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M.l. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTSIN SCIENCE AND
TECHNIQUE. PART 48: AIRCRAFT DESIGNER ANDREY TUPOLEV AND HIS
ACCOMPLISHMENTSIN AIRPLANE DESIGN

Purpose. Preparation of a short scientifically-historical essay about one of founders of world airplane design, prominent Soviet
aircraft designer A.N. Tupolev. Methodology. Known scientific methods of collection, analysis and analytical treatment of
scientific and technical information regarding becoming and development of Soviet and world aviation and resulted in scientific
monographs, journals and internet-reports. Results. A short scientifically-historical essay is presented about a prominent Soviet
aircraft designer Andrey Nikolaevich Tupolev, becoming in the 20™ century one of founders of Soviet and world aviation. Basic
scientific and technical achievements of A.N. Tupolev indicated in area of airplane design, bringing Soviet military and civil
aviation around to extraordinary world heights. Basic tactical and technical descriptions are described regarding created under
his scientific and technical guidance of such known types of civil airplanes as ANT-25, Tu-104, Tu-134, Tu-154 and Tu-114, and
also military airplanes of type Tu-2, Tu-16 and Tu-95. Short information is resulted about flying descriptions of the modern
Russian supersonic strategic bomber of type Tu-160, created in 1980-th in the design bureau name after A.N. Tupolev. It is
marked that under guidance of A.N. Tupolev over 100 types of airplanes of the military and civil setting were developed in the
former USSR, 70 from which are produced by aviation industry of country serially. It is indicated that Doctor of Technical
Sciences, Academician of the Academy of Sciences of the USSR, Colonel-General-Engineer A.N. Tupolev was a founder known
in the world of aviation scientific school, preparing many famous Russian aircraft designers. | nformation, touching handed him
domestic and foreign governmental rewards and other authoritative signs of confession of prominent merits of great aircraft
designer A.N. Tupolev world scientific and technical public is resulted in airplane design. Originality. Certain systematization is
executed known from scientific publications and other scientific and technical materials media regarding becoming and
development of Soviet and world aviation and considerable scientific and technical contribution to the military and civil airplane
design of prominent Soviet aircraft designer A.N. Tupolev. Practical value. Scientific popularization and deepening for the
students of higher schools, engineering, technical and scientific workers of scientific and technical knowledge in the field of
history of becoming and development of Soviet and world airplane design, extending their scientific and technical range of
interests and further development of scientific and technical progressin society. References 15, figures 12.

Key words: aviation, prominent Soviet aircraft designer Andrey Tupolev, his basic achievements in airplane construction,
scientifically-historical essay.

Haegeoeno kopomkuii HayKoGo-icmopudHuii Hapuc npo 8UOAMHO20 PAOAHCLKO20 agiakoncmpykmopa Anudpis Mukonaiioguua
Tynoncea, w0 cmage 0OHUM 3 OCHOBONOJIONCHUKIE C6iM06020 Jimaxkodyoyeanns. Onucani O0CHOGHI HAYKOGO-MEXHIUHI
oocaznenna A.M. Tynoneea ¢ 2any3i n1imaxo0yoysanus, w0 npueeau padsaHcybKy 6ilicbKogy i WUGINbHY agiayilo na Hebaueni
ceimogi eucomu. Iloxazano, wo A.M. Tynonee € 3acnoeéHuKom 6i0omoi 6 ceimi agiayiliHoi HAYKOBOI WIKOU, WO GUX06ANA
oazamo suonux ¢ xkonuuinvomy CPCP asiakoncmpyxkmopis. ITio kepienuymeom eenukxozo agiakoncmpykmopa 20-20 cmopiuusn
AM. Tynonecéa ¢ CPCP oyno po3poédneno nonao 100 munie nimaxie 6iiicbk06020 i yueinbnozo npusnauennsn, 70 3 axux
BUZOMOGNANUCA AGIAYIIIHOIO NPOMUCTOGIicIIO Kpainu cepiilino. bibn. 15, puc. 12.

Kniouoei cnosa: apiauis, BHIaTHUH paasHcbKMii aBiakoHcTpykTop AwHApiii Tymosaes, {oro ocHOBHI JOCATHeHHS B
JiTako0y1yBaHHi, HAYyKOBO-iCTOPMYHU HApHC.

Ilpuseden Kpamkuii HAYYHO-UCMOPUYECKUII OUEPK O 6bLOAIOUIEMCA CO8eMCKOM aguakoncmpykmope Audpee Hukonaesuue
Tynonege, cmaguiem 0OHUM U3 OCHOBONONOMNCHUKOE MUPOBO20 camonemocmpoenus. Onucanvl 0CHOGHbIE HAYYHO-MEXHUUECKUE
docmudicenusa A.H. Tynoneea 6 obnacmu camonemocmpoenus, npueeouinue CO6EMCKyl0 60€HHYI0 U ZPANCOAHCKYIO AGUAUUI0 HA
Heguoannvie muposvie evicomol. Ilokazano, umo A.H. Tynonee aenaemca ocnoeamenem u3gecmHoil 6 Mupe aguayuoHHOU HAyYHOUl
wiKoIbl, 6ocnumasguieii MHozux euonvix 6 ovieuiem CCCP asuakoncmpykmopos. I100 pykoeoocmeom éenukozo aguakoHCmpykmopa
20-20 cmonemusa A.H. Tynonesa ¢ CCCP 6v110 paspabomaro ceviute 100 munoe camonemos 60ennozo u 2pa3coanckozo Ha3HaueHus,
70 u3 KOmMOpPLIX U32OMAGNUBANUCH ABUAUUOHHOI NPOMBIUIEHHOCIbIO cmpaHbl cepuitino. bubin. 15, puc. 12.

Kniouesvie crosa: apumanusi, BbIAAIOMIUNicH COBETCKHII aBHAaKOHCTPYKTOP AHapeii Tymones, ero ocHOBHbIE HOCTHXKEHHS B
€aMoJIETOCTPOEHNH, HAYYHO-HCTOPUYECKHI 0UepPK.

Introduction. One of the pioneers of the Soviet
helicopter industry, Academician of the Academy of
Sciences of the USSR Boris Nikolayevich Yuriev
believed [1]: «.. Sudying the history of science and
technology contributes to the development of engineers
and scientists who get a broad view of the devel opment of
creative thought». Applying this wise scientific position
to such a high-tech and important area of modern
engineering as aircraft design, let us turn to the
outstanding scientific and technical achievements of one
of the founders of world aviation, the famous Soviet
aircraft designer, Academician of the Academy of
Sciences of the USSR (since 1953) Andrey Nikolagevich

Tupolev (Fig. 1) which worked in aircraft engineering
amost at the same time as the outstanding Ukrainian-
American aircraft designer |.I. Sikorsky [2].

The goal of the paper is preparation of a brief
scientific and historical essay on one of the founders of
the world aircraft design, an outstanding Soviet aircraft
designer A.N. Tupolev.

1. The beginning of the life and career of A.N.
Tupolev. He was born on November 10, 1888 in the
Russian Empire (village of Pustomazovo, Tver province)
in the family of a Russian provincia notary Nikolay
Ivanovich Tupolev, who came from Siberian Cossacks

© M.l. Baranov
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Fig. 1. Outstanding Soviet aircraft designer, three times Hero of
Labor, Doctor of Technical Sciences, Academician of the
Academy of Sciences of the USSR Andrey Nikolaevich Tupolev
(November 10, 1888 - December 23, 1972) [3]

and studied law at St. Petersburg University (after the
murder by the revolutionary populists of Tsar Alexander
Il he was expelled from St. Petersburg) [3]. According to
his mother Anna Vasilyevna (nee Lisitsyna, who
graduated from the Mariinsky Women Gymnasium in the
city of Tver) he was by descent from the nobility. After
graduating from the Tver gymnasium, Andrey Tupolev,
showing interest in exact sciences and technology, in
1908 entered the Imperial Moscow Technical School
(IMTS), which in Soviet times was caled the N.E.
Bauman Moscow Higher Technical School (MHTS) [3].
Later, he mentally recalled about the years of his youth
[4, 5]: «... We lived modestly. | had older brothers Sergey
and Nikolay, and also sisters Natalya, Tatyana, Vera and
Maria. Mother gave us all her strength, her whole soul.
Our family was very big and friendly. Not patriarchal, but
undoubtedly advanced. « From October 1909, Professor
Nikolay Zhukovsky, a famous Russian scientist, began to
deliver lectures on aeronautics at IMTS. The acquaintance
of Andrey Tupolev with N.Ye. Zhukovsky in the
Aeronautical group at IMTS turned out to be fateful for
him. According to A.N. Tupolev [5]: «... From this
moment on, my aviation life began.» He quickly became
one of N.Ye. Zhukovsky's active student, showing the
ability of both the scientific researcher and aircraft
designer. Because of the denunciation to the tsar police by
the unknown person about his political unreliability in
1911, he had to leave IMTS for several years. Despite all
the difficulties, in 1918 he defended with honor his
diploma project a IMTS on the topic «Experience of
creating a hydroplane according to wind tunnel tests»
and became a mechanical engineer [5]. After completing
his studies, he was hired as a teacher a IMTS. In the
period 1919-1920 A.N. Tupolev gave lectures to students
of IMTS on «Fundamentals of aerodynamic calculations,
«Theories of airplanes» and «Theory of hydroplanes». He
then went to work at the Central Aero-Hydrodynamic
Institute (CAHI), which was headed by N.Y e. Zhukovsky.
Here he took the position of Head of the Aviation
Department, in which new Russian aircraft were
investigated, developed and tested. In 1924, successful
flight tests of the first in the USSR all-metal aircraft of
type ANT-2 (Fig. 2), developed under the guidance of
A.N. Tupolev [5] were carried out.

fy

223 R ? fhid oy,

al-metal Soviet propeller-piston aircrafts

of type ANT-2 designed by the young aircraft designer
AN. Tupolev (1924) [5]

Thus, step by step, in CAHI, production and design
teams were formed, aimed at creating in the USSR a new
aviation technology, which the army and society as a
whole needed.

2. The main achievements of the aircraft designer
A.N. Tupolev in aircraft industry. A characteristic
feature in the work of AN. Tupolev was that, relying on
the personal experience of the aircraft designer, he
included in his aircraft projects only the minimum amount
of new, not sufficiently proven in flight work. In his
design activities, he unswervingly used the principle of
sequential aircraft design [5], according to which new
aircraft designs were based on previously well-devel oped
versions of arcraft designs in the «metal». With this
approach, he ensured the reliability of the aircraft designs
developed by him.

