-10"° +
+0.5:6000-6:150-10"%) = (0.00525 + 0.0027) J = 7.95 mJ.

The ratio of the energy W, released in the load at
each microsecond pulse to the energy W, released in the
load at each nanosecond pulse in this work is equal to
WJ/W,=17/795=2.1.

By increasing the electric strength of the discharge
gap in gas bubbles at nanosecond pulses, it was possible
to obtain pulsed voltages with amplitude of 30 kV on the

a

A series of experiments on microbiological
disinfection and purification of water using micro- and
nanosecond discharges in gas bubbles was carried out.
During water purification (the sample was taken from the
Kharkiv river in a volume of 3 liters) using microsecond
discharges in gas bubbles (see Fig. 2,a), the processing
time was 10 minutes, the volume of processing was 1.5
liters (three portions of 0.5 1 each). The treated water was
filtered with a paper filter before being sent to the
laboratory (Communal Enterprise «Sanepidservice»,
Kharkiv). Biochemical oxygen consumption decreased
from 3.84 mgO,/dm’ (in the control sample) to 3.67
mgO,/dm’ (in the treated samples), at a rate of
<6 mgO,/dm’, i.e. it was possible to additionally clean the
fairly clean source water. The turbidity of water has
decreased, the organoleptic properties of water have
improved. When processing the water temperature
increased by 17-20 °C.

When treating tap water contaminated with E.coli
bacteria with a dilution of 10® in 3 liters of water (at the
Communal Enterprise «Sanepidservice», Kharkiv), using
nanosecond discharges (see Fig. 2,b) in gas bubbles, the
processing time was 7 minutes, the volume of the
processed material 1.5 1 (three portions of 0.5 1), complete
(100 %) inactivation of bacteria has been achieved. The
temperature of the treated water increased by 7-8 °C.

load. The operation of the circuit without protective
resistance, an increase in the electrical strength of the gap
and a decrease in the capacitance resistance of water at
nanosecond pulses allowed, compared to microsecond
pulses, to increase the current amplitude 175 times and to
reach its value of 35 A. Therefore, the disinfecting and
cleaning action of nanosecond pulses is better than with
microsecond pulses. And this is achieved at a
significantly lower energy in the nanosecond pulse. In
microsecond pulses, most of the energy is consumed less
efficiently: the degree of water disinfection is less, and
unwanted heating of water is more.

Figures 3,a,b show the luminescence at nanosecond
and microsecond discharges in gas bubbles in water. It
has been established that the intensity of luminescence at
nanosecond discharges is greater (see Fig. 3,a) due to the
increase in their amplitudes of the pulsed voltage and
current in gas bubbles.

b

Fig. 3. Discharges in a gas bubble: ¢ — nanosecond pulses; b — microsecond pulses

The estimated energy released in the load when
treating water using discharges in gas bubbles in the case
of using nanosecond discharges was about 2.1 times less
than when using microsecond discharges. Therefore, the
heating of water at nanosecond discharges is also less.
The pulse repetition rate was the same for both processing
modes, including nano- and microsecond discharges,
respectively.

Conclusions. The results of the experiments on the
disinfection and purification of water using micro- and
nanosecond discharges in gas bubbles showed the
promise of further study and practical application of these
types of discharges. Nanosecond discharges seem to be
more promising for industrial applications. When using
nanosecond discharges, complete inactivation of E.coli
bacteria is achieved, water heating is insignificant, and the
intensity of broadband radiation at such discharges,
compared with microsecond discharges, is higher due to
large amplitudes of pulsed currents and amplitudes of
pulsed electric field strengths. The energy in the pulse
with nanosecond discharges is 2.1 times less than with
microsecond discharges.
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D.G. Koliushko, S.S. Rudenko, A.V. Plichko, V.I. Shcherbinin

MODERNIZATION OF THE COMPLEX TYPE IK-1U FOR MEASURING THE
IMPEDANCE OF THE GROUNDING DEVICE OF A LIGHTNING ARRESTER AND
SUPPORTS OF TRANSMISSION LINES

Purpose. The creation of a measuring device for determining the impedance of the grounding of lightning arresters and supports
of overhead lines under the influence of aperiodic pulses with the parameters 1.2/50 us, 8/20 us and 10/350 us. Methodology. For
this purpose, electrical engineering theory, transient modeling software and natural modeling methods are used. Results. The
parameters of the electrical circuits of the additional forming unit were determined to create lightning current pulses with
parameters of 10/350 us using the IK-1U measuring complex. According to the simulation results, a layout of the forming unit in
the form of an attachment and the IK-1U complex with the upgraded power supply system were created. Oscillograms of the front
and pulse duration are obtained. The specified model was tested when performing electromagnetic diagnostics of the state of the
RFP for more than 100 operating electrical substations. Originality. The measuring complex IK-1U was improved, which made it
possible to determine the impulse impedance of the grounding device of lightning arresters when exposed to a current of 10/350
us, 820 us and of voltages 1.2/50 us. Practical value. Upgraded device allows measurements in accordance with modern
international requirements. References 9, tables 1, figures 3.

Key words: impedance, grounding device, lightning current (voltage) pulse, measuring complex.

Memoro pobomu € cmeopeHHs UMIPIOBATIbLHO20 NPUNAOY ONA GUHAYEHHA OROPY 3a3ematosansHux npucmpoie (311)
OnUCKaeKo6i0eodie ma onop nogimpanux ninii enekmponepedayi (JIEII) npu 0ii anepioouunux imnynscie nanpyzu 3
napamempamu 1,2/50 mxc ma cmpymy 3 napamempamu 8/20 mrc i 10/350 mxc. /[na uvozo euxopucmano meopiio
e1eKMpOmexHiKu, NPOZPAMHL 3ACO0U MOOENI06AHNS NEPEXIOHUX Npouecie ma memoou HamypHozo moodeniosanns. byno
GU3HAUEHO NAPAMEMPU eIEMEHMIE eJIEKMPUUHOZ0 KOJIA 000AMKO06020 (Popmytouozo 010Ky Ot CIEOPEHHS 2PO308UX IMNY/IbCI6
cmpymy 3 napamempanu 10/350 mkc 3a 0onomozor0 eumiproeanvnozo komnaekcy muny IK-1y. Boockonaneno komnieke muny
IK-1Y, w0 00360nuno eusnauamu imnynvcuuil onip 311 6nuckaekogioeodie ma onop JIEII npu 0ii imnynscie cmpymy 10/350
MmKc, 8/20 mxc ma nanpyeu 1,2/50 mkc. Mooepnizoeanuii npuiad 00360711€ RPOGOOUMU GUMIPIOGAHHA GIONOGIOHO 3 CYHACHUMU
Mixchapoonumu eumozamu. bion. 9, tab6n. 1, puc. 3.

Kniouosi cnosa: onip, 3a3eMiI0BaIbHUN NPUCTPiii, IPO30BHIi iMITyJIbC cTPYMY (HANIPYTH), BUMIPIOBAIbHUI KOMILIEKC.

Llenvio pabomet agnaemca co30anue UIMEPUMENLHO20 NPUOOPA ONA ONPedeNeHUs CONPOMUBIEHUA 3A3EMIAIOUUX YCIMPOTICINE
(3Y) monnueomeooose u onop e6030ywinvix aunuit nekmponepedauu (JII) npu eo30eiicmeuu anepuoouyecKuUx UMRYIbCOE
Hanpsaxcenus ¢ napamempamu 1,2/50 mxc u moka ¢ napamempamu 8/20 mxc u 10/350 mkc. /{nsa smozo ucnonv3oeano meopuio
INEKMPOMEXHUKU, NPOZPAMMHBIE CPEOCHIBA MOOETUPOSANUA NEPEXOOHBIX NPOUECCO8 U MENOObl HAMYPHO2O0 MOOEIUPOBANUS.
Bviiu onpedenensvt napamempul InemMeHmos INEKMPUUecKoil yenu OOROJIHUMENbHO20 (opmupyrouiezo 010Ka 01as CO30aHUsA
2p0306bIX umMnynbcoe moka c napamempamu 10/350 mxc ¢ nomowspio uzmepumenvnozo komniaexkca muna HK-1Y.
Ycosepuencmeosan komnnexc muna HK-1Y, umo nozeonuno onpedenamop umMnyibcHoe conpomugienue 3y mMoanueomeooos u
onop JI3II npu eo30eiicmeuu umnynvcoe moka 10/350 mxce, 8/20 mxc u nanpaxcenua 1,2/50 mxc. Mooepnuszuposeannwtit npuéop
no3eonsaem npoeoOUmMs UMepeHUs 6 COOMEEMCMEUL C COBPEMEHHBIMU MeMHCOYHAPOOHbIMU mpebosanuamu. budn. 9, Tabm. 1,
puc. 3.

Kniouesvie cnosa: conpoTuBiieHHe, 3a3eMilsioliee YCTPOHCTBO, I'PO30BOii MMIIYJIbC TOKA (HANPSKEHHs), U3MEPHTEIbHBIN
KOMILIEKC.

Problem definition. Provision of permissible values
of the parameters of grounding devices (GDs) of electric
power stations and substations, separately installed
lightning arresters and overhead line’s supports within the
limits defined by regulatory documents, is a prerequisite
for the reliability of the operation of expensive equipment
and electrical safety of personnel. In order to control the
state of the GDs of electric power stations and substations
in Ukraine, the method of electromagnetic diagnostics is
the most widespread [1, 2]. One of the procedures of its
experimental stage is to determine the impedance of
lightning arresters, installed separately, and the supports
of overhead lines with lightning protection cables. In the
domestic normative document [3] there is no concept of
«impulse impedance of the GD», but in international
requirements, in particular in [4-6], the impedance of the
lightning arresters and overhead lines’ supports is defined
as «the ratio of the peak value of the voltage to the GD to
the peak value of the current, which flows in the GD,
under the action of the current pulse with the given time
parametersy.