It is believed that one of the famous Soviet aircraft is
an al-metal single-engine aircraft of type ANT-25 (Fig. 3)
[5, 6]. The main designers of it were A.N. Tupolev and
future outstanding Russian aircraft designer Pavel
Osipovich Sukhoi (1933). This aircraft was intended to
set world records in the USSR for a non-stop flight. The
main tactical and technical characteristics of the aircraft
of type ANT-25 [5]: flight range — 13000 km; ceiling
(height) of air lift — 7850 m; maximum flight speed at an
dtitude — 246 km/h; maximum take-off weight — 11,500
kg; take-off weight without cargo — 4200 kg; wingspan —
34 m; wing area— 88.2 m? one piston engine of the IT)11-
M34P brand with a power of 900 hp; crew — 3 people. On
this type of aircraft in 1936-1937 legendary non-stop air
flights were made by the famous Soviet flight crew of
V. Chkalov, G. Baidukov and A. Belyakov on the record
long-distance routes Moscow — Franz-Joseph Land —
Petropavlovsk-on-Kamchatka and Moscow — Portsland
(USA) viathe North Pole [5].

In the period 1922-1936 A.N. Tupolev as the chief
designer of the CAHI Design Bureau for the design and
production of all-metal aircrafts of various classes, was
one of the founders of the CAHI scientific and technical
base. In 1937, the aircraft designer A.N. Tupolev, due to
contrived reasons of that cruel time (because of the
accusation of sabotage and espionage in favor of France),
was suspended from work at the CAHI Design Bureau
and was unreasonably arrested. This was followed by the
verdict of the Military Collegium of the Supreme Court of
the USSR — deprivation of liberty for 15 years with a
defeat for 5 years [3]. While in prison, he worked in a
specia Centra Design Bureau-29 of the NKVD of the
USSR (later this design bureau was called «Tupolevskaya
Sharaga»). It is surprising that here A.N. Tupolev and his

4 | SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.2



design team was created one of the best in the period of
the Second World War front-line bombers of the Tu-2

type (Fig. 4) [3].

- : e L5 e ) o
Fig. 3. Soviet screw single-engine long-range (record) aircraft
ANT-25 developed by CAHI aircraft designers A.N. Tupolev
and P.O. Sukhoi, in the USA (1937) [5]

! P . .-.--s-"-'"“
Fig. 4. Soviet propeller twin-engine front dive bomber of Tu-2
type developed by A.N. Tupolev in the prison Central Design

Bureau-29 of the NKVD of the USSR (1941) [5]

e

—

The main tactical and technical characteristics of the
aircraft of type Tu-2 with two-tail unit [5]: flight range —
2020 km; maximum take-off weight — 11767 kg; take-off
weight without combat cargo — 7601 kg; maximum flight
speed at an adtitude — 521 km/h; two piston air-cooled
engines, brand AIII-82, with a power of 1,700 hp; lifting
ceiling (height) — 9000 m; length — 14 m; crew — 3 people
Tu-2 type front bomber made the first flight on January
29, 1941. The serial production of this aircraft began in
1942 and lasted until 1952. A total of 2649 units of this
bomber were manufactured in the USSR [5]. This plane
was one of the best machines of itstime.

The first Soviet post-war carrier of nuclear weapons
was a propeller piston four-engine strategic bomber of the
Tu-4 type (1947), which was an exact copy of the
American B-29 type bomber, from which the United
States on the 6™ and the 9" of August 1945 dropped on
the Japanese cities of Hiroshima and Nagasaki,
respectively, uranium and plutonium atomic bombs [5, 7].
By the end of the 1940s, it became clear to Soviet aircraft
designers that the future of long-range bomber aircraft
would belong to aircrafts with turboprop and turbojet
engines. In this regard, for A.N. Tupolev and his Design
Bureau the most important task of the urgent creation of a
Soviet long-range missile carrier bomber was formulated

by the directive bodies of the USSR. In 1953, this task
was completed. In the USSR, thefirst jet strategic bomber
of the Tu-16 type appeared (Fig. 5) [5, 6].

Fig. 5. Soviet jet twin-engine long-range missile-carrier bomber
of the Tu-16 type («Russian badger» in the terminology of
NATO countries) developed by A.N. Tupolev (1953, chief

designer of the machine—D.S. Markov) [5]

Its creation is an unusual phenomenon not only in
the Soviet, but also in the global aircraft industry. Combat
aircrafts of the Tu-16 type with a minimum of operational
modifications were used by the air forces of the USSR
and Russia until 1994. They became one of the most
«long-lived» military aircrafts in Soviet aviation. This
was due to the exceptional reliability of their design and
on-board equipment [9]. By the way, electrical equipment
on Tu-16 aircraft was built using a single-wire circuit
with a common «minus» on a metal case (board) made of
a new a the time lightweight and durable JI16T
duralumin alloy. Four generators of the I'CP-18000 type
(two for each engine) and two lead-acid batteries of the
12CAM-55 type (each battery consisted of two 6CAM-55
batteries connected in series) were used as DC sources.
The plane used an electrical network with a voltage of
115 V and a frequency of 400 Hz, powered by two
electric machine transducers of the I10-4500 type [9]. It
should be noted that in addition to these current sources,
various electric power converters were additionaly
installed on various modifications of the Tu-16 to power
the additional equipment installed on board. The combat
aircraft of the Tu-16 type became a real pioneer in the
class of heavy jet aircraft for Soviet aviation science.
Only an American strategic bomber of type B-52 and a
Soviet strategic bomber of type Tu-95, which will be
discussed a little below, can be compared with it in terms
of «longevity». Within 40 years of its combat «service»,
about 50 modifications of the Tu-16 type aircraft were
created [9]. Its power plant contained two turbojet engines
of the PI-3M brand with a thrust of 9,500 kgf each. The
main tactical and technical characteristics of the aircraft
Tu-16 [9]: flight range — 6350 km; maximum take-off
weight — 79,000 kg; mass without fuel and cargo — 37,200
kg; maximum flight speed at an altitude — 1050 km / h;
lifting ceiling (height) — 12,300 m; length — 34.8 m;
wingspan — 33 m; wing area — 164.6 m* maximum fuel
mass — 36,000 kg; crew — 6 people. According to its
technical characteristics and layout, the Tu-16 combat
aircraft was so successful that it allowed A.N. Tupolev
and his Design Bureau without any problems, in a short
time, create on its basis the first Soviet passenger jet
airliner of the Tu-104 type (Fig. 6) [6, 9, 10].

| SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.2 5



Fig. 6. One of thefirst in the world Soviet jet multi-passenger
aircraft of the Tu-104 type («Russian camel» in the terminology
of the NATO countries) developed by A.N. Tupolev (1956)
based on a Tu-16 type combat aircraft [6]

On July 17, 1955, the test pilot Yu. Alasheev lifted
into the air a prototype of a civilian Tu-104 aircraft, and
from next year the USSR began mass production of this
machine at the Kharkiv aircraft factory [10]. In 1956, the
USSR, thanks to the creation of a Tu-104 type aircraft,
managed to hit the western world when, during the visit
of its leader N.S. Khrushchev to England last with a
government delegation flew to London on this airliner.
The main tactical and technical characteristics of the
aircraft Tu-104 with two turbojet engines AM-3 (with a
load of 8750 kgf) [10]: maximum take-off weight —
74,500 kg; empty machine weight — 42,800 kg; payload —
9,000 kg; fuel reserve — 26,500 kg; maximum range with
a commercial load — 2,120 km; maximum flight speed at
an dtitude — 950 km/h; lifting ceiling (height) — 11,500
m; the number of passengers on board — 50-110; length —
38.9 m; wingspan — 34.5 m; wing area— 174.4 m? crew —
5 people. The onboard equipment of the Tu-104
passenger aircraft was in many respects similar to the
equipment of the Tu-16 combat aircraft. It consisted of
[10]: autopilot AII-5-2 or AII-6; variometer BAP-30-3;
atimeter BJI-20; speed indicator KYC-1200; radio
altimeter PB-2; astrocompass AK-49; short-range radio
navigation system PCBH-2; airborne radar PBII-4T"; radio
compass APK-5; gyrohafcompas TITIK-52; remote
gyromagnetic compass JI'MK-7; course-glide path
system CII-50 «Mainland», course-glide path system
WJIC (course radio receiver KPII-®, glissad radio
receiver I'PI1-2, marker radio receiver MPII-48 or MPII-
56I1); communication radio station (receiver VYC-9,
transmitter 1-PCB-70).

The appearance of the passenger plane Tu-104
allowed the USSR to reach the international level of air
transportation as soon as possible. Aeroflot, a civilian
user, carried international and domestic medium-haul
flights on it. The operation of the Tu-104 type aircraft by
Aeroflot was completed in December 1979. The
experience of creating this passenger aircraft was used by
A.N. Tupolev and his Design Bureau when designing a
new Soviet airliner of the Tu-134 type (Fig. 7) [10].

The mid-range passenger aircraft of the Tu-134 type
was a very successful long-lived airliner, which operates
in Russia from 1967 to the present day (more than 50
years!) [10]. Note that before the creation of the Tu-134

A.N. Tupolev, appointed in 1956 as the General Designer
of the Design Bureau-156 of the Ministry of Aviation
Industry of the USSR, developed short-haul jet passenger
aircrafts such as the Tu-110 (1957) and Tu-124 (1960), as
well as a supersonic jet bomber of the Tu-22 type (1959)
[5]. Then A.N. Tupolev and his colleagues at the Design
Bureau actively continued work on the development of a
turboprop strategic bomber of the Tu-95 type for long-
range aviation (Fig. 8), which became a separate bright
«page» in the scientific and technica biography of this
scientist [11].

Fig. 7. Soviet mid-range twin-engine jet passenger aircraft
of the Tu-134 type developed by A.N. Tupolev (1967) [6]

=4

.

Fig. 8. Soviet turboprop four-engine strategic bomber of the
Tu-95 type («Atomic Bear» in the terminology of NATO
countries) developed by A.N. Tupolev and his fellow aircraft

designers at the Design Bureau-156 (1956) [7, 8]

A surprising fact about aviation is the fact that a
strategic bomber of the Tu-95 type (this «flying fortress»
with several thermonuclear charges on board [7, 8]),
developed and created under the guidance of A.N.
Tupolev, more than 60 years ago, is till in the combat
«ranks» of the Russian Air Force and provides its
defenses in the airspace. Such examples of «longevity» in
aviation technology are extremely few. In this regard,
only our domestic passenger single-engine propeller
airplane type AN-2 with a piston engine, developed in
1947 by the outstanding Ukrainian aircraft designer Oleg
Konstantinovich Antonov [5], can compare with the
military Tu-95.

We point out that in adulthood the main direction of
the scientific and technical creativity of the aircraft
designer A.N. Tupolev were heavy aircrafts with high
payload. Taking the Tu-95 type combat aircraft as a basic
design, in 1958 he created at his Design Bureau a unique
passenger aircraft of the Tu-114 type (Fig. 9), well ahead
of its time [5]. A reliable ultra-long-haul airbus won the
leadership on long-haul lines for many years, having no
analogues in the world in terms of economic efficiency.

6 | SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.2



During the years of operation, Tu-114 aircraft delivered
32 world records and there is no data in the column of
flight incidents with these aircraft [5].

Hi——
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Fig. 9. Soviet Iog-distance (intercontinental) turboprop four-
engine passenger aircraft of the type Tu-114 developed by
A.N. Tupolev (1958) [6]

On December 31, 1968, the first in the world
supersonic passenger aircraft of the Tu-144 type
developed by A.N. Tupolev and his son A.A. Tupolev
first flew [5]. Currently, this type of aircraft has been
decommissioned in Russia due to a number of reasons.

In 1971, on the lines of the Soviet «Aeroflot», a
medium-range jet three-engine passenger aircraft airbus
Tu-154 appeared, which is till in the Russian flight
system [11].

The personification of the Russian aviation power is
currently the supersonic jet strategic bomber-missile
carrier of the Tu-160 type (Fig. 10), developed in the
1980s in the Design Bureau named after A.N. Tupolev
[12]. Thisaircraft is equipped with a variable sweep wing.
It is able to carry cruise missiles with a thermonuclear
charge. The aircraft of the Tu-160 type has been in
service since 1984. A total of 35 such aircrafts were built.
As of 2013, the Russian Air Force contained 16 Tu-160
type aircrafts [12]. It became Russia's response to the US
military program AMSA within which the famous
American strategic bomber of type B-1 «Lancer» was
created [6, 12].
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Fig. 10. Russian jet four-engine strategic bomber of the Tu-160
type («White Swan» in NATO countries terminol ogy)
developed by the Design Bureau named after A.N. Tupolev
(1984, chief designer — V.I. Bliznyuk) [6]

The Tu-160 supersonic bomber carrier was launched
into serial production in 1984 at the Kazan Aviation Plant.
The long-range Tu-160 missile bomber is an expensive
military product with unique technical characteristics. The
cost of manufacturing one Tu-160 missile carrier is about
USD 250 million. We indicate some tactical and technical
characteristics of the Tu-160 with turbojet engines of the
type HK-32 [12]: maximum range of flight is 12,300 km;
maximum flight speed — 2,200 km/h; cruising flight speed

— 960 km/h; machine length — 54 m; wingspan — 56 m. It
is the only military product in Russia that has received its
own name. These arplanes are named after famous
Russian warriors (for example, «llya Muromets»),
designers (for example, «Vitaly Kopylov»), pilots (for
example, «Valery Chkalov») and others.

The great aviation designer of the 20th century,
Doctor of Technical Sciences, Academician of the
Academy of Sciences of the USSR, Colonel-General A.N.
Tupolev established the world famous aviation scientific
school, which brought up such prominent Russian aircraft
designers as [5]: V.M. Petlyakov, P.O. Sukhoi, V.M.
Myasishchev, A.l. Putilov, V.A. Chizhevsky, A.A.
Arkhangelsky, M.L. Miles, A.P. Golubkov, |.F. Nezval,
S.A. Lavochkin and A.A. Tupolev. He was the only
aircraft designer in the USSR who solved the tasks of
creating heavy subsonic and supersonic airplanes of
various purposes [11].

3. The human qualities of the aircraft designer
AN. Tupolev. What kind of person in life was this
outstanding Russian aircraft designer? Being a major
scientist and designer, the head of a huge, many
thousands team of engineers, technologists, test pilots,
technicians and workers, Andrey Nikolaevich aways
remained a very simple and friendly person [5, 13]. He
loved his family, valued his loved ones, adored nature, a
group of friends and delicious food. In everyday life, he
was extremely conservative: he preferred to wear old, but
comfortable clothes. He loved to travel. In business trips
abroad, he studied not only foreign science and
technology, but also local nature, people and their
customs. On vacation in the Moscow suburbs, he
preferred hunting, fishing and playing volleyball. Before
going to bed he regularly read fiction. His speech was
short and capacious. His many phrases became aphorisms
among colleagues. Andrey Nikolaevich maintained
friendly relations with 1.V. Kurchatov, A.P. Vinogradov,
A.T. Tvardovsky, M.V. Keldysh, P.L. Kapitsa and many
other prominent people of the time in which he lived and
worked. Sergey Pavlovich Korolev, who had become an
outstanding Soviet and world-renowned designer of
rocket and space technology, often came to see him at
work. Later S.P. Korolev in his memoirs about those
meetings with A.N. Tupolev said that «he studied with
Andrey Nikolaevich style of work» [5, 13]. By the way,
under the guidance of Andrey Nikolaevich, Sergey
Korolev completed his diploma project and became a
mechanical engineer. Until his last days of life, he was
interested in production issues at the Design Bureau. He
was buried at the Novodevichy cemetery (Fig. 11) [3, 5].

In 2001, on one of the walls of the world-famous
Moscow State Technica Univerdsty (formerly MHTYS)
named after N.E. Bauman bronze memoria plague (Fig. 12),
ingtalled in honor of his outstanding student appeared [15].

4. Awards and recognition signs of A.N. Tupolev.
For his outstanding achievements in aircraft construction,
Andrey Nikolayevich Tupolev was awarded three gold
medals of the Hero of Labor «Sickle and Hammer» (1945,
1957, 1972), 14 Soviet (1933, 1936, 1944, 1945, 1947,
1949, 1953, 1957, 1958, 1968, 1971, 1972) and one foreign
(1964) orders. He is the Laureate of five State Prizes
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Fig. 11. The tombstone of the great aircraft designer of the 20th

century, three times Hero of Labor A.N. Tupolev (Novodevichy
cemetery, Moscow, 2012; sculptor — G. Toidze) [14]

Fig. 12. Bronze plaque in honor of A.N. Tupolev on the building
of Moscow State Technical University named after N.E.
Bauman, where A.N. Tupolev studied (opened on May 17,
2001; sculptor —G. Meshinev) [15]

of the USSR (1943, 1948, 1949, 1952, 1972) and one
Lenin Prize of the USSR (1957). He became an honorary
citizen of Paris (1964), New Y ork (1964) and Zhukovsky
(Moscow region, 1968). He was awarded the prize named
after N.E. Zhukovsky of the Academy of Sciences of the
USSR (1958), the gold meda of the International
Aviation Federation of FAI (1958), the Leonardo da Vinci
international award (1971) and the gold meda of the
Society of the founders of French aviation (1971). He was
elected Honorary Member of the Royal Aviation Society
of Great Britain (1970) and the American Institute of
Aeronautics and Astronautics (1971). His bronze bust of
the Hero in the city of Kimry (Tver region, Russia) was
installed. In the name of A.N. Tupolev the embankment in
Moscow, streetsin St. Petersburg, Kyiv, Ulyanovsk, Kimry
and Zhukovsky were named. The name of the aircraft
designer A.N. Tupolev is currently given to Russian
Aviation Scientific-Technical Complex, Moscow, which is
well-known in the world (the successor to the traditions of
the legendary A.N. Tupolev Design Bureau). His name is
given to the Kazan Aviation Ingtitute. One of the islands of
Russiain the Kara Seawas named after him [3, 5].
Conclusions. An outstanding aircraft designer of the
20th century, AN. Tupolev left asignificant «trace» in the
Russian and world aircraft design. Under his scientific
and technical guidance, over 100 types of military and
civil arcrafts were developed, 70 of which were mass-
produced by the USSR aviation industry. He made a huge
personal contribution to the defense of the Soviet country.
In the national memory, Academician of the Academy of
Sciences of the USSR A.N. Tupolev remains one of the

How to cite this article:

creators of a wide range of aircrafts in the passenger
aircraft fleet. Its turbojet passenger aircrafts, as well as
heavy turboprop and turbojet strategic bombers, till
«plow» world airspace and carry out civil and combat
tasks assigned to them.
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A METHOD FOR CALCULATING MECHANICAL CHARACTERISTICS OF
INDUCTION MOTORSWITH SQUIRREL-CAGE ROTOR

Purpose. Development of a method for calculating mechanical characteristics of induction motors, taking into consideration
saturation of the magnetic path and displacement of the current in the rotor bars. Methodology. The algorithm is based on
calculating the steady-state mode of induction motor operation for a set dip, described by a system of non-linear algebraic
equations of electrical equilibrium, whereas the mechanical characteristic is evaluated as a set of steady-state modes using
parameter continuation method. The idea of the steady-state mode calculation consists in determining vectors of currents and
flux linkages of the motor circuits, using which makes it possible to evaluate the electromagnetic torque, active and reactive
powers, etc. Results. The study resulted in the development of a method and algorithm for calculating static characteristics of
induction motors, which allows looking into the effect of different laws of voltage regulation on the mechanical characteristics,
depending on the frequency change. Originality. An algorithm for calculating mechanical characteristics of the squirrel-cage
induction motor was devel oped based on the mathematical model of the induction motor in which electromagnetic parameters are
calculated using real saturation curves for the main magnetic flux and leakage fluxes, and displacement of the current in the
rotor bars is evaluated by presenting the rotor winding as a multi-layer structure. Applying the transformation of the electrical
equilibrium equations into the orthogonal axes enabled a significant reduction of calculation volume without impairing the
accuracy of the results. Practical value. The developed algorithm allows studying the effect of different laws of scalar regulation
of the voltage on the mechanical characteristics of the induction motor in order to obtain the necessary torque-speed curves for
their optimization. It can be used for programming frequency converters. References 10, figures 3.

Key words: induction motor, squirrel-cagerotor, static characteristics, saturation, displacement of the current.