In the world, there are a number of devices that
allow to determine the impulse impedance of the GD. The
paper [7] describes a powerful stationary generator that
generates pulses of artificial lightning current with
amplitude +(100-200) kA for fundamental and applied
research. The papers [8, 9] provide a detailed analysis of
the most commonly used portable devices, including:
Polish WG-407, WG-507 and MRU-200, Japanese PET-7,
ZED-meter of the US, Ukrainian IK-1U and Russian
impedance meter [8]. At the same time, it should be noted
that among the listed devices, only three allow
measurements when simulating a thunderstorm pulse,
namely: WG-507 with pulse 4/10 ps, MRU-200 — 4/10 ps
and 10/350 ps, and IK-1U with pulses of 1.2/50 ps and
8/20 ps. Other devices allow measurements to be made
under the influence of pulses of current or voltage with
non-normalized parameters with pulse duration of several
to hundreds of microseconds and a front from tens of
nanoseconds to 1 microsecond. For example, PET-7
generates a pulse with a gain of 1 ps and a duration of 256 s

© D.G. Koliushko, S.S. Rudenko, A.V. Plichko, V.I. Shcherbinin
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or ZED-meter — a rectangular pulse duration 1.4 ps.
Among the above-mentioned, the complex IK-1U has
the largest measuring current, the value of which in the
short-circuit mode is 25 A while for other ones
measuring current is in the range from 0.5 A to 5 A. The
maximum energy of the measuring pulse of the IK-1U
device, which is 0.3 J, lies in the middle of the range
compared with other instruments for which it varies
from 0.017 J to 1 J [8].

The complex IK-1U developed by the specialists of
the Scientific-&-Research Planning-&-Design Institute
«Molniya» of the NTU «KhPI» is designed to measure
the impulse impedance of lightning arresters, standing
separately, and the impedance of the transmission lines
without disconnecting the lightning protection cable. The
IK-1U device is entered in the state register and consists

l 1

LIGHTNING

Research materials. There are two ways to achieve
this goal:

e development of a new device, which can operate in
three modes of formation of the specified pulses;
¢ improvement of the existing instrument.

The first way involves the need to develop a new
circuit design solution. Here, in the case of generating a
current pulse with amplitude of 25 A at 10/350 ps
temporal parameters, as in the device IK-1U for a mode
of 8/20 s, the capacity of the capacitors of the device
should increase from 2.35 pF to 7500 pF while
maintaining the operating voltage of 1 kV with a
corresponding change in the forming elements. That is,
the new device will have such mass-sized dimensions,
which will be either stationary, or mounted on the
automotive base. This will greatly complicate its use in
field conditions as part of the implementation of
electromagnetic diagnostics of the GDs.

The second way is to improve the existing complex
of type IK-1U due to «stretching» the duration of the
current pulse in the mode of 8/20 ps at reducing its
amplitude. This can be achieved by developing a special
forming unit and expanding the pulse voltmeter
measurement range. In addition, this will minimize costs

of a generator of aperiodic pulses 'AU-3 (see item 1 in
Fig. 1) and a pulse voltmeter BU-6M (see item 2 in
Fig. 1). In accordance with the current international
requirements [4-6], for simulating the direct lightning
strike, it is necessary to check the reaction of the GD to
the pulse voltage of 1.2/50 ps and the current pulse
10/350 ps, and to simulate the pulsed currents induced in
the metal structures and communications of the object
with distant lightning strikes — 8/20 ps. The carried out
analysis shows that there are no devices in the world that
can carry out universal measurements in all three of the
above modes.

The goal of the work is the creation of a measuring
device for determining the impedance of GDs of lightning
arresters and overhead lines’ supports during the action of
the aperiodic pulses of 8/20 ps, 10/350 ps and 1.2/50 ps.

b
Fig. 1. Scheme of measurements (a) and external view (b) of the complex type IK-1U

by maintaining the main circuitry solutions of the
generator.

The forming unit of the device is proposed to be
executed in the form of a set of RLC-elements, which
should be connected to the output of the generator of the
complex IK-1U in the mode of 8/20 ps, which will allow
the use of already developed complexes without their
further elaboration. The following assumptions were
made to evaluate the parameters of the elements of the
forming unit of the complex: due to the fact that the
period of follow-up of the pulses of IK-1U significantly
exceeds the required pulse duration of 350 ps (the
frequency of follow-up of about 3 Hz), we can consider
the generator IK-1U as a capacitive energy storage device
C1 with a known discharge circuit (see Fig. 2,a). In the
8/20 ps mode, the capacity is 2.35 pF, the initial voltage
on the capacitor C1 is 1000 V, the inductance L1 = 56 pH,
and the resistance of RI-R4is 1 Q, 7.5 Q, 6 Q and 9 Q,
respectively. Resistor R1 acts as a load. Determination of
the parameters of elements of the forming block of the
complex was performed on the basis of the calculation
model in the demo version of the MicroCap software
complex. To increase the duration of the current pulse to
350 ps, a high inductive throttle L2 was used, to provide a
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10 ps front a forming capacitor C2 and a resistor RS were
introduced, and the resistor R6 smoothes the oscillation
processes that arise in the discharge circuit.

Nominal values of L2, C2 and R6 elements were
determined in the Transient Analysis mode, taking into
account the existing nominals of real elements. The
results of the simulation of the IK-1U complex with a
forming block in the mode of 10/350 ps (see Fig. 2,b,c)
show compliance with the set conditions for temporal
parameters, with the amplitude of current not to exceed
1.1 A, and the maximum voltage on the elements of the
block will be: L2 and R6 — 600 V, C2 — no more than
10 V, and R5 — no more than 5 V. Obtained values were
used when selecting existing elements. As C2, two
consecutive connected polar capacitors with capacity of
47 uF and operating voltage 25 V each, resistor R6 — 1.2 kQ
type MJIT-0,125, throttle of our own manufacturing (due
to the absence of industrial ones with inductance of
18 mH) with resistance less than 0.5 (, operating voltage
up to 500 V and current of 1.1 A.

Scheme of discharge [K-1U
5665 L1

As can be seen from the pulse simulation results, the
pulse duration is 341 ps at amplitude of 1.04 A, pulse front
of about 12.8 ps, which, with allowance of £20 % [5],
practically meets the set requirements. Thus, with the help
of simulation, the parameters of the elements of the
forming block for the current pulse 10/350 ps were
determined using the standard generator of the measuring
complex IK-1U. In addition, it is proposed to use modern
power supply elements and capacitor types during
manufacturing of new complexes on the basis of the IK-1U
device and, respectively, to improve the charging unit and
to add a voltage control module. This will reduce the
number of large size capacitors from 21 to 4, extend the
service life of the battery pack of the IK-1U, increase the
ease of mounting and replacing the batteries. The proposed
changes allow to significantly reduce the total weight of the
complex (from 14 kg to 5.5 kg). In addition, the transition
to a more modern elemental base allows to free space in the
case and to mount a forming unit of 10/350 ps into the
existing complex IK-1U, as its integral module.

Forming unit 10/350 ps

.define CF 94e-6 .define LF 18e-3

. Py
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Fig. 2. Electrical circuit of the IK-1U class with the forming block (a) and the result of simulating the front of the pulse current ()
and its duration (¢) in the software complex MicroCap

Table 1 shows the technical characteristics of the
advanced complex IK-1U with the forming unit.

According to the simulation results, a layout of the
forming unit in the form of an additional block and a
complex of IK-1U with a modernized power supply
system was created (see Fig. 3,a). Figures 3,b,c present
the oscillograms of the front and the duration of the
current pulse.

The indicated layout has been tested at performing
electromagnetic diagnostics of the state of the GDs of

over 100 active electrical substations of Ukraine.

Thus, the use of the forming unit in the complex IK-
1U allows to obtain a current pulse with the following
temporal parameters: the duration of the front 10+2 ps at
the level of 0.1-0.9 from the amplitude and pulse duration
350+35 ps at the level of 0.5 from the amplitude.
Completion of the modernization of the complex type of
IK-1U allowed to obtain the necessary result at a
minimum cost with the possibility of using existing
systems.
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Table 1
Characteristics of the complex IK-1U
Name of the parameter or characteristic
Value
Front of the pulse (at the levels 0.1-0.9 of | 1.2+ 0.1; 8+ 0.8;
the amplitude), ps 10+ 2.0
Duration of the pulse (at the level 0.5 of 50x5; 20+ 4;
the amplitude), ps 350 + 35
Maximum amplitude of generated voltage
pulses (in the mode of 10/350 ps), V 1000 (600)
Voltage pulses amplitude measurement 0.5-200

range, V

Maximum amplitude of generated pulses

(in the mode of 10/350 ps), A 25+5 (1£0.05)

Range of measurements of current pulse

amplitude, A 0.1-25
Relative error of measurement of
amplitude of pulses of current and voltage 10
%, N0 more

from the network;
Power supply from the built-in

battery

.b . .c
Fig. 3. External view of the forming unit in the form of an
additional block with IK-1U (@) and the oscillograms of the
current pulse front () and its duration (c)

Conclusions.

1. An analysis of the existing devices for measuring the
impedance of the GDs is carried out and the need to
create a device with test pulses of current of 8/20 ps,
10/350 ps and of voltage of 1.2/50 ps is shown.