3anpononogano anzopumm po3paxyHKy MexaHiuHUX XApaKmepucmuK acUHXpoOHHUX OGUZYHIE 3 KOPOMKO3AMKHEHUM POMOPOM
npu pi3HUX yacmomax Hanpyzu dHcusieHHua. B ocnoey pospaxynky noxknadeno mamemamuyuny mooens aCUHXPOHHO20 06UZYHA, 8
AKIN  6PAXOGYEMBCA HACUYEHHA MACHIMONPOGOOY [ GUMICHEHHA CHMPYMY 6 CHIEPHCHAX KOPOMKOZAMKHEHO020 pPOmopa.
Enexmpomaznimui npovecu y 08UZyHi ORUCYIOMBCA CUCHEMOIO HENIHIIHUX PIGHAHbL e1eKMPUYHOl pigHOsacU, 3ANUCAHOL 6
nepemeopenux 00 OpmMoZOHAILHUX 0Cell KOOPOUHAm, AKA PO36’ A3yemubea imepayitinum memodom Holomona pazom 3 memooom
npoooexycenna no napamempy. /Ina o004UCNEHHA NOMOKO3UeNneHb KOHmMypie ma oOugepenyianvhux iHOYKmMueHocmeil
GUKOPUCMOGYIOMbCA XAPAKMEPUCIMUKY HAMAZHINYBAHNA OCHOGHUM MAZHIMHUM NOMOKOM, A MAKOXC NOMOKAMU PO3CIl08AHHS
cmamopa i pomopa. /Ina ypaxyeanua eumicCHeHHA CHIPYMY 6 CHEPIHCHAX POMOPA KOPOMKO3AMKHEHA 00MOMKA NOOAECMbCA Y
euznA0i bazamouwiaposoi CMpyKmypu, ymeopeHoi po3oummsam cmepircHie no eucomi Ha kinvka wapie. bi6:n. 10, puc. 3.

Kniouosi crnosa: acCHHXpOHHUH [JBUTYH, KOPOTKO3AMKHEHA O0MOTKA, CTATHYHI XapPAKTEPUCTUKH, HACHYCHHS, BUTICHEHHS

CTPyMYy.

IIpeonosicen anzopumm pacuema MexanuyecKux XapaKmepucmuK aCUHXPOHHBIX 0suzameneil ¢ KOPOMKO3AMKHYMbIM POHOPOM
HpU PA3HbIX YACMOMAX HANpAdCeHUusn numanus. B ocnosey pacuema nonoscena mamemamuueckana mooeny ACUHXPOHHOZO0
oguzamens, 6 KOMOPOU yUUMbIGACMCA, HACLIWEHUE MAZHUMONP0BOOA U GbLIMECHEHUE MOKA 6 CMEPHCHAX KOPOMKO3ZAMKHYMO20
pomopa. IneKmpomMazHumHyle RPOUECCchl 6 dguzamesne ORUCHIGAIOMCA CUCIMEMOU HeUHEUHbIX YPAGHEHUIl INeKMPUYECKO20
pasHoeecus, coOCMagIentoil 6 nPeodpPa3V6aHHbBIX K OPMOZOHAILHBIM OCAM KOOPOUHAM, KOMOPAA Peuaemcs umepayuoHHbIM
memoodom Hoviomona émecme ¢ memooom npooonxcenusn no napamempy. /[nsa evluucienus nOmoKocuenienuii KORmMypos u
oughepenyuanbubix UHOYKMUSHOCIEN UCRONBIYIOMCA XAPAKMEPUCMUKY HAMAZHUYUEAHUSA OCHOBHBIM MAZHUMHBIM HOMOKOM,
a MaKce NOMOKAMU PACCeAHUA cmamopa u pomopa. /Ins yuema elmecHeHus moKa 6 CHepICHAX POMopa KOpomKO3AMKHYman
00MOmMKa NPeocmagniemca 68 6ude MHO20CHOUHON CHMPYKMYpbl, 00PA306AHHOI pa3dumuem cmepicHell noO Gvicome HA
Heckonvko cnoeg. bubn. 10, puc. 3.

Kniouesvie cnosa: acHHXpPOHHBIH JBUTATeNb, KOPOTKO3aMKHYTasi 00MOTKA, CTATHYECKHEe XapaKTePHCTHKH, HaCBILIeHMe,
BBITeCHEHHE TOKA.

Introduction. In modern asynchronous electric  vector control are presented in review papers [5, 6].

drives, frequency converters are used to control the speed
of rotor rotation. This method of regulation provides high
technical and economic performance, since the frequency
controlled electric drive opens up wide opportunities for
the use of induction motors (IM) in qualitatively new
technological processes and provides high energy
efficiency. The development of reliable and high-quality
microprocessor systems makes it possible to precisely
control the operation of the electric drive in accordance
with the requirements of a specific technological process,
which not only ensures its quality, but also the economy
of the electric power. The theoretical and practical aspects
of frequency control are described in many fundamental
publications [1-4], and features and analysis of scalar and

However, the problem of developing methods for
studying the mechanical characteristics of IM with
different laws of changing the supply voltage, despite the
large number of publications, remains unresolved at the
proper level.

As it is known, changing the frequency of supply
voltage of the IM can smoothly adjust the angular speed
of rotation of the stator magnetic field, and the dlip of the
rotor thus does not change. For electric drives with a
small range of regulation and comparatively low dynamic
properties, so-called scalar control isused [1, 4], which is
relatively simple in redlization. In contrast to the vector
one, it is based on the use of modules of quantities that
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determine the electromagnetic torque. Since the
electromagnetic processes depend on the interna
parameters of the IM, the inaccuracy of their
determination leads to an inaccuracy in the determination
of the electromagnetic torque and, as a conseguence,
significant deviations of the speed of rotation of the rotor
from the given value [1]. Thisis due to the fact that in the
existing control agorithms for frequency-regulated
asynchronous electric drives, mathematical models of 1M
are used based on substitution circuits or linear
differentiadl  equations [1-4], and the mechanica
characteristics are calculated according to the Kloss
formula, which is approximate. Changing the parameters
of the sguirrel-cage rotor, in particular the active
resistance, is not taken into account or taken into account
by the corresponding coefficients. The use of classical
substitution circuits does not allow adequately to take into
account all the factors influencing the processes in the
motor when changing the frequency, and does not
guarantee the reliability of the calculation results,
especialy for deep-dlotted IMs. The problems of the
adequacy of the results of mathematical modeling are not
solved by substitution circuits with variable frequency
dependent parameters, because as a result of the
saturation of the magnetic core, flux linkage of the IM
circuits and, therefore, electromagnetic parameters are
nonlinearly dependent on all its currents and their
frequency.

In order to control the operation of the IM, which
operates in the frequency controlled electric drive system,
it is necessary to know the values of its internal
parameters, in particular the active and reactive stator and
rotor resistance of the stator and rotor that are
continuously changing. Undeniably, the most accurately
they can be determined on the basis of solving the
problem in field formulation [7, 8], however, such
software requires a considerable amount of memory and
time to caculate, and therefore can not meet the
requirements for the speed of response of the frequency
converter to the flow the process. The intermediate
position is occupied by circuit methods for calculating
electromagnetic parameters and active resistance.
Therefore, the actual problem is the development of a
mathematical model that allows one to caculate the
mechanical characteristics taking into account the change
in parameters due to the saturation of the magnetic core
and the displacement of the current in the rods of the
squirrel-cage winding as having a determining influence
on the characteristics of the IM. In addition, for efficient
frequency control of electric drive an important and
determining factor is the speed and bulkiness of software
for caculating the frequency characteristics of
asynchronous electric drives, which are the basis of
control algorithms.

The goal of the work is the development of a
numericll  method for caculating  mechanical
characteristics under different laws of changing the
supply voltage of the IM and its frequency using a
mathematical model based on the equation of the
electromagnetic equilibrium of the motor circuits, which
make it possible to take into account the saturation of the

magnetic core and the displacement of the current in the
rods of the squirrel-cage rotor.

Mathematical model. The object of the study is a
IM with a squirrel-cage winding of a rotor, which is
powered by a three-phase network with a symmetric
voltage system. For the analysis of electromagnetic
processes in the IM, a mathematical model is used built
using orthogonal coordinate axes, which enables the
analysis of processes by computer simulation, taking into
account both saturation and displacement of current in the
rods of a squirrel-cage winding of the rotor with a
minimum amount of computations. To take into account
the saturation, the magnetization characteristics of
magnetization both by the main magnetic flux and the
scattering fluxes are used, and to take account the
displacement of the current, the rods together with the
squirrel-cage rings are separated by height into n layers,
resulting in n windings on the rotor that are covered by
different magnetic scattering fluxes. The idea of such an
approach is presented in [9]. As shown in [10], in practice
n < 5. The three-phase winding of the stator and a
multiphase winding of the rotor are reduced to two-phase
windings according to the generally accepted method.

Electromagnetic processes in the dynamic modes of
the IM are described by a system of differential equations,
which is reduced to algebraic systems in the system of
orthogonal axes x, y under constant rotational speed. If the
representational vector of the power supply voltage with
the x-axis, are combined, which is commonly practiced,
this system has the form

a’ol//sy_rriS<+Um:0;
—0¥ sk — rsisy =0;
SwgWr1y —Mirix =0;
—SwoWr1x — r1ir1y =0; (1)

SO rny — nlrnx = 0;
=S¥ rnx ~ Tnlrny = 0,
where U, is the amplitude value of the phase voltage; s,
Vo Wit Wity -0 Wi Wiy are the flux linkages and
CUITeNtS i, isys irixy Irtyses irnx 1y OF the transformed stator
and rotor circuits, respectively; rg, ty1 ,..., 'ty are the active
resistances of these circuits; w is the angular frequency of
the power supply voltage; sistherotor slip.

The flux linkages of the circuits are determined on
the basis of the use of the magnetization curves by the
main magnetic flux y, and the scattering fluxes of the
stator s windings and the rotor ., windings

Y= vilin), Wos= Wodlis)y Wor = Wor(ir).
where i,, is i, are the modules of the representational
vectors of the corresponding currents: magnetization,
stator and rotor

Ly = lis )2 + sy +iny P

is=iZ +i2 1 iy =yiZ+id .

Since the rod is divided by height into n elements,
the rotor currents are determined as the sum of currentsin
them
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irx:zirjx ; iryzzirjy-
j=1 j=1

The electromagnetic torque of the IM, in the
coordinate axes x, y, is determined by the formula

Me = 1'5p0(’//sxiw _‘//wisx) J

where py is the number of pairs of poles.

Active and reactive powers are determined by the
formulas

P=15Ugis ~Ugjisy )i Q=15Ugiex ~Usdisy)-

Algorithm for calculation of characteristics. The
basis of the algorithm is the calculation of the steady state
mode of operation of the IM for a given dlip s, which is
described by the system of algebraic equations (1), and
the static characteristic is calculated as a set of steady
state modes. The essence of the calculation of the steady
state mode is to determine the vectors of currents and the
flux densities of the circuit of the motor using which we
can determine the electromagnetic torque, the active and
reactive powers, and so on.

Having the given values of the power supply voltage
of the stator winding and dlip, the calculation of the
steady state mode reduces to the solution of the system of
algebraic equations (1). Due to the saturation of the
magnetic core, the electromagnetic connections between
its electrical circuits are nonlinear, hence the flux linkage
of each circuit is nonlinearly dependent on the vector of
currents

i = colon(igy sy ir1xriray sirmoirny )

which depend on the value of the supply voltage and are
determined by the el ectromagnetic parameters of the IM.
One of the most effective methods for solving
nonlinear systems of algebraic equations is Newton
iteration method, according to which at each k-th step of

the iteration the vector i is specified by formulas
Plkert) Zilk) _ A7 (k).

AT (K) = Q(k) ’ )
where Q(k) is the vector of the discrepancies of the

system (1) at i = 7 (K): A is the Jacobi matrix, elements of
which are differential inductances Ly of circuits (own at
j = kand mutual at j # k) and their active resistances.

To ensure the convergence of the iterative process, it
is necessary to obtain an initial approximation of the
unknown vector, which is in the zone of attraction of the
method. This problem is solved by a differential method,
the essence of which in relation to the problem to be
solved isasfollows.

We introduce into the system (1) a scalar parameter
&by multiplying it by the voltage ug = &U,,. Asaresult of
the differentiation of the resulting nonlinear system by ¢
we obtain the differential equation in the form

A—=1, 3)

where G = colon(U ,,0,...,0).

Integration with the parameter ¢ in the range from
e =0t ¢=1is equivalent to increasing the applied

voltage from zero to the set vaue. Initial conditions

(values of the vector i) are zero, since for ¢ = 0 the
vector of the applied voltages is zero. At each step of

integration, the vector i is clarified by Newton method.
Gradual increase of the applied voltage makes it possible
at each step to ensure the convergence of the iterative
process, and therefore, after several steps of integration
with the Euler method, obtain the value of the current

vector i a a given value of the amplitudes of phase
voltages U,

The obtained values are the initia conditions for the
calculation of characteristics as coordinates dependencies
on thedlip.

Thus, the agorithm for calculating the starting static
characteristic consists of two stages: the first one
calcul ates the steady-state operation of the IM at the given
values of dip and the voltage of the stator winding, and
the second one is the calculation of the multidimensional

static characteristic as the dependencies i =i (s) of the

coordinates of the vector of circuit currents from dlip. In
this case, the voltage and frequency are accepted
unchanged, and the slip changes in the specified limits. In
particular, to calculate the static mechanical characteristic
of the IM at a given frequency of supply voltage, we need
to set the dip value s = 1 and according to the above
algorithm to determine the value of the coordinates of the
mode at a given value of the amplitude of the supply
voltage, and then, gradually reducing the value of dlip
with step As to zero, by iterative method to calculate the

multidimensional  dependence i =i(s), and hence
w=w(s)as well as the electromagnetic torque
M =M(s).

On each step of integration, as well as iterative

refinement of the vector i by the Newton method, it is
necessary to determine the differential inductances of the

circuits as nonlinear functions of the vector i of the
currents.

Results of investigations. An example of the results
of the calculation of the characteristics of two types of IM
of the same power, which differ in the number of pairs of
poles, one of which has a normal execution (4A16034Y 3,
P=15kW, U =220V, | =29.2 A, po = 3) and the second
one has an increased starting torque (4AP16034Y 3,
P=15kW, U =220V, | =299 A, p, = 2) due to the
double cage of the rotor is shown in Fig. 1.

Fig. 2 shows the mechanical characteristics of the
motors calculated at different supply voltage frequencies
under voltage regulation according to the law
U,./f = const.

Analysis of the results of calculations (Fig. 1, 2)
shows that the general view of the characteristics of the
electromagnetic torque for IM with a different shape of
the dots of the sguirrel-cage winding of the rotor is
significantly different, and the voltage reduction is
proportional to the decrease in frequency does not ensure
the immutability of the reloading capacity of the IM.

Shown in Fig. 2 characteristics of the electromagnetic
torque correspond to the characteristics of the active
power (Fig. 3).
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Fig. 1. Mechanical characteristics of motors 4A160S4Y 3 (a)
and 4AP1604Y 3 (b) calculated with constant amplitude
of the supply voltage and its various frequencies f
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Fig. 2. Mechanical characteristics of motors 4A16034Y 3 (a) and
4AP16034Y 3 (b) calculated at different power supply voltage
frequencies supply provided voltage regulation by law
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Fig. 3. Characteristics of the active power correspond to the
mechanical characteristics shownin Fig. 2,a,b

Conclusions.

1. The proposed method of calculation enables by
mathematical modeling methods to analyze the
mechanical characteristics of induction motors with
squirrel-cage rotor, taking into account saturation and
displacement of currentsin the rotor rods under different
laws of voltage and frequency control in order to
provide the necessary law for the change of
el ectromagnetic torque.

2. The developed algorithm of calculation is based on
the mathematical model of the IM, in which the redl,
calculated on the basis of the geometry of the IM
magnetic core magnetization characteristic and the
dividing along the depth of the slots of the rods of the
squirrel-cage winding into elementary ones, which allows
to adequately take into account saturation and
displacement of current, which is provided the accuracy
of the calculation resullts.

3. The developed mathematical model and the
calculation algorithm created on its basis can be used for
designing frequency regulated electric drives in order to
form the necessary characteristics.
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RESEARCH OF DYNAMIC CHARACTERISTICSOF INDUCTION MOTORS
INELECTRIC DRIVESWITH MATCHING TRANSFORMER AND REDUCER

Introduction. The variety of electric drives, the performance characteristics of which correspond to the set requirements of
consumers while ensuring reliable and economical operation for a certain time resource, characterizes the variety of circuit
solutions, including using matching transformers and reducers. Problem. The use of matching transformers and reducers units
significantly changes the performance characteristics of the electric drive. Most articles are devoted to modeling an electric drive
without such elements. It is advisable to consider simulations of electric drives using these elements. Methodology. In the models
of matching transformers and reducers, the initial data are used, which determine both the functional properties and the mass
and size parameters. The latter provide an opportunity to consider the economic aspects of the electric drive. For the correct
calculation of the energy balance of the electric drive, the efficiency of the elements under consideration is taken into account.
Results. The use of the developed algorithms for modeling the dynamic modes of two induction motors in electric drives operating
on a specific load diagram, with the connection of a matching transformer and reducers, is considered. Dependencies of
efficiency and power factor of motors have allowed to determine the medium cyclic energy indicators. The mass- size and cost
indicators of variants of electric drives were found, which made it possible to calculate the average cyclic reduced costs of electric
drives. Practical value. The possibility of choosing the best variant of the drive based on various indicators, including the
minimum amount of energy losses per year, is substantiated. References 17, tables 2, figures 8.

Key words: induction motor, load cyclogram, reducer, transformer, mathematical model, average cyclic criteria, energy
indicators, reduced costs.

Po3enanymo GuUKOpUCMAHHA PO3POONEHUX ANZOPUMMIE ONA MOOENIO6AHHA OUHAMIYHUX DPeHCUMI6 080X ACUHXPOHHUX
08UZYHIE 6 eleKMPONPUEooax, w0 NPayioloms HA NEEHY WUKA0ZPAMY HAGAHMANCEHHA, NPU GKIIOUEHHI Y3200MHCYB8ATbHUX
mpancopmamopa i pedykmopa. Bpaxoeano minnugicme napamempie cxem 3amiujeHHA O6UZYHIG, N06'A3ana 3i 3MiHOI0
HACUYEHHA MAZHIMHUX Kil | GUMICHEHHAM Ccmpymie 6 o00momkax pomopie. Ompumano i 3icmaeieHi Ounamiuui
Xapakmepucmuku cmpymie i nomyxncnocmeii, cnoxcusanux osuzynamu. 3anexncnocmi KK/ i koegpivienma nomyzcnocmi
08UZYHI6 0036071UNU GUIHAYUMU CEPEOHbOUUKNIUHI eHepzemUYHi NOKA3HUKU. 3Halideno macozabdapumni i eapmichi
HOKA3HUKU GapiaHmMie el1eKmponpueoodie, w0 0ajno MOMNCIUGICMb, APU GIOOMUX CEPEOHbOUUKIIYHUX eHePeeMmUUHUX
NOKA3HUKAX NpUG0die, po3paxyeamu cepeoHbOUUKIIUHI npueedeHi eumpamu eneKkmponpugoodie. Oo6rpynmosano
MONCTUGICIMD GUOOPY KPAW{020 Gapianmy npugoody 3a GUUIEEKA3AHUMU NOKA3HUKAMU, A MAKONC 3d MIHIMyMOM empam
enexmpoenepeii 3a pik. bio6n. 17, tabn. 2, puc. 8.

Kniouogi crosa: acMHXpPOHHHUI ABHUIYH, IMKJIOrPAMa HABAHTA)KEHHS, PEIYKTOp, TpaHcGOpMATOp, MaTeMaTHYHA MOJE]b,
cepeIHbOLUUKIIIYHI KpUTepii, eHepreTH4Hi NOKA3HUKH, MPUBeeHi BUTPATH.

Paccmompeno ucnonvzosanue papasomannolx anzopummos 011 MOOeauposanus OUHAMULECKUX PEHCUMOE 08X ACUHXPOHHBIX
oguzameneii @ I1eKMPONPUGCOOAX, PAOOMAIOUWUX HA ONPEOCNCHHYI0 YUKIO0ZPAMMY HAZPY3KU, HPU GKIIOUEHUU CO2LACYIOUiUX
mpancopmamopa u peoykmopa. YumeHo HeNOCMOAHCHIEO RAPAMEMPOS CXeM 3aMmeujeHus osuzameneil, C6A3AHHOE C
U3MEHEHUEeM HACLIU{CHUA MAZHUMHBIX Yeneil U 6blMecHeHUeM MoKoe 6 odmomkax pomopog. Ilonyuenvt u conocmaenenvi
OuUHaMUUeCcKue XapaKkmepucmuKky moKoe u mowHocmeil, nompeonaemoix osuzamenamu. 3agucumocmu KII/I u korgppuyuenma
MoOwiHOCIMuU  Jguzamenell  NO360JUNU  Onpedenumsy  CpeoHeyukaIuyeckue Inepzemuveckue noxazamenu. Haiidenwvt
Mmaccozadapumusle U CMOUMOCIMHbBLE NOKA3AMENU 6APUAHINOE INEKMPONPUBOOOE, UMO 0A710 603MONCHOCHIL, NPU U3EECMHBIX
CPEOHEeUUKIUYECKUX IHePIemudeckux noxasameneii npueooos, paccuumams CPeOHeUUKIUYecKue NpueeoeHHbvle 3ampanbl
IneKkmponpueo0os. O6OCHOBAHA 603MONCHOCIb 8bIOOPA TIyYUIEZ0 6APUAHIMA NPUBOOA NO BbIULEYKA3AHHBLIM NOKA3AMENAM, d
maksice nO MUHUMYMY ROMEPD INeKmpoInepeuu 3a 200. budn. 17, tabn. 2, puc. 8.