2. The parameters of the elements of the forming block
for the current pulse 10/350 ps are determined at
utilization of an existing standard generator of the
measuring complex of the type IK-1U.

How to cite this article:

3. The practical implementation of the forming block
and the complex of type IK-1U with a modern element
base is realized. The testing of their operation has been
carried out on more than 100 active power facilities of
Ukraine.

4. An autonomous power supply unit has been
upgraded, which greatly reduced the mass and overall
dimensions of the complex, as well as will allow the
forming block to be mounted directly into the housing of
the complex IK-1U.
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OPTIMIZATION OF DESIGN PARAMETERS OF AUTOTRANSFORMERS IN ICE
MELTING SCHEME WITH NON-INDUCTIVE CIRCUIT ON 6-10 KV OVERHEAD
POWER LINES

Purpose. The purpose of the paper is to determine the basic electrical characteristics and to develop a calculation method and
algorithm for optimizing the design parameters of autotransformers intended for use in a melting ice scheme with a non-inductive
circuit on 6-10 kV overhead power lines. Methodology. The development of the technical and economic model and the method for
calculation of the design parameters of the autotransformer for melting ice is performed on the basis of a systematic approach.
Optimization of structural characteristics of autotransformers is carried out using a combined algorithm based on the spatial grid
method, adapted to the case of a mixed space of discrete and continuous independent variables, and the specifics of the technical
and economic model of the autotransformer. The proposed combined optimization algorithm is implemented in the Delphi
environment. Results. Based on the required specific melting power, the main electrical characteristics of autotransformers
intended for use in the meltingicr scheme with a non-inductive circuit on 6-10 kV overhead lines, which were the basis for
optimizing their design parameters, have been calculated. The technical and economical model of autotransformer for melting
ice, which is defined by nine independent variables and describes its cost and technical parameters, is developed. On the basis of
the obtained electrical characteristics, optimization of the design parameters of a series of autotransformers is carried out, which
includes three standard sizes, differing in maximum length of the transmission line. Originality. A method of calculation of
structural parameters of autotransformers for ice melting is proposed, the peculiarity of which is the use of the criterion of the
minimum of the cost of the active part and taking into account the conditioned by the circuit of connection of the
autotransformers the technical restrictions of errors on the value and angle of secondary current, which are important from the
point of view of ensuring the permissible deviation of the specific power of melting ice. Practical value. Optimal correlations of
geometrical sizes and electromagnetic loads of autotransformers for ice melting, their cost indicators, as well as the main design
characteristics of the magnetic circuit and windings are established. Results of design calculation of autotransformers are
sufficient for introduction of their serial production in industrial conditions. References 11, tables 2, figures 4.

Key words:overhead power line, melting of ice, autotransformer for melting of ice, technical and economic model,
optimization of design parameters.

Mema. Memoio cmammi € 6u3HaAUeHHA e1eKMPUYHUX XAPAKMEPUCMUK MA PO3POOIEHHA MemOoody PO3PAXYHKY i anzopummy
onmumizayii KOHCIMPYKMUGHUX NAPAMEMPIE A8MOMPAHCHOPMAMOPI8, NPUZHAUEHUX ONA GUKOPUCIMAHHA 6 CXeMi NIaAGIeHHS
0s1cenedi 3 6e3inOYKMuUBHUM KOHMYPOM HA NOGIMPAHUX NIiHIAX eeKmponepeday 6-10 kB. Memoodonozia. Po3poonenna mexHiko-
E€KOHOMIUNOT MoOeni ma Memoody po3paxyHKy KOHCHMPYKIMUGHUX HAPAMEMPIe Aemompancopmamopa nnaeienusa osiceneoi
GUKOHAHO HA 3acadax CUCHMEMHO020 nidxody. Onmumizayia KoHCMPYKYii aemompancgopmamopie nnaeneHHs 0icenedi
npoeedena 3 GUKOPUCMAHHAM KOMOIHOBANHO20 ANZOPUMMY HA OCHOGI Memody npocmopoeoi cimku. Pezynomamu. Oodepicano
eeKmpUYHi XapaKmepucmuKky ma onmumizoeano KOHCIMPYKmMueHi napamempu cepii agmompancgopmamopie, npusnavenux
015 GUKOPUCMAHHA 68 CXeMi NIIAGICHHA 0dice1eli 3 0e3IHOYKMUSHUM KOHMYPOM HA ROGIMPAHUX NIHIAX enrekmponepeday 6-10 kB.
Haykosa nogusna. 3anpononoeano memoo po3paxyHKy KOHCHIPYKMUGHUX NAPAMEmpie Aemompancgopmamopie niaeienHs
oxcenedi, 0codnusicmio AKO20 € BUKOPUCMAHHA Kpumepilo MIHIMyMy 6apmocmi aKmueHoi YacmuHu ma 6paxyeaHH:A
3YMOBNIEHUX CXEMOI0 GMUKAHHA AGMOMPANHCHOPMAMOpPI6 MEXHIYHUX O00MedHceHb ROXUOOK 34 GeNUYUHOI0 MA KyHom
emopunnozo cmpymy. Ilpakmuune 3nauenns. Pezynomamu KoHCMPYKMUGHOZ0 PO3PAXYHKY AGMOMPAHCHOPMAMOpie niasieHHA
01cenedi € 0ocmamuimu 013 6RPOBAOHCEHHA IX CePIliH020 6UPOOHUYMEA 6 NPOMUCTO8UX yMosax. Bibn. 11, Tabmn. 2, puc. 4.
Kniouoei cnosa: noBiTpsina JliHiA eJieKTponepenay, IUIABJIeHHA O:KeJleli, AaBTOTPaHCGOPMATOP ILIABJICHHSA OxeJseli, TeXHiKo-
€KOHOMIYHA MOJieJIb, ONTUMIi3alisi KOHCTPYKTHBHHX IIapaMeTpiB.

Lenv. Llenvio cmamvu sAs1aemca onpeoeieHue 31eKMPULECKUX XapaKkmepucmukx u paspabomea memooa paciema u an2opumma
onmumu3zayuu KOHCMPYKMUGHBIX NAPAMEMpPOs A6MOMmMpaHcHopmMamopos, npeOHA3HAYEeHHbIX ONA UCNOJIb306AHUA 6 CXeme
naaeKku zononeda ¢ 0e3UHOYKMUBHBIM KOHMYPOM HA 6030YWIHBIX JUHUAX Inekmponepedauu 6-10 kB. Memooonozus.
Pazpabomka mexHuKo-IKOHOMUUECKOI MOOel U Memooa paciema KOHCMPYKIMUGHBIX RAPAMEMPOs agmompancgopmamopa
NA6KU 2071011€0a 6bINOJIHEHA HA OCHOEE CUCMEMHOZ0 N00X00a. Onmumu3ayua KOHCMPYKUUU a6mompanchopmamopos niasxku
207101104 NPOBEOCHA C UCNONB306AHUEM KOMOUHUPOGAHHO20 QNIZOPUMMA HA OCHO6E Memo0d NPOCMPAHCIMEECHHOI CEmKu.
Pesynomamur. Ilonyuenst snekmpuuecKue XapaKmepucmuku U ORMUMU3UPOGAHbI KOHCHIPYKIMUGHbIE NAPAMEMPbL Cepull
agmompancghopmamopos, npeOHa3HAUEeHHBIX 0151 UCNOIb306AHUA 6 CXeMe NAAEKU 20710104 ¢ Oe3UHOYKMUGHBIM KOHMYPOM HA
6030yWHbBIX JuHUAX Inexkmponepedauu 6-10 kB. Hayunaa wnoeusna. Ilpeonoscen memod pacuema KOHCHPYKMUGHDIX
napamempoe agmompanchopmamoposé naasKu 207101e0a, 0COOEHHOCMbIO KOMOPO20 AGNACHICA UCRONb308AHUE KpPUMEPUs
MUHUMYMA CIMOUMOCINU AKMUGHOU YaACMU U YUem 00YC06IEHHbIX CXeMOIl 6KII0UEHUS AGMOMPAHCHOPMAMOPOE MEXHUUECKUX
ozpanuyeHull nozpewiHocmeil no eenuuuHe u yziy emopuunozo moka. IIpakmuueckoe 3nauenue. Pezynomamut
KOHCMPYKIMUGHO20 paciema aemompanc@opmamopos naaéKu 2070104 O00CMAamoynsvl 074 GHEOPEHUA UX CepuitHo20
npou3eo00cmea é nPomMvliieHHbIX ycaosusax. buodin. 11, ta6mn. 2, puc. 4.

Kniouesvie crosa: Bo3pylIHasi JUHMSA 3J1eKTpoNepeaayy, IIaBKa rojojena, aBToTpaHcGopMaTop IIABKH I0J10J1e1a, TEXHUKO-
KOHOMHYECKas MO/Je/Ib, ONTUMHU3ANUS KOHCTPYKTHBHBIX IAPaAMeTPOB.

Introduction. At present, the most effective way to  of the ice is to melt it [1]. The technology of melting ice is
protect 6-10 kV overhead transmission lines (OTL), to use a certain melting scheme, which, based on the law
which are widely used in some countries, from the effect  of Joule-Lenz, allows to achieve the allocation of thermal
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energy in the unit of the length of the OTL wire, sufficient
for melting of deposits within a reasonable time, usually
about 1 hour. In order to determine the appropriate
amount of thermal energy, in this work the term «specific
power of melting ice» is used.