Kniouesvie cnoéa: aCHHXPOHHBIH ABUTaTe b, HUKJI0rPaAMMa HArpy3KH, peyKTop, TpaHcdopMaTop, MaTeMaTHiecKasi MOJeb,
CpeHeNUKJINYeCKHe KPHTePHH, JHepreTHYecKue MoKa3aTe/d, IPUBeJeHHbIE 3aTPATHI.

Introduction. A variety of electric drives (ED),
whose performance characteristics meet the specified
requirements of consumers while ensuring reliable and
economical operation for a certain time resource,
characterizes the variety of circuit solutions, including
using matching transformers and reducers. The value of
the drive load may vary in time, which is characterized by
the mode of operation described by the load cyclogram.
Heating of the electric machine depends on the operation
mode, i.e. on the ratio of the duration of periods of
operation and pauses between them or periods of
operation with full or partia load, on the frequency of

switching on the machine and the nature of the flow of
transients. Along with the standard modes of operation
[1], non-standard ones are also possible [2, 3]. The
standard ones are characterized by different time
indicators (duration of switching on, duration of load,
duration of operation, frequency of switching on, etc.).
The correct choice of electric drive should provide
high energy performance during operation, indicating its
rational use. When commensurate operation time of
induction motors (IM) in steady and transient (start,
transfer from one load to another) modes, transients have
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a significant impact on the performance of electric drives.
In some cases, IMs are operated in intermittent modes
associated with alternating motor operation for loads of
different values. Transients in IM were considered by a
number of authors [2, 4]. At the same time, the rejection
of the use of certain assumptions in the simulation of
dynamic modes of IM allows us to refine the
mathematical models (MM) [5].

The use of matching transformers and reducers
significantly changes the performance characteristics of
the ED. Most of the papers are devoted to ED modeling
without such elements in both static and dynamic modes
[2, 4-7]. In a number of works [8-11], the analysis is
performed taking into account transformers and reducers.
It is advisable to consider modeling ED using these
elements.

The goal of the paper is to use the developed
algorithms to simulate the dynamic modes of induction
motors in electric drives with matching transformers and
reducers and to substantiate the possibility of comparing
the considered electric drives in terms of weight, cost,
energy and cost parameters, as well as on the cost of
electricity to choose arational drive option.

Problem definition. All considered drives operate
on a certain load cyclogram and provide amost the same
number of revolutions on the mechanism. In the models
of matching transformers and reducers, initial data are
used, which determine both functional properties and
weight, size and cost parameters. The latter provide an
opportunity to consider the economic aspects of the ED.
The functional ones are: for a reducer — a gear ratio (ireq),
for a transformer — a transformation ratio (k;). The
correctness of the calculation of the energy balance of the
electric drive requires the use of the efficiency of the
considered elements (7e0, 7). Modeling ED with the
connection of reducers and transformers in static and
dynamic modes, the rotational speed (Nyen) and torque
(Mmeen) ON the drive mechanism, the power consumed by
the drive (Pgp), the drive efficiency (yep), the power of
the load mechanism (P, ) are determined. In addition, it
seems possible to calculate the weight, size, and cost
parameters of the entire ED using any of the considered
components.

Expressions that take into account the connection of
the reducer and transformer in the ED when considering
static modes, have the form:

e =7 )

M mech = MM “ired “TTred 2

Prech = Pim Tired» ©)

Pgp =P+ (1-ny)- Py, 4

NED =M e “Tlred ®)
Uy

UZZE , (6)

where n is the motor speed; M,y is the torque on the
motor shaft; P,y is the useful mechanical power on the
motor shaft; P, isthe consumed active motor power; U; is
the primary voltage of the transformer; U, is the
secondary voltage of the transformer.

Mathematical models used to study transient
electromagnetic and electromechanical processes in
induction motors are based on systems of nonlinear
differential  equilibrium equations for voltages and
currents in a system of transformed coordinates [6, 7]:

d

o Foo =Usa (D -red O (€) e, (1) —Xp (O ()]

%yfsg =Ug (t) - rd (t)[xr 0¥ s5(t) —xm () ¥1p (t)l

4 P =[=Poor - 5 (1) =1 OO O Fr0 (0 -

dt (7)
—Xu ()%, (1],
%Tw =[pay - Frp) -1 OAO[Xs () F5 (1) -
—xm )% 0],

doy _ i{ﬂd
a J 2

(Oxm (OF5 (O)Fr, (1) = #15 (O, (O] -

~M (@& )/(ired *TTred)}

where P, (1), Po(t), Pra(t), and P 4(t) are the flux linkages
of the stator and rotor windings of the machine,
respectively, along the axes a and f; o, is the motor
angular rotation speed; p is the number of pairs of poles; J
is the total moment of inertia of the drive, reduced to the
motor shaft; M, (t) is the time dependence of the
mechanism resistance; rs, r.(t), xt), x(t), xu(t) are the
active resistances and the total reactances of the stator and
rotor windings and the mutual induction resistance, and
all of which, except for r, change at each integration step;
d(t) is the auxiliary variable d(t) = [x(t) % (t) — ()T
Us,(t) and ug(t) are the instantaneous values of the
voltages along the o and f axes, which are determined by
the voltage amplitude U, and the angular position of the
generalized voltage vector ¢;:

Usg () =Um(t)-cos(@1), Usp(t) =Um(t)-sin(ey). (8)

The expressions connecting the instantaneous values
of currents and flux linkages are as follows:

g (1) = d()- X ()%sq (1) =X O )]
i (1) = d(0)- [x (0 Zep ()~ 30 O 5 (0)]

where ig,, iy are the stator currents along the axes o and f.
I nstantaneous stator current value:

ip (t) =\/§[isa (t)? +isﬂ(t)2].

A mathematical model built on the basis of the
above differentiadl equations allows to calculate the
rotational frequencies, currents in the phases of the
windings, electromagnetic torques, losses.

©)

(10)
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In each of the equations, nonlinear coefficients take
place — the motor parameters varying at each operating
point, including due to the effects of saturation of the
magnetic system and current displacement in the rotor
winding [12, 13]. One of the approaches to the analysis of
the dynamic characteristics of IM involves the
preliminary determination of these factors for the
necessary operating points. Therefore, before analyzing
the transient process, the calculations of steady-state
regimes are carried out in order to obtain the values of all
the parameters of the equivalent circuit, taking into
account the current displacement in the rotor winding and
the magnetic core saturation for the necessary operating
points. For this purpose, MMs of steady-state modes are
used. When calculating the dynamic modes, the changes
at each step of the system integration are taken into
account, i.e. at certain points, the characteristics of the
transition from one torque of load to another, the
parameters of the equivalent circuit. When implementing
this approach, an increase in the level of MM adequacy is
provided.

In a number of publications [14-16], in contrast to
the classical theory, according to which the values of
powers are calculated as integral, instantaneous values of
powers are used. Then the conditional active power
consumed by the motor in dynamic modes under the
condition of sinusoidal supply voltage is calculated
through instantaneous values of voltages and currents:

p;(t)=%[uSa(t)-im(t)+usﬁ(t)~isﬂ<t)]. (11)

The actual consumed active power p; is more than
conditional one by the amount of the unaccounted losses
(the main ones in the magnetic core Apg pase. the

additional ones in the magnetic core Apg add

mechanical ones Apech » additiona ones Appech ):

P1(t) = Pi(t) + APgt base(t) + APgt add (1) +
+ APmech (1) + APagq (1)

The power at the motor shaft can be determined
through flux linkages and currents using the rotor speed
value:

P (0= 01 2 (010 ) iro (O O]

— APmech (t) — APaqq (1)-

The instantaneous value of efficiency is determined
by the ratio of the instantaneous values of useful power on
the motor shaft pyy to the consumed active power p;.

As the drive selection criteria, the mass, dimensions,
cost of the motor or drive, average cyclic reduced
manufacturing and operating costs (RC,,), average cyclic
energy indicators (efficiency and power factor) can be
used, or a generalized criterion can be applied, taking into
account the above criteria as components. Conventionally,
the criteria can be divided into two groups. weight and
size and cost; energy and costly. Selection results vary
with different criteria used or with their different

(12)

(13)

components in the generalized criteria, and also depend
on the assigned coefficients of significance of these
components. When calculating the criteria, their valuesin
transient operating modes can be taken into account. This
approach alows to make a choice for both modes of
operation, in which the duration of transient modes is
much less than the duration of operation in steady-state
modes, and for modes with commensurability of the
above durations.

In the case of taking into account transients, the
energy-cost group of criteria for the motor or drive is
determined by:

t
1

end
MTmcM@ED) =7 5 jﬂIM(ED)(t) dt, (14)
tend —tsart -
t

1 end
: ICOSCDIM(ED)(t) dt, (15)

COS =
Pmeim (ED) tend —tstart t

start

t

1 end
: J-RCIM(ED)(t) dt, (16)

RC =
MeIM(ED) tend _tstartt

start
where ty,q iSthe cycle end time; tyg is the cycle start time.

With aknown full cost of the motor cim the value of

the criterion is defined as:

RCim = (cim+Cyim)[ 1+ Ti(kgetks)] + CLyw,
where C, v is the cost of expenses for reactive power
compensation, UAH; CL,y is the cost of electricity losses
for the year, UAH; Ty is the standard payback period of
the motor, years; kg is the share of costs for depreciation;
ks is the share of maintenance costs for motor operation.

For common industrial IM, the following values are
accepted: Ty = 5 years, kg = 0.065, ks = 0.069. Then
RCwuv = 167(C| m+Cr|M) + CLjm, where Cim = Ccrepl(tg(l)l -
- 0484) and CLiy = Ccaepl(1-04 —7]||\/|), Ciae is the
coefficient taking into account the cost of active energy
losses, which is a product of cost of 1 kW-h of electricity
during the service life of the motor (0.05 USD per kW-h),
the number of motor operation hours per year (2100), the
number of years of operation before major repairs (5) and
the ratio of the relative motor load (1.0), C,. is the
coefficient taking into account the cost of reactive energy
compensation and representing the product of the cost of
1 kVAr of the reactive power of compensating devices
(15 UsD for 1 kVAr), the coefficient of motor
participation in the maximum load of the system (0.25)
and the ratio of the relative load. Similarly, at the known
cost of the entire electric drive ced, the reduced costs of
the drive RCgp are determined.