In melting schemes of ice, electrical power melting
installations of ice-and-frost deposits (IFDs) are often
used, which harmonize the parameters of the power
system with the parameters of the lines [2]. An example
of such an installation is the autotransformer for melting
ice (AMI), which is activated by the melting scheme
proposed in [3]. As it is known, the use of
autotransformers compared with transformers, due to the
electrical connection between the windings, can
significantly reduce the power of the electric apparatus. In
addition, the feature of the proposed melting scheme is
the use of a non-inductive circuit, which reduces the
reactive component of the load of the autotransformer to
almost zero.

To date, autotransformers, suitable for use in the
proposed melting scheme of ice with a non-inductive
circuit, are absent. Therefore, there is the task of
determining the electrical characteristics of such
autotransformers as well as developing a calculation
method and algorithm for optimizing their design
parameters.

The analysis of existing methods for the calculation
of power transformers and autotransformers of industrial
series [4-6] showed that they are based on the use of the
criterion of reduced costs, which allows to establish the
optimal ratio between capital and current costs to the
transformer. This approach is not appropriate for
autotransformers for melting ice, as they have a small
total annual operating time (up to 50-100 h).
Consideration in the method of calculating the AMI of
current costs will lead to unnecessary complication of its
technical and economic model and increase the
optimization time of the algorithm. In addition, the
existing calculation methods do not take into account
determined by the AMI connection circuit the limiting of
the angle between the primary and secondary current
(angular error limitation) and the relative difference
between the primary and the secondary current (current
error limit), which are important for the AMI from the
point the view of providing the required specific power of
melting ice.

The preliminary analysis showed that the
dependencies of the parameters of the AMI on the
discrete and continuous independent variables is
nonlinear, therefore the task of optimizing the design of
such an autotransformer is the problem of nonlinear
programming. There is a fairly large number of
algorithms for solving these problems [7-10]. However,
the general methods of solving the problems of nonlinear
programming in the mixed space of discrete and
continuous variables have not been developed to date. A
characteristic drawback of existing methods is that they
are not universal. The use of certain artificial techniques
allows to reduce the task to any particular type. One of
such technique is the transformation of independent
variables to one type, such as continuous [10]. But such a
technique can give significant errors in the inverse

transformation of variables. Transformation of variables
to a discrete form is more acceptable, since continuous
variables can be discretized with a small step and obtain a
solution with a given accuracy, but with high computation
costs. However, in the case of the multi-extremity of the
objective function and the presence of nonlinear
constraints on the permissible domain of solutions,
practically all methods of discrete programming are
reduced to a continuous enumeration of discrete variables.
In [11] an approach to the solution of the problem of
nonlinear programming for the case of discrete and
continuous variables in the general formulation is
proposed. The advantage of this approach is to take into
account the specifics of a particular system and its
mathematical model, in connection with which it was
adopted as the basis for developing a combined algorithm
for optimizing the design parameters of autotransformers
for melting ice.

The goal of investigations is to determine the
electrical characteristics and to develop a calculation
method and algorithm for optimizing the design
parameters of autotransformers intended for use in a
melting scheme of ice with a non-inductive circuit on 6-
10 kV overhead power lines.

Calculation of electrical parameters of
autotransformers for melting ice. To optimize the
design parameters of AMI, it is necessary to calculate
their desired electrical characteristics. In [3] an analysis of
electrical processes in the melting scheme of ice on the
basis of autotransformer with a non-inductive secondary
circuit was carried out. It is shown that the proposed
scheme allows in melting ice mode to increase the
equivalent active resistance of the OTL in number of
times

(1+k; P (1-a)+a
all-ak ]2
where £; is the coefficient of transformation of the AMI

by current; a is the coefficient of ratio of active resistance
of the external and internal parts of the wire

kg = ; M

a R )
where R, R, are the active resistances according to the
entire wire and its outer part.

Inductive resistance of the line at the same time
practically does not change.

In the AMI series, there were three standard sizes
that differ in maximum length of the OTL. Each AMI is
intended for the melting of deposits on the OTL with a
length from a certain value of /;, to a value of /. In
order to provide the required specific melting power on
the OTL with any length within the limits of /i +Zax
adjustment of the coefficient k; is foreseen. It will also
allow to quickly regulate the amount of thermal energy
emitted in the wires of the OTL when weather conditions
change, to affect the melting time of IFDs.

As the estimated calculations have shown, in order
to obtain the required values of the specific melting
power, the equivalent active resistance of the OTL should
be much larger than the equivalent inductive resistance,
so the latter can be neglected. Then the value of the
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coefficient kzx to be provided by the AMI can be
determined based on the required value of the specific
melting ice power Py=56 kW/km [1] based on the
expression
U2
kg~ ———, 3)
3F) Ryl

where U is the nominal voltage of the line, kV; R, is the
specific active resistance of the wire, QQ/km; / is the OTL
length, km.

Then, based on the expressions obtained in [3], the
basic electrical parameters of the AMI were calculated.
The calculation results are shown in Table 1. Nominal
currents and voltages of windings of the AMI were taken
equal to the maximum of values possible during the
operation of each autotransformer. In addition, Table 1
shows the allowable values of errors in the values of the

secondary current and its phase relative to the primary
current. The limitation of this error is due to the switching
circuit of the autotransformers [3] and is necessary in
terms of providing a tolerable deviation of the specific
melting power of ice, which influences on the time of
melting of deposits and, consequently, the success of this
process. For those specified in Table 1 limit values of
errors, the possible deviation of power losses in the wire
is 10 %.

Technical and economic model of
autotransformer. To calculate the AMI, the basics of the
methods used to calculate power transformers and
autotransformers are used, with some differences. So,
since the cost of operating APO, as mentioned above, can
be neglected, then as an indicator of their optimization it
is proposed to use a relatively simple criterion for the
minimum cost of the active part C — min.

Table 1

Results of calculation of the main electrical characteristics of autotransformers for melting ice
which are the basis for optimizing their design parameters

AMI parameters
E - 9 z 3
= 5 . i" fﬂ s «g - < g Permissible errors
SISE| 8 | Fef | 5 |zi.| E |:
) =9 g 8 S g F=s] < - S > =
= < 2 ° 58 »'E S = £5 8 G s 5
s o .5 2 22 % ¢ E 5 R z ° o g g
Q £ 3 = < 2850 S E -2 5 g &5 o 23z
N o 2 Sool 25 S >3 = 8 g 235, Eog
z e = §Z5o g EEE £ Sz SE 5 SED
53 S 28 5 2 S8 g 3 28E | €87
= < & £ £ £ = z £ S25 | 2873
¢ g | ¢ : : 2 z
= z z s
4+4.7 75.6 0.28
- 4.7+5.4 55.9 0.34
S 5.4+6.3 41.6 0.41
:GZ[\)] 4+10 6374 302 051 110/182 2000 6000 5.4 +10
n 7.4+8.6 224 0.63
8.6+10 16.5 0.79
4+4.7 75.6 0.28
4.7+5.4 55.9 0.34
« 5.4+6.3 41.6 0.41
I 6.3+7.4 30.2 0.51
% 4=16 7.4+8.6 224 0.63 174/182 3200 6000 5.4 +10
.5) 8.6+10 16.5 0.79
10+11.7 12.0 1.04
11.7+13.7 8.8 1.40
13.7+16 6.6 1.99
4+4.7 75.6 0.28
4.7+5.4 55.9 0.34
54+6.3 41.6 0.41
6.3+7.4 30.2 0.51
B 7.4+8.6 22.4 0.63
S 8.6+10 16.5 0.79
E 425 10-11.7 12.0 1.04 207/182 3200 6000 5.4 +10
%) 11.7+13.7 8.8 1.40
13.7+16 6.6 1.99
16+18.5 4.8 3.23
18.5+21.5 4.1 4.67
21.5+25 3.5 7.83
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As noted above, the APO must be provided with an
appropriate level of error — by angle and by current

J1<f1a> “4)
51 <37, (5)

AMI must also be characterized by certain values of
the overheating temperature of the windings (primary At
and secondary At,) above the ambient air, which should
not be greater than the permissible value for the accepted
class of insulation F of the AMI A¢, = 140 °C (taking into
account the greatest possible temperature of air during
melting ice time #,;,. = 0 °C)

Aty <AL, (6)
Aty < At,. @)

The check for heating the windings during a short
circuit was carried out after a detailed calculation of the
AMI.

Thus, the task of designing an optimal AMI is to
minimize the target function taking into account the given
constraints. The technical and economic model of the
optimal design of the AMI has the form of the system:

C — min;
f[ Sfla;
01 <0145 (®)
A <Aty
Aty < At,.

AMIs are intended to be performed as three-phase,
cast-insulated and with spatial non-breaking magnetic
system, which allows for the equalization of the
magnetization currents, and hence of the AMI errors, in
all three phases, which in turn eliminates the difference in
power losses in the melting mode in the wires of various
phases [6]. To manufacture the core of the AMI, cold-
rolled anisotropic steel grade 3405, which is characterized
by acceptable magnetic properties at a moderate price, is
accepted. The insulation distances of the AMI were based
on existing experience in designing transformers and
operating standards.

The analysis showed that independent variables,
which can describe the design of the AMI, include: d —
the diameter of the rod of the autotransformer; by, b,, h;,
h, — the dimensions of the wiring of the primary and
secondary windings; n;, n, — the number of parallel wires
in windings; N;; — the number of layers of the primary
winding; B — the magnetic flux density in the rods of the
magnetic system. For the three-phase AMI, dependencies
for the target function, as well as the main characteristics,
including those that are subject to limitation, on
independent variables, are obtained. With the exception of
minor differences, they correspond to well-known
expressions, which are in the specialized literature on the
design and calculation of power transformers, in
particular [4-6]. Due to the considerable cumbersome
nature of these dependencies and their obviousness, they
are not given in this paper.