If as a selection criterion to use such an energy
indicator as efficiency, energy-saving operation of the
motor will be provided.

Results of investigations. In accordance with the
above-mentioned, the DIMDrive code, similar to the
DIMASDrive software [17], was developed at the
Department of Electric Machines of the Odessa National
Polytechnic University. The code is based on system
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principles, alowing to take into account the presence of
certain possible components of the electric drive. In this
regard, along with the IM models (for the steady state
based on the T-shaped equivaent circuit, for the dynamic
mode on the system of differentia equations of a
generalized machine), the load diagram M(t) is included
in the complex project model, and if necessary, models of
transformer and reducer (between the motor and the load)
matching voltage values of the network and the motor.
Motor models involve the consideration of machines of
various designs, degrees of protection, ventilation
systems, types of rotors, etc. and take into account the
change in the parameters of the equivalent circuit of the
motor due to the saturation of the steel of the magnetic
core and the displacement of currents in the motor
windings, the presence of main and additional losses in
steel in static and dynamic modes of the motor operation,
the presence of higher spatial harmonics of the magnetic
field. The analysis of electromagnetic, electromechanical,
energy, thermal processes during the IM operation for
various in value and mode of operation the load is
provided. The code alows to implement a comprehensive
analysis of the operation of IM, on the basis of which all
the most important aspects of motor operation are
considered.

The above software was used to simulate the
operation of motors and electric drives in solution of this
production problem.

The load is described by the following cyclogram:
2s—-50Nm, 1s-98 Nm. Four variants of electric
drives are considered at supply voltage of 380 V and
network frequency of 50 Hz which isreflected in Fig. 1.

Fig. 1. Window of options of electric drives
of the DIMDrive software

Motors 4A 16054 and 4A160S8 are used. In different
variants there were different total moments of inertia,
taking into account the moments of inertia of the motor
and drive mechanism (ED with 4A160S4 — 0.3 kg-m?,
ED 4A160S8 — 0.5 kg:m?). To ensure the same speed of
rotation of the mechanism, the reducers are included in
the variants with the 4A160S4 motor. Reducer parameters

are shown in Fig. 2. For simplification the weight, size
and cost parameters of the reducer are taken conditionally
equal to 100.

# Reductordata - RED, i=2  [s3wl
Fieduction ratio m
Effecisncy 0s =
Cost, c.u. 100 >
Weight, kg 100 >
Height, mm 100 >
“afidth, mm 100 =
Depth, mm 100 -

j Change ‘ Recover |

Fig. 2. Window of reducer parameters
of the DIMDrive software

In two variants, a transformer was used at the drive
input, the parameters of which are shown in Fig. 3. To
simplify, the weight, size, and cost parameters of the
transformer are taken conditionally equal to 100. To
obtain cospmep Values, the calculation transformer power
factor is used (Ko = 0.8):

COSPmeep = COSPmeym - Kptre -

The performed thermal calculations (the maximum
torque from the cyclogram for the steady state is set)
showed the temperature of the motor stator winding
exceeding the permissible value in the ED with IM
4A160S8 with transformer (Fig. 4). Therefore, this drive
option is not considered further. The numbering of the
characteristics corresponds to the variant numbering of
the electric drives in Table 1, namely: 1 — ED with IM
4A1604 with a reducer; 2 — ED with IM 4A160S8
without reducer and transformer; 3 — ED with IM
4A1604 with reducer and transformer; 4 — ED with IM
4A160S8 with transformer.

17

& Input transformer data
Power, ki
Input voltage, 4

Input frequency, Hz

Jog

Tranzfarmation factar na -
Effeciency 0.a8 -
Cost, c.u. 100 -
weiiht, kg o -]
Height, mm 100 -
Width, rmm 100 -
Depth, mm 100 -
ﬂ Change ‘ Recover |

Fig. 3. Window of transformer parameters
of the DIMDrive software
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Fig. 4. Temperatures of motors' stator windings Fig. 7. Motors efficiency dependencies

Dynamic characteristics, which are dependencies of
changes in electrical, energy values in time at the motor
input, are presented in Fig. 5-8. The numbering of the
characteristics corresponds to the variant numbering of
the electric drivesin Table 1. The code DIMDrive alows,
when considering the dynamic characteristics, to exclude
the starting mode from the presentation, which was done
later. Similarly, the dynamic characteristics can be
calculated at the input of the drive.

Table 1 shows the values of the indicators of the
considered ED, which include the medium cyclic
efficiency (7mc), the power factor (cospn.), the reduced
costs (RC,c), as well as the weight, size, and cost
parameters of both the motors and the drives.

Fig. 8. Motors power factor dependencies

Tablel
Comparison of various ED indicators
%
Sy |s.88|s_ gt
$S |E885|53S8s
B0l 58 |18CE|  gBE
. s |D<38|T<cg
Indicators | S SY¥Eo|2¥%3o
and parameters 2 RS &
Z
e IM, % 76.54 72.89 62.16
COSpmcl M, r.u. 0.636 0.551 0.276
Fig. 5. Dependencies of currents consumed by motors Nme ED, % 61.23 72.89 39.78
CoSpmc ED, r.u. 0.636 0.551 0.221
RC..IM, USD 2172 1980 3146
RC,. ED, USD 2932 1980 5181
Mass of IM, kg 118.9 111.8 1189
Volume of IM, dm? 9.62 10.73 9.62
Cost of IM, USD 642 552 642
Mass of ED, kg 218.9 111.8 318.9
Volume of ED, dm® 10.62 10.73 11.62
Cost of ED, USD 742 552 842

Fig. 6. Dependencies of active powers consumed by motors
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The calculation of the cost of active energy loss per
year can be performed:

C, :C'Tyear ‘K - Pep - (1+0.04 - cep) / 7meep - (18)

where C = 0.05 USD isthe price per 1 kW h; Tye, = 2100
is the number of hours of ED operaton in the year; K, is
the load factor (taken equal to 1.0); 0.04 is the relative
value of losses in the consumer’ s distribution network.

Comparison of the considered ED variants at the
cost of active energy losses for the year (Table 2) was
made.

Table2

Comparison of the cost of active energy losses of various ED

@ 0] 0]

@ o]

<8 |E B SE|E B BE

< 3 28 Po|l2L8=3S

ED £ B I 8B=B|l 18381
o= N s % o — = %
s £ s¥ers|gS8SE
. | = SESE5|8YED

Indicators A z S g z = =
and parameters g
ime ED, % 61.23 72.89 39.78
Cost of active energy 541 279 1768
losses per year, USD

Conclusions

1. The DIMDrive code has been developed, which
allows analyzing the dynamic modes of operation of
induction motors, including in electric drive systems
with matching transformers and reducers, and this is
the basis for designing motors for various operating
modes.

2. For comparison of the efficiency of the considered
electric drives, the medium cyclic criteria of the energy
and cost groups are proposed, which take into account the
corresponding indicators in both the steady-state and the
transient modes.

3. Of the three considered electric drives, ED with
4A160S8 motor without a reducer and a transformer has
the advantage for the following reasons:

¢ the highest value of the medium cyclic efficiency of
the electric drive;

¢ the lowest value of the medium cycle reduced costs
of the electric drive;

o the lowest value of the cost of active energy losses
per year.

4. 1f the medium cyclic power factor of the electric
drive is used as the selection criterion, then the ED with
the 4A 1604 motor with areducer has an advantage.
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IMPROVING OF ELECTROMECHANICAL STABILIZATION SYSTEMSACCURACY

Aim. Improving of accuracy parameters and reducing of sensitivity to changes of plant parameters for nonlinear robust tank
main armament guidance and stabilization electromechanical systems based on synchronous motor with permanent magnets and
vector control. Methodology. The method of multiobjective synthesis of nonlinear robust control by nonlinear tank main
armament stabilization electromechanical system taking into account the elastic oscillations of the tank gun barrel as a discrete-
continuous plant and with parametric uncertainty based on the multiobjective optimization. The target vector of robust control
choice by solving the corresponding multicriterion nonlinear programming problem in which the calculation of the vectors of the
objective function and constraints is algorithmic and associated with synthesis of nonlinear robust controllers and modeling of
the synthesized system for various modes of operation of the system, with different input signals and for various values of the
plant parameters. Synthesis of nonlinear robust controllers and non-linear robust observers reduces to solving the system of
Hamilton-Jacobi-| saacs equations. Results. The results of the synthesis of a nonlinear robust tank main armament guidance and
stabilization electromechanical systems are presented. Comparison of the dynamic characteristics of the synthesized tank main
armament stabilization electromechanical systems showed that the use of synthesized nonlinear robust controllers allowed to
improve the accuracy parameters and reduce the sensitivity of the system to changes of plant parameters in comparison with the
existing system. Originality. For the first time carried out the multiobjective synthesis of nonlinear robust tank main armament
stabilization electromechanical systems. Practical value. Practical recommendations are given on reasonable choice of the gain
matrix for the nonlinear feedbacks of the regulator and the nonlinear observer of the tank main armament stabilization
electromechanical systems, which allows improving the dynamic characteristics and reducing the sensitivity of the system to plant
parameters changing in comparison with the existing system. References 24, figures 1.

Key words: tank main armament guidance and stabilization electromechanical systems, nonlinear robust control,
multiobjective synthesis, dynamic char acteristics.

Lens. Ilosvluenue napamempos mMoYHOCMU U YMEHbUIEHUE HUYGCIMEUMENbHOCMU K UIMEHEHUAM NApamempog odvekma
YRPAGNEeHUA HENUHEHHOU POOACHHOIL INEKMPOMEXAHUUECCKOI CUCIEMbl HAGEOEHUA I CIAOUIU3AUUN MAHKOGO20 600DPYIHCEHUS
HA OCHO6e CUHXPOHHO020 O6U2AMENA ¢ NOCHOAHHBIMU MAZHUMAMU U 6€KMOPHO20 ynpaenenus. Memooonozua. Memoo
MHO20KPUMEPUANbHO20 CUHME3A HeIUHENUHbIX POOACHMHDIX PeZYyNIAMOPOs ONA YNPAGNeHUA HeIUHEUHOU I/IeKIMPOMEXAHUYECKOT
cuUCMeMOll CmaduUIU3AYUL MAHKOB020 600PYHCCHUA C YUEMOM YRPY2UX KOJIeOaHUil CIME01a MAHKOE0 NYyWKU KaK OUCKPEemHo-
KOHMUHYAIbHO20 00beKma ynpasieHus ¢ Napamempuieckoll HeonpeoeieHHOCMmbl0 OCHO6aH HA 6blOOpe 6ekmopa uenu
pobacmuozo  ynpasieHus  nymem — peuieHUA  COOMEEMCmEyIowell  3a0a4u  MHO20KPUMEPUATbHO20  HEUHEIIHO020
nPOZPAMMUPOGAHUA, 6 KOMOPOU GbIHUC/ICHUE 6EKMOPO8 UENe6oll (YHKUUU U O2PAHUYEHUIl HOCUM an20PUMMUYECKUIL
Xapakmep u CéA3AHO C CUHME3IOM HEeTUHEUHBIX POOACMHBIX PEYIAMOPOE U MOOETUPOBAHUEM CUHMEIUPOGAHHOU CUCHIEMbL 0/1A
PAa3IUYHBIX PENHCUMOE PAbOmMbL CUCMEMbl, NPU PASTUYHBIX GXOOHBIX CUZHANAX U ONA PA3TUYHBIX 3HAYEHUI Napamempos
oovexkma ynpaenenusn. Cunmes HeIUHEUHBIX POOACMHBIX Pe2YIAMOPO8 U HeIUHEUHBIX POOACMHbIX HADII00ameneil c600Umca K
pewenuto  cucmemuvt ypasnenuit Iamunomona—fkoou—Aizexca. Pesynomamot. Ilpusodamca pe3ynbmamsl cunmesa
HeNUHENNOo POOACMHON INEKMPOMEXAHUYECKOT CUCMEMbl HABCOCHUA U CIADUNUZAUUL MAHK06020 600pyicenus. Cpasnenue
OUHAMUYECKUX XAPAKMEPUCIMUK CUHINE3UPOBAHHOU I/IEKMPOMEXAHUYECKOIL CUCIMEMbl HAGEOCHUA U CINADUAUIAUUL MAHK0E020
600PYICEHUA NOKA3QJI0, YMO NPUMEHEHUE CUHMESUPOCAHHBIX HEUHEHHBIX POOACMHBIX PezZyiAmopos no3601:1em NOGbICUMb
napamempsvl MOYHOCHMU U CHU3UMb YYECIMEUMENbHOCIb CUCHEMbl K UIMEHEHUI0 Napamempos o00bveKma ynpasieHus no
cpasHenuio ¢ cywjecmeyrouieli cucmemoii. Opuzunanvnocms. Bnepevle npoeeden MnozoKpumepuaibHolii CuHme3 HeauHeiinoll
PoOACMHOIl  INEKMPOMEXAHUUECKOU CUCIMEMbl HAGEOEHUA U CIMAOUAU3AUUU MAaHK06020 eoopyycenun. Ilpakmuueckas
uennocmy. Ilpueooamca npaxkmuyeckue peKoMEeHOAUUU RO O0OOCHOBAHHOMY 6blOOPY Mmampuy KoIdpduuuenmos ycunenus
HeNUHENNbIX 00OPAMHBIX C6A3€Ill PeyNAMOopa U HeNUHENn020 HAOI00amens I1eKmpoMexXaHuuecKoii cucmemsl cmaduIu3ayuu
MAHK08020 GOOPYMHCEHUA, UINO NO36ONACH YIAYUUIUMbL OUHAMUYECKUE XAPAKMEPUCMUKU U CHU3UMbL YYECHIGUMENLHOCIND
cucmembl K U3MEHEHUI0 NAPAMEmMPOE 00bEeKMa ynpasieHus no CPAGHEHUIO ¢ cyujecmeyrouieli cucmemoii. buon. 24, puc. 1.
Kniouesvie cnosa: 31eKTPOMEXaHHYECKOH CHCTEMbl HABEACHHSl M CTA0M/IM3allMM TAHKOBOIO BOOPY)KeHHMs, HeJIHHeliHas
podacTHOe ynpaB/ieHUe, MHOTOKPHTEPHAJIbHBIH CHHTE3, IMHAMHYECKHE XaPAKTePUCTHKH.

Introduction. Ukraine is a tank country, which has
plants for the production and repair of tanks and tank
equipment. Ukrainian tanks have rather high tactical
technical characteristics and are well bought by many
foreign countries [1]. Most tanks of the Ukrainian armed
forces are T-64 tanks which was developed in the 60s and
which need to be modernized. Ukrainian «Bulat»
T-64BM tank is the result of a deep modernization of the
T-64 tank [2]. It was developed by the A.A. Morozov
Kharkiv Machine Building Design Bureau. The upgraded
«Bulat» T-64BM tank is equipped with a modern
command and control system with a livelihood that
provides the shooting of the gunner and the commander
with a high probability falling from the first shot [2]. It

should be noted that the cost of the «Oplot» tank
production is equivalent to the cost of upgrading ten T-64
tanks to the «Bulat» T-64BM tank level [3]; therefore, the
modernization of T-64 tanks is also reasonable from an
economic point of view.

The basis of combat in modern conditions is
shooting on the move at high speed and maneuverability
of tank movement [1, 2], therefore all modern tanks of the
world are equipped with stabilizers of tank armament,
which alow to conduct aimed fire on the move [4-8]. The
likelihood of fire damage to the target at maximum speeds
of movement, high maneuverability and effective
engagement of the tank from the fire damage of the
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enemy is largely determined by the accuracy of
maintaining a given direction of tank weapons on the
target with intense disturbing influences from the tank
hull [1, 2]. Therefore, the issues of further improving the
accuracy of stabilization of main tank armament are a real
problem, both in the development of new systems of tank
weapons and in the modernization of existing systems that
areinuse[1-3].

One of the areas of modernization of the T-64 tank
is to improve the accuracy of control of the main
armament to increase the likelihood of target destruction.
The guidance and stabilization system for the main
armament of the T-64 tank contains a DC electric drive
with an electric machine power amplifier in the azimuth
(turret) axis of the tank turret and an electro-hydraulic
drive of the tank gun in the in the elevation (gun) axis[1].
To improve the accuracy of controlling the main
armament of «Leopard» 2A5/6, «Merkava» MKk-3,
«Abrams» M1 tanks modern AC electric drives are being
developed to replace existing electro-hydraulic and DC
electric drives [10]. The «VNII «Signa»« scientific and
industrial production unit developed and conducted
experimental studies of 2E58 Electric Gun and Turret
Drive Stabilization System with AC electric drive based
on a synchronous motor with permanent magnets
(PMSM) and vector control (VC) to replace existing DC
drives and eectro-hydraulic drives of main tank
armament guidance and stabilization systems [11, 12].
Such an AC dlectric drive allows for higher speeds and
accelerations of the tank turret and gun compared with
existing electro-hydraulic drives and DC drives to
improve the accuracy of the guidance and stabilization
system. Experimental studies of such AC electric drives
for controlling the turret and gun of the T-72 tank made it
possible to improve the transfer speed by up to 1.5 times
(up to 45 degrees/sec) and daso to improve the
smoothness of the drives at low speeds [10].

Note that the American firm «HR Textron», the
Israeli firm «Elbit» based on the developed system for the
«Merkava» Mk3 tank, the European concern «EADS»
and others offer afully electric guidance and stabilization
system (Electric Gun and Turret Drive Stabilization
System) by the main armament for the modernization of
Ukrainian tanks [10].

As numerous tests and analysis of test results have
shown, that the accuracy of firing on the move is
significantly affected by the tank gun barrel elastic
oscillations [2, 8]. «Bulat» T-64BM tank gun 2A46-2
barrel undamped oscillations frequency experimentaly
determined and is equal 10.14 Hz [8], which holds back
the improve by the tank tower and gun guidance and
stabilization systems accuracy.

Mathematical model of the tank gun as a plant,
taking into account the gun barrel elastic oscillations as a
discrete-continuous plant developed in the [8]. The gun
barrel is considered as an elastic beam in the form of a
distributed load, rigidly fixed in the breech. But this
model does not take into account the turret imbalance,
which leads to the removal of the turret with gun from the
target direction. Note that the Ukrainian tanks turret
unbalance moment reaches 40 kN-m against 1-1.5 kKN-m
at the foreign tanksturret [11].

The problem of parametric synthesis of guidance
and sabilization systems, taking into account the
elasticity of the tank gun barrel also is given in the [8].
However, these systems use the classical structure of
regulators with feedbacks from electric angle gyros sensor
and electric rate gyros sensor on the gun in the elevation
(gun) axis and the turret in the azimuth (turret) axis,
which limits the possibilities of obtaining high accuracy
of the system.

On the other hand, the emergence of modern micro
gyros and high-speed computing means alows us to
reduce the weight and dimensions of the control system
and implement more complex control algorithm.

The goal of thiswork isto improve of the accuracy
parameters and reduce of sensitivity to changes of plant
parameters for electromechanical tank armament
stabilization systems with synchronous motor with
permanent magnets and vector control based on
multiobjective synthesis of nonlinear robust control.

Problem statement. Consider the mathematical
models of the electromechanical gun stabilization system
taking into account the gun barrel elastic elements
oscillations as a discrete-continuous plant [8]. Model
consists of an elevation (gun) axis model and an azimuth
(turret) axis model. Imagine a gun model in the form of a
solid body and an elastic element. In addition to rotation
relative to the axis, the gun performs elastic oscillations.
Denote by the ¢(t) — elevation angle and y(t) — azimuth
angle of gun and turret rotation as the solid body, ys(X, t)
and yr(x, t) —the deviation of the points of the rod from its
undeformed state in elevation and azimuth axes. For the
gun and turret dynamics, the torques applied to the solid
body equals the actuator torques Tag(t), Tar(t) plus the
disturbance torques Tpg(t), Tor(t) acting on the gun and
turret, minus the turnnion friction torques. Trg(t), Ter(t).
The disturbance torques Tpg(t), Tor(t) acts relative to the
elevation and azimuth axes of rotation of gun and turret as
solid body, and the distributed forces Fog(X, t), For(X, t)
acts adong the length of the tank gun barrel as elastic
element in elevation and azimuth axes.

The equations of plant movement relative to its
elevation and azimuth axes of rotation can be written as
follows

r+l

306 200 [ 02 Yo g, o)+

dt? ot? D
+Tpa(t)-Tea t):

d2pt rtl 82y X, t
o - [ e )+,

'
+Tor (t)-Ter ()
where Jog, Jor — moment of inertia of gun and turret as the
solid body relative to the elevation and azimuth rotation
axes, my(X) — the mass of the rod, which is connected with
the running weight of the rod m(x) in the ratio
my(X) = m(X)(x + r), in which r — the distance of the point
of attachment of the rod to the axis of the gun gate.
This equations (1), (2) describes the free movement
of the electromechanical system as a discrete-continuous
plant, in which Jog, Jor has the characterization of the
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electromechanical system as a solid body, and