Optimization of design parameters of
autotransformers for melting ice. The initial data for
optimization of the design parameters of AMI are their

electrical characteristics, shown in Table 1, as well as the
parameters of the selected electrical materials.

The analysis of independent variables shows that
among the variables that are discretely variable, two
groups can be distinguished. The first one is the variables
that can take values from the standard-size series (d, A,
hy, by, by), the second one is integer variables (N, ny, ny).
The third group is a continuous variable, B. Thus, there
are three groups of variables in the problem, for variation
of which one can use schemes of different methods.

The approach was based on the spatial grid method
proposed in [11]. This approach does not impose any
restrictions on the type of variables, nor on the efficiency
criterion. The enlarged structure of the combined
algorithm represents three nested to each other stages

(Fig. 1).

Variation of d, hy, hy, by, b,

Variation of Ny, ny, n,

Variation of B,
model calculation and
verification of restrictions

Fig. 1. Structure of the combined algorithm for optimization
of the AMI

The first (external) stage of the algorithm
implements the change of those independent variables
that take values from the standard-size series, that is, the
transformer structure for the internal stages is fixed. At
this stage, it makes sense to replace the variables. The
scope of the values of each variable is limited to the
standard-size series in the form

d=1{d;}, i=1,..,ny;

by =k} =1 ny;

hy= {th},p=1,..,nh; )
b = {blk}, k=1,...np;

by=1{by,,}, m=1,..,np.

Each element of a standard-size series corresponds
to its serial number (index). Taking into account the
unequivocal correspondence of the index to the element
of a standard-size series, it is possible to accept their
indexes as independent variables of optimization. The
optimization task at this stage can be solved in the space
of integer variables i, j, p, k, m.

The second (middle) stage implements the change of
integer independent variables.

At the third (internal) stage, the variation of a
continuous variable is performed, since, for fixed design
parameters, the target function is continuous. In the
internal cycle, the calculation of the target function of the
system and verification of restrictions on the permissible
decision area are performed.

The structure of the stages in which for each
combination of the values of independent variables of the
external stage the optimal for these combinations solution
of internal stages is found, leads to the implementation of
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the Bellman principle of optimality at the level of the
structure of the algorithm.

To determine the possibility of application at
different stages of the optimization algorithm of methods
other than the grid method, a study was carried out on the
dependence of the target function on independent
variables. Analyzing the nature of the dependence of the
target function on the variable B (Fig. 2,a), it can be noted
that in this case the function is unimodal. To find the
minimum of the target function in the third stage of the
combined algorithm, one can use the scheme of the
unidirectional search method, and the principle of
minimax is implemented for moving from the maximum
value of B to the minimum, since the minimum of the
target function is near the maximum value of B. The
maximum value of the magnetic flux density was
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2 40000 1
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assumed to be equal to B = 1.8 T, since larger values for
the accepted steel grade lead to a significant increase in
the magnetic field strength, which, in turn, causes an
increase in the magnetization current and, as a
consequence, the errors of the autotransformer. Greater
values of the magnetic flux density also cause a sharp
increase in specific losses in steel and its intense heating.
To take into account the restrictions of the functional
type, imposed on the area of values of the target function,
it is rationally to use the penalty function. In this case, it
can be quite simple, for example, a constant whose value
is clearly greater than the real values of the target
function. Taking into account the apparent simplicity, the
block diagram of the third stage of the combined
algorithm of optimization is not given.

=13, p=12; k=10, nF<8; ny=>5, n,=>, B=180
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Fig. 2. Preliminary investigations of the target function C (USD)

Analysis of the nature of the dependence of the
target function on the variables N;, n;, ny (Fig. 2,b,c)
shows that in this case the target function is not
unimodal. Therefore, at the second stage of the
combined algorithm of optimization, one should use the

scheme of any method for finding the global optimum.
The range of variation of variables at this stage is
relatively small. Therefore, the advantage was given to
the method of scanning (the variant of the method of full
overview of the combinations of values of variables).
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Consideration of functional type restrictions occurs
automatically, since for each combination of values of
variables N;, n;, n, the task of the third stage of
optimization is solved, where restrictions have already
been taken into account. The algorithm of the scanning
method is well known and its block diagram is also not
given.

A bit more interest is the definition of the
optimization method for the first stage of the combined
algorithm. The scope of the change of the independent
variables is quite large (for example, i = 1,...,56), which
makes the scanning method ineffective. At the same
time, analysis of the nature of the dependence of the
target function on independent variables at this stage
(Fig. 2,d, e,f) shows that this function is quasi-convex.
This fact gives the right to depart from the scheme of the
method of full overview of the combinations of values
of variables. It is proposed to apply a scheme of spatial
grid method with a variable step, adapting it for the case
of integer variables (the grid step can not be small).

In the general case, the convergence of the spatial
grid method depends on the choice of the initial step of
the grid and the law by which this step varies with the
narrowing of the search optimum. Calculation
investigations of the convergence of the developed variant
of the algorithm of the spatial grid method (Fig. 3, 4)
showed that the convergence practically does not depend
on the value of the initial step of the grid, but the rate of
convergence essentially depends on. The minimum search
time for the optimum corresponds to the value of the
initial step of the grid, in which the number of nodes in
the grid will be equal to one of the numbers of the
Fibonacci series, namely, the number of nodes in the
variable i — 8, by j, p, kK, m — 5 the calculation time is
about 7 minutes. Relative to the law of reducing the step
of a grid, then in this case the most studied method of
dichotomy is applied.

The proposed combined optimization algorithm was
implemented in the Delphi environment. Results of
optimization of design parameters of AMI are given in
Table 2.

As can be seen from the results of the calculation,
the permissible range of solutions for each AMI is
primarily due to the overheating temperature of the
windings, which in some cases almost corresponds to
the permissible. The relatively high value of the

permissible overheating temperature Az, = 140 °C,
which is associated with the features of the AMI
operation (calculation air temperature ¢,, = 0 °C), as

well as the external placement of the secondary winding,
resulted in rather high values of the density of the
current in it. The magnetic flux density in the core of the
AMI is close to the maximum. For the standard size of
the autotransformer No. 3, the magnetic flux density was
slightly lower, which is explained by the activity of the
limit on the current error.

Results of optimization of design parameters of
autotransformers for melting ice

Table 2

AMI parameters

Parameter value
for the standard-sized

AMI

No. 1 [ No.2 [ No.3

Magnetic system:

Rod diameter, mm 380 | 450 560

Rod length, mm 1464 | 1604 | 1998

Distance between axes of the rods, mm 694 793 927

Total steel mass, kg 5082 | 7931 | 14952

Magnetic flux density in steel, T 1.80 | 1.80 | 1.78

Windings:

Number of layers of primary winding 3 4 1

Number of layers of secondary winding 1 2 6

Number of wires of primary winding 2 4 4

Number of wires of secondary winding 2 1 3

Radial wire size of the winding I, mm 5.60 | 5.60 | 4.50

Axial wire size of the winding I, mm 11.20 | 11.20 | 6.30

Radial wire size of the winding I, mm | 2.00 | 3.15 | 5.60

Axial wire size of the winding II, mm 4.00 | 11.20 | 6.30

Number of turns of the primary winding | 180 | 130 71

Maximum ngml_)er of turns of the 142 | 260 | 555

secondary winding

Oyerheatljlg temperature of the primary 138 133 112

winding, °C

Overheating 'terr}periture of the 140 134 | 139

secondary winding, °C

Currenzt density in the primary winding, 088 | 069 | 1.83

A/mm

Cgrrept density 21n the secondary 11271 514 | 170

winding, A/mm

Nominal electrical parameters:

Primary current, A 110 174 | 207

Secondary current, A 182 182 182

Error in the value of secondary current, 10 | -15 | 33
o

Error in the angle of secondary current, 0.9 13 28

electric degrees

General AMI parameters:

Autotransformer mass, kg 7915 | 12812 | 24980

Cost of autotransformer, USD 18159 {29328 | 57319
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Fig. 4. Block diagram of the first stage of the combined
algorithm (continuation)

Conclusions.

1. The electrical characteristics of autotransformers
intended for use in the melting ice scheme with a non-
inductive circuit on 6-10 kV overhead lines, which were
the basis for optimization of their design parameters, have
been calculated.

2.The technical and economic model of
autotransformer for melting ice, which is described by
nine independent variables, is developed. The method of
calculation and the combined algorithm of optimization of
design parameters of autotransformers for melting ice is
proposed. The feature of the proposed method of
calculation is the use of the criterion of the minimum
value of the cost of active part and the account of the
conditioned by the circuit of connecting autotransformers
the technical restrictions of errors on the value and angle
of secondary current.

3. Based on the obtained electrical characteristics, the
design parameters of autotransformers intended for use in
the melting ice scheme with a non-inductive circuit on 6-
10 kV overhead power lines are optimized. In the series
of autotransformers, there are three standard sizes, which
differ in maximum length of the transmission line. The
current density in the primary winding of
autotransformers is about 1 A/mm’ whereas in the
secondary one varies in the range from 1.7 to 11.3 A/mm’,
which is explained by different conditions of cooling of
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windings. Magnetic flux density in magnetic circuits is
about 1.8 T. The results of the design calculation are
sufficient for the introduction of batch production of
autotransformers for melting ice in industrial conditions.
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CALCULATION ESTIMATION OF OVERVOLTAGE ON INSULATION OF THE
EQUIPMENT OF A SUBSTATION AT THE LIGHTNING STRIKE IN ITS LIGHTNING
ARRESTER

Purpose. The complex approach to calculating thunderstorm overvoltage on substation equipment is considered when lightning
strikes in a lightning rod. Methodology. The conditions of safe passage of lightning current through a lightning arrester are
formulated. Results. It is shown that the calculation of the permissible length of air insulating gaps in the substation is based on
the breakdown of the air tension, which is assumed to be 500 kV/m. This leads to an error in calculating the length of the air gap
and, as a consequence, the probability of its breakdown, the value of which is used to calculate the indicator of the lightning
resistance of the substation. A technique is proposed for calculating the permissible voltage on the transformer case when a
lightning strike strikes the lightning receptacle of the transformer portal. On the basis of the nonlinear pulsed electric strength of
the ground, the specified minimum permissible ground distance between the grounding rod of the lightning rod and the nearest
point of the protected device is obtained. Originality. Refined calculation of the length of the minimum breakdown gap in the air
and in the ground. Practical value. The proposed approach makes it possible to calculate thunderstorm overvoltage on substation
equipment. References 11, tables 4, figures 6.

Key words: lightning overvoltage, substation, lightning arrester, volt-second characteristic, insulator string, electric field, air
gap, permissible voltage, transformer case, pulsed electric strength.

Po3pooneno indcenepnuuil nioxio 00 po3paxyHKy 2po308ux nepeHanpye Ha 001a0HAHHI niOcmaunyii npu yoapi O0JUCKAGKU 6
onuckaekoiogio. Cihopmynvosani ymosu 6e3neunozo 0ns 001A0HAHHA RPOXOOIHCEHHA CIPYMY OJITUCKAGKU O OIUCKABKOBI0B00).
Ilokazano, wo po3paxynHox 00Onycmumor 006xcunu ROGIMPAHUX [3ONAUIHHUX RPOMINCKIE HA NIOCMANUIT 0a3YEMbCA HA OCHOGE
npoouenuii Hanpysycenocmi nogimpsa, aka npuiinama pienoro 500 kB/m. Lle npu3zeooums 00 nomunxku po3paxynHky 006xcunu
nogimpan0z0 NPomixcKy i, AK HACAIOO0K, UMOGIpDHOCHMI 11020 NPOOOI, 3HAYEHHA AKOI GUKOPUCHIOBYEMBCA ONA PO3PAXYHKY
NOKa3zHuKa zpo3oynoprnocmi niocmanyii. Ak npuxknad poszenanyma memoouka po3paxyHKy O0ORycmumoi Hanpyzu Ha Kopnyci
mpancgopmamopa npu yoapi Oauckaeku 6 0Oauckaskonpuimay mpancgopmamopnozo nopmany. Ha ocnogi neniniinoi
IMRYAbCHOT  eeKmpuunol MiyHOCMI [PYHMY OMPUMAHO YMOYHEHY MIHIMAIbHO OORYCIMUMY GIOCHAHbL 6 3eMJli Midc
3azemaroeauem OJUCKAGKOGINBOOY I HAUOIUINCUOIO 00 HbO2O MOYKOI0 NPUCMPOIO, wio 3axuujacmbcia. Hasoosambcsa ananimuyuni
eupasu ona pospaxyukis. bion. 11, tab:m. 4, puc. 6

Kniouoei cnosa: rpo30oBi nepeHANpyru, MiACTaHUis, OJMCKABKOBIABIA, BOJbT-CEKYHIHAa XapaKTePUCTUKA, TipJsiHa
i301TOpIB, e/leKTPHYHe I0JIe, NMOBITPSAHMII NPOMIKOK, JOIMyCTHMe HAIPY:KeHHs, Kopmyc TpaHcdopmaropa, iMIy/bcHA
eJIeKTPHYHA MillHiCThb.

Paspaboman unscenepnulii n00X00 K pacuenty 2po306blX NePEHANPANCEHUI HA 000PYO08AHUU NOOCMAHUUU RPU YOape MOIHUU 8
Monnueomeoo. Chopmynuposanst ycnogua 6e30nacnozo ona 060py008aHUs NPOXOHCOEHUA NMOKA MOIHUU HO MOTHUEOMEOOY.
Ilokazano, umo pacuem Oonycmumoi OAUHBL 6030YUIHBIX U3OJLAUUOHHBIX NPOMENCYMKOE HA NOOCMAHWUU Oa3upyemcsa Ha
0CHOGE NPOOUBHOI HANPAINCEHHOCMU 6030yXa, Komopas npunama pasnoi 500 kB/m. Imo npueodoum k owtuodke pacuema O1unsl
6030YULHOZ20 NPOMEICYMKA U, KAK Clledcmeue, 6epoAmMHOCHU €20 npodos, 3HAUeHUe KOMOpPOli UCNONb3Yemca 0N paciuema
noxkasamens 2po3oynopHocmu noocmanuuu. B kauecmee npumepa paccmompena memoduxa pacuema OonycCmumozo
HanpsajceHua Ha Kopnyce mpancgopmamopa npu yoape MOIHUU 6 MOJHUERPUEMHUK mpaHcgopmamopnozo nopmana. Ha
0CHO6e HEIUHEIHOI UMNYIbCHON INEKMPUYECKOI NPOYHOCIMU ZPYHINA NOJIYYEHO YMOYHEHHOe MUHUMANbHOE OORyCcHmUMoe
paccmoanue 6 3emie mexcoy 3azemaumenem MOAHUEOME00a U Onudicaiiuiell K HeMy MOYKOU 3auuu{aemMozo ycmpolicmea.
Ilpueooamecsa ananumuueckue evipaxcenus 0aa paciemos. butn. 11, tabm. 4, puc. 6

Kniouesvie cnosa: rpo3oBble MepeHanpskeHHsl, MOACTAHIMS, MOJHHEOTBO/, BOIbT-CEKYHIHAs XapaKTepHCTHUKA, THPJSHIA
H30JISITOPOB, 3JIEKTPHYeCKOe ToJie, BO3AYIIHBbIH NPOMEKYTOK, AOMYCTHMOe HamNpsi’KeHHe, Kopmyc TpaHcgopmaTtopa,
HMIY.JIbCHAs 3JIeKTPUYeCKasi IPOYHOCTh.

Introduction and problem definition. On the
globe, as noted in [1], there are at the same time about
2000 thunderstorm foci, in which about 100 lightning
discharges occur every second. Many countries, including
Ukraine, have thunderstorm maps that are based on long-
term meteorological observations and are periodically
updated. This allows to improve the methods for
calculating  lightning  overvoltage in electrical
installations. Analysis of studies and publications shows
that the task of protecting electrical equipment of
substations (SS) from thunderstorm overvoltage during
direct lightning strikes is under consideration of many
domestic and foreign scientists. Coordination of
insulation under conditions of limiting overvoltage, as
well as reflection of modern materials on the problem

under consideration are presented in [2]. The operation of
insulating structures at lightning and internal overvoltage
in electrical systems and their limitation are considered in
[1]. However, the continued research of many scientists
leads to the need to improve calculations to limit lightning
overvoltage. To determine the length of the insulating air

gap I, ¢ between the support or portal body and the flexible

bus or equipment, dependency curves Usp, = filag) are
often used. The dependence of the 50 % discharge voltage
of the air gap on its length at positive and negative
polarity of lightning pulses is given, for example, in [3].
These dependencies have a weak nonlinearity.
Consequently, the value of the breakdown electric field
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strength of air in long air gaps decreases with an increase
in their length which must be taken into account in the
calculations when determining the length of the gap. Not
accounting of this, i.e. the adoption of the value of the
permissible electric field strength in the air gap constant
and equal to 500 kV/m can lead to inaccuracy in
determining its length and, accordingly, to reduce it,
which increases the probability of breakdown of the
specified gap. In addition, the neglect of possible overlaps
of the air insulation of the substation after the end of the
current increase leads to an underestimation of the danger
of lightning currents with relatively low amplitudes at a
large slope and the duration of their pulses [4]. More
accurate results for determining the dielectric strength of
the insulation under the so-called non-standard voltages
can be obtained using the methods described in [5-7],
which also makes it possible to clarify the lengths of the
discharge gaps.

The goal of the paper is the development of an
engineering methodology for calculating lightning
overvoltage on substation equipment at a lightning strike
in its lightning arrester.

Formulation of conditions for limiting
thunderstorm overvoltage and their implementation.
The intensity of thunderstorm activity in the location of
the protected object is characterized by the average
number of thunderstorm hours per year N;,. Another
characteristic of thunderstorm activity is the average
number of lightning strikes n;, per 1 km® of the earth’s
surface per 100 thunderstorm hours. On the territory of
Ukraine n;, = 6.7 1/km? per 100 thunderstorm hours.

Protecting objects from direct lightning strikes is
performed using lightning arresters of various designs. A
lightning arrester is a device towering above the protected
object, through which the lightning current, bypassing the
protected object, is diverted into the ground. A lightning
arrester consists of a lightning rod, directly receiving a
lightning strike, a down-conductor (mast, gantry, rack
fitting, strip) and a grounding device (GD). These
extended elements have an inductance that also
determines the distribution of the voltage along them. In
addition, the resistance of the GD depends on its
geometric dimensions and the specific resistance of the
soil ground p in which it is located, as well as on the
parameters of the lightning current pulse: oblique front,
front slope a, front duration 7; pulse duration 1,

amplitude /. When lightning current flows from the GD,
the current density through the grounding rods is high, so
high electric field strengths are created in the ground at
the surface of the electrodes, exceeding the ground
breakdown strength E,. Zones of high conductivity are
formed around the electrodes (primarily due to ionization
processes, a dense network of streamers, etc.), increasing
their effective dimensions. As a result, the resistance of
the GD decreases. The rapid increase in lightning current
at the pulse front creates a voltage drop across the
inductance of an extended GD, which limits current
drainage from more distant parts of it. In this case, the
resistance of the GD, on the contrary, increases. As a
result of the influence of one or another factor (the
formation of an ionization zone and streamer channels or

a voltage drop across the inductance), the resistance of the
GD to the lightning current flowing down from it R,
(without taking into account of inductance) or Z, (taking
into account of inductance) differs from GD resistance to
power frequency current R, measured at alternating
voltage and relatively small current.

The resistance of the horizontal GD to the current of
power frequency R, is determined by the well-known
formula [8]:

2 4h2
+0.5In 1+—= ||, (1)
2r-hy 12

P
R, = - In
& om-l

where [ is the GD length, m; 7 is the GD radius, m; 4, is
the GD depth of laying in the ground, m.

The resistance of a horizontal beam GD to pulsed
current (of lightning) at the point of entry of lightning
current for its instant of its maximum is calculated using
the approximate formula [9]:

Zp(OJTf)ZTa (2)
where L is the specific inductance (per unit length of the
GD electrode, pH/m); n is the number of horizontal
beams; # is the mutual shielding factor.

The maximum voltage at the point of entry of
lightning current to the GD is calculated by the formula:

Umax =11 Z,(0.77). 3)

The voltage at the end of the horizontal GD when
lightning current enters its beginning is calculated by the

formula [9]:
I Lyl
Ul,r)=—+| R, ———|. 4
.zy) [ 6_Tf] 0

The relative decrease in voltage at the end of the
horizontal GD depending on its length is calculated by the

formula:
U(l, Z'f )

max

Protection of outdoor switchgear for 110 kV and
more from direct lightning strikes is usually performed
with rod lightning arresters, lightning rods of which, as a
rule, are installed on the outdoor switchgear structures.
The installation of lightning rods on portals located near
transformers or shunt reactors is allowed if a number of
requirements are met. First of all, the lightning current
spreading from the point of connection of the current
release to the GD of the SS should be provided not less
than in two or four directions of grounding lines.
Secondly, two or three vertical electrodes with a length of
3-5 m should be installed at a distance of not less than the
electrode length along the grounding line from the point
of connection of the current release. It is known [9] that
when exposed to pulsed lightning currents, there is a
decrease in the proportion of current flowing from distant
grounding sites, i.e. non-equipotentiality occurs, which
increases with the length of the electrode. This
phenomenon is associated with the wvalue of the
inductance of the steel electrode and its dependence on
the equivalent frequency and amplitude of the flowing

X% = -100% . )
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current. The specific inductance of the grounding
electrode of the GD is determined by the well-known
formula [1, 9, 10]:

21
Ly=02- {h{;— 0.3 1)} , (6)

and the total inductance of an electrode of length / in this
case is determined as
L,=Ly-1l. (7)

Passing the lightning current through a lightning
arrester on the SS will be safe for the equipment if it is
based on the following calculations.

Calculation of permissible overvoltage on the
insulator string. The pulsed discharge voltage of the
insulator string must be greater than the voltage that arises
during operation between the point of attachment of the
string to the portal and the point of attachment of the
flexible tire to the string. This means that the allowable
voltage that occurs on a string of insulators during its
operation must lie below the volt-second characteristic of
the string, determined by the well-known formula [1]:

U(t)=A~‘/1+%, (8)

where ¢ is the time, pus; 4 and T are the constants.

The values of the constants are determined by
substituting in (8) of the test voltages with full (at # = 10
ps) and cut (at £ = 2 ps) pulses. Thus, for example, for a
110 kV string of seven IIC12-A insulators, we have test
voltages U, = 600 kV and U,g,s = 480 kV. Substituting
these values into formula (8), we obtain a system of two
equations with unknown constants 4 and 7;,. Based on the
solution of this system of equations with respect to the
constants 4 and T, the volt-second characteristic of the
string is described by the expression:

U(r)=444.994- ,/1+@ : ©))

The reverse overlap of the insulator string on the
portal with the lightning rod occurs at critical current /.,
which is found from the equality of the portal potential
and the 50 % pulse discharge voltage of the insulator
string according to the formula [1]:

]C'Rp-i-a'Lo'h:USO%,

(10)
where R, is the resistance of the GD of the substation to
pulsed current (of lightning); % is the height of the fixing
point of the string on the portal.

The critical value of the current [, at which the
reverse overlap of the insulator string occurs, is obtained
from the expression (10) in the following form:

Ic _ USO% —a~L0 -h .

Rp

Calculation of the permissible length of air gaps.
The shortest distance in the air between the lightning
arrester and the substation equipment nearest to it should
be not less than permissible. The calculation of this
distance is based on the determination of the maximum
potential at a specific point of the lightning arrester (mast,
portal, or separately laid current-carrying release), which
is located at distance /; from the connection point of the
current release (portal) to the GD of the SS. For the

(11

considered form of a lightning current pulse, the
maximum potential at a particular point of a lightning
arrester occurs at the time of the maximum lightning
current and is determined by the formula
Umax:I,-Rp+a~LT-h1. (12)

where Ly is the inductance of a unit length of the current
release.

In engineering calculations, the specific value of Ly
is assumed to be Ly=1.7 uH/m for both the separately laid
current-carrying release and for metal lightning arresters
of a lattice design. Voltage £/, is applied to the air gap
of I, length, where E, is the permissible electric field
strength in the air.

Since the number of lightning strikes in SS is
relatively small, in (12) as the calculated values of the
parameters /; and a the following numerical values are
taken: I, = 60 kA and a = 30 kA/ps. In addition, the
permissible electric field strength in air £, is taken in
calculations to be 500 kV/m. Based on the above, the
shortest distance through the air can be written as follows:
azll Rp—i-a LT hl' (13)

E
Substituting the above values into the formula (13),
we obtain the permissible distance in air
60-R, +30-1.7-hy
>
‘- 500

For example, when R, = 10 Q and /; = 10 m from
(14) we find that [/, = 2.2 m. It is well known that the air
gap, which has uniform electric field, has the greatest
electrical strength. If the considered gap has uniform
electric field at small distances, then, with the same
electrodes, an increase in the distance between them leads
to an increase in the inhomogeneity of the electric field,
and with a further increase in the distance, the electric
field in the gap becomes highly heterogeneous.
Consequently, at large distances between the electrodes,
the breakdown electric field strength of air in the gap
decreases [3], i.e. to prevent breakdown, an increase in
the distance between the electrodes is necessary.
Therefore, when the distances between the electrodes,
measured by meters, used in practice the numerical value
of the breakdown electric field strength of air of
500 kV/m should be refined. The longer the air gap, the
smaller this value will be. A preliminary assessment
shows that an increase in the length of this gap leads to a
nonlinear decrease in the breakdown electric field
strength.

For example, for a breakdown of an air gap of 6 m in
length with breakdown electric field strength of
500 kV/m, voltage of 3000 kV must be applied. However,

proceeding from the curves Usy, = Alag) [3], the
breakdown of such a gap will occur at voltage of about
2834 kV, i.e. at voltage of 5.5 % less. Here, the
breakdown electric field strength of air in the considered
gap will be 472.3 kV/m. Based on the breakdown electric
field strength of air of 472.3 kV/m, we determine the
allowable distance by air by the formula (13), which is
2.31 m, which is 11 cm (or 5 %) more than at the
accepted electric field strength of 500 kV/m.

a

~0.12:R, +0.1-h.  (14)
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Calculation of the allowable voltage on the
transformer case. The shortest distance along the GD line
from the point of connection of the current release (portal)
to it to the point of connection to the GD of the
transformer case must be not less than the permissible
value. The fulfillment of this condition is investigated by
calculating the voltage on the case of a transformer
connected to the GD of the SS, with different specific
ground resistance and lightning pulse parameters.

As an example, consider a 110/6 kV power
transformer, which is installed at the transformer portal.

To ensure the specified reliability of the transformer
during the thunderstorm season, it is necessary to
determine the distance L along the line of the GD
electrode from the point of connection of the current
release of the lightning arrester to the grounding point of
the transformer case at which the voltage on the case does
not exceed the allowable value (dielectric strength of
external insulation). In this case, as the allowable voltage,
we take the test voltage of the external insulation of a
power transformer with lightning pulses. Test voltages of
electrical equipment during thunderstorm pulses, reduced
to normal atmospheric conditions, are presented in
Table 1. Here, the numerator represents the value of the
total pulse, and the denominator presents the value of the
cutoff one.

Table 1
Test voltages of lightning pulses [1]
Acting voltage value, | Maximum value of the thunderstorm
kv pulse, kV
Maximum Power, voltage and current
Class .
working transformer, reactor, apparatus
3.6 42/50
6 7.2 57/70
10 12 75/90
15 17.5 100/120
20 24 120/150
35 40.5 185/230
110 126 460/570

We calculate the voltage on the transformer case
when a lightning strikes a lightning rod located on the
transformer portal. The transformer case is connected to
the grid of the grounding device, which is made of steel
bar of circular cross section with a diameter of d =2r =12
mm, the depth of 4, = 0.7 m. Let the soil resistivity is
p = 100 Q'm, and the amplitude of the lightning current
pulse is /; = 20 kA with the duration of its front 7,= 2 ps.
The length of the beam / of the GD varies from 3 to 21 m.
The height of the lightning arrester is 4, = 19.35 m.

Perform the calculations for three cases:

1) the current release of the lightning arrester is
connected to two oppositely directed beams of the grid;

2) the current release of the lightning arrester is
connected to the three beams of the grid directed at an
angle of 90° (with the use of GDs in the system
(shielding) #, = 0.8);

3) the current release of the lightning arrester is
connected to the four beams of the grid (with 77, = 0.65).

The results of the calculations are given in Table 2-4.

4 Input of parameters: p, /
/ oot e s /

I

R, =

‘rl
: P_ |
2n-l 2r-hy
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21
I, =02 -;-[m[—-mlﬂ
d
| L1
o
R, + ey
Zn[{)*f;')_ J
! ’ mn
I
‘ ma 1." : Z;J (”‘ T..f)

= max

[

Output of results:

LUy,

Ulltp), Z(0,17 ). X %

End

Fig. 1. Block diagram of the algorithm for calculating
dependencies of the voltage on the transformer case on the
distance of the grounding point of the current release of the
lightning release

Table 2
Calculation results for the case of double-beam grounding
L,m U, kV Unaxs KV Z,, Q X, %
3 351.492 360.408 18.02 97.526
187.853 206.909 10.345 90.79
9 129.254 159.676 7.984 80.948
12 95.783 138.082 6.904 69.367
15 73.031 127.59 6.379 57.239
18 55.878 123 6.15 45.429
21 42.027 121.967 6.098 34.458
Table 3
Calculation results for the case of three-beam grounding
L,m U, kV Unaxs KV Z,, Q X, %
3 234.328 300.34 15.017 78.021
125.235 172.424 8.621 72.632
9 68.17 133.063 6.653 64.758
12 63.855 115.069 5.753 55.493
15 48.687 106.325 5.316 45.791
18 37.252 102.5 5.125 36.343
21 28.018 101.639 5.082 27.566
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The obtained results show the following. For the
first case, when the transformer case is connected to the
grid at a distance of 15 m along the grounding line from
the current release (portal) connection point to two beams,
the atmospheric overvoltage on the case is 73 kV, i.e.
exceeds 70 kV. In this case, the connection of the case to
the GD must be performed at a distance of 15.5 m or
more.

Table 4
Calculation results for the case of four-beam grounding
L,m U, kV Upnax, KV Z,, Q X, %
3 175.746 277.237 13.862 63.392
93.926 159.161 7.958 59.013
9 64.627 122.828 6.141 52.616
12 47.892 106.217 5.311 45.088
15 36.515 98.146 4.907 37.205
18 27.939 94.616 4.731 29.529
21 21.014 93.82 4.691 22.398

For the second case, when the current release of the
lightning arrester is connected to the three beams of the
grid, and at a distance of 11.03 m along the grounding
line there is a grounding point of the transformer case, the
atmospheric overvoltage on the case is 70.026 kV, i.e.
practically does not exceed 70 kV.

For the third case, when the current release of the
lightning arrester is connected to the four beams of the
grid, and at a distance of 9 m along the grounding line
there is a ground point of the transformer case, the
atmospheric overvoltage on the case is about 64.63 kV,
i.e. does not exceed 70 kV.

As you can see, at the same lightning current at the
point of entry into the GD of the SS with increasing
number of beams at p = 100 Q'm, the GD resistance to the
pulsed current decreases. In addition, with increasing p
from 50 Q-'m to 500 Q2'm with the number of beams n = 4

and lightning current /; = 20 kA, the indicated resistance
also increases. Similar results were obtained for other
currents, too, for example /; = 60 kA.

Figure 2 shows the dependencies of the voltage at
the GD point under consideration on the distance L to the
point of current input.

U kv 1- 1,=1us
2 - Tr=2 us
250 3 - 1:=5ups
L - 1:=10 ps
200
150 A
100
1 3
3 6 9 12 15 18 L,m

Fig. 2. Dependence of the voltage at the considered GD point at
distance L from the point of input of the lightning current
1=20 kA for different values of its front length

Figure 3 shows the dependencies of the voltage at the
considered GD point on the distance L to the point of input
of the lightning current for different values of its amplitude,
but with a constant current front length 7,= 2 ps.

As follows from Fig. 2, 3, as the distance (L, m)
from the point of input of the lightning current into the
GD along the beam of the grounding conductor line is
removed, the potential U, decreases in all the considered
cases. In this case, the rate of descent depends both on the
amplitude of the lightning current and on the steepness of
its front.

=1 114230
w00 =N\ 327220 %A
N\ L - [= 40 KA
BTN\ 5 - /=60 kA
300 N 6 - /=80 kA
EA ¥ - /=100 kA
250
i A NN |
150 \é\\ i
50 | 2 e :
0 i : —
: 3 5 [} 12 15 18 Lm

Fig. 3. Dependencies U, = (L)

Figure 4 shows the dependencies of the resistance of
the GD of the SS to the pulsed current at the input point
(4 beams) of the lightning current on radius of its
spreading along lines (length of beams L) and the length
of the front of the lightning current.

Zp, Q 1- 1=1ps
7 2 - Ti=2us
3 - t=5ups
6 4 - 1,210 ps
5 L
\ el
b ~
N... 3
3
2 7 |
1
1
0
3 6 9 12 15 18 L,m

Fig. 4. Dependencies Z, =f (L)

Analysis of the results presented in Fig. 4, shows
that the resistance Z, of the GD of the lightning arrester of
the SS to the pulsed current depends complexly on the
size of the spreading zone of the lightning current at the
time of its maximum at different values of the front
length. For example, at t>2 us, the resistance Z,
decreases with increasing size L of the zone. At the
lightning current of 60 kA and the ground resistivity
p =50 Q'm, the curves Z, = f{L) monotonously decrease,
and as 1/ (£ 2 ps) decreases, the resistance Z, first
decreases and then begins to increase, while the minimum
Z, value shifts towards lower values of L.

Figure 5 presents the dependence L = f{n), which
shows a decrease in the zone of spreading the lightning
current with an increase in the number of beams of the
GD. In this case, the voltage at the boundary of the zone
is maintained at the level of the permissible 70 kV.
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Fig. 5. Dependence of the radius (L) of the lightning current
spreading zone along lines of the GD of the SS on the number
of beams 7 at the point of current input

Let us calculate the number of years of operation of
the transformer without strike, during which the voltage
on its case, caused by atmospheric overvoltage, does not
exceed the permissible 70 kV:

1
N=—+-—,

(15)
Nl.s'PIl

where N, = 7(3,5- hy, )2 107° -0 - Ny, is the number of
lightning strikes in the lightning arrester of the SS; 4, is

the height of the lightning arrester, m; ¢ = 0.067
1/(km)*lighting hours; N, = 60 lighting hours;

Ny =3,14-(3,5-19,35)* 1070 0,067 60 = 0,058 .

The probability that the amplitude of the lightning
current exceeds the value of /; is calculated by the formula

P 107160

1

For the lightning current /, = 60 kA we obtain
P, =100 <01

Thus, substituting the values obtained above into
formula (15), we obtain the number of years of operation
of the transformer without strike:

=———=172,634 year.
0,058-0,1

If the amplitude of the lightning current exceeds
60 kA, the overvoltage will be more than 70 kV. To avoid
this, protective devices (surge arresters or surge
suppressors) are used.

The calculations performed using this algorithm are
shown in Fig. 6. The curve of the dependence of the
number of years during which the value of the lightning
current may be greater than the specified one, as follows
from Fig. 6, increases nonlinearly.

N
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Fig. 6. Dependence N =f(1))

Calculation of the length of the permissible gap in
the ground. For a free-standing lightning arrester, the

shortest distance in the ground between the GD of the
lightning arrester and the nearest to it point of the
protected device in the ground must be not less than the
permissible value.

Assuming that in the ground voltage E./, is applied
to the shortest gap of length /,, where E, is the electric
field strength permitted in the ground, we write this
condition as

le"Ec211-R,, (16)

where /, is the shortest distance in the ground between the
GD of the lightning arrester and the nearest to it point of
the protected device in the ground; E, (E3,) is the pulsed
electric strength of the soil (breakdown electric field
strength).

From condition (16) we determine the minimum
permissible value of /.:

I;-R

L 7p (17)
Epq
The results of the experimental determination of the

pulsed electric strength of the soil at NTU «KhPI»
showed [11] that this quantity is non-linear, i.e.

B
Epq :f(S):A+E.

1, >

e =

For large gaps, measured in tens of centimeters, and
even more in meters, the value of £, , tends to numerical
values (100-150) kV m, depending on the characteristics
of the soil.

Substituting in the expression (17) the value £, =
=150 kV/m and 7; = 60 kA, we obtain the condition

[,204-R,, (18)

which allows to determine the minimum permissible
distance in the ground between the grounding conductor
of the lightning arrester and the nearest to it point of the
protected device.

Conclusions.

An engineering methodology has been developed for
calculating the allowable voltage on the transformer case
at a lightning strike in the lightning rod of the transformer
portal and the allowable number of years of operation of
the transformer during which the voltage on its case
caused by atmospheric overvoltage does not exceed the
allowable value.

An engineering calculation of lightning overvoltage
was performed on the equipment of the substation during
a lightning strike to its lightning arrester. The conditions
of safe for the equipment of the SS of the passage of
lightning current through the lightning arrester are
formulated. The performed studies showed that the used
value of the pulsed breakdown electric field strength of
air of 500 kV/m leads to an inaccurate determination of
the allowable length /, of the air discharge gap (with an
error of up to 5 %). With an increase in the length /, of
this gap, the pulsed breakdown electric field strength of
air nonlinearly decreases and, as a result, the permissible
minimum length of the specified interval increases.

Accounting of the nonlinear pulsed electric strength
of the soil allowed to obtain a refined minimum allowable
distance /, in the ground between the grounding conductor
of the lightning arrester and the nearest to it point of the
grounded device.
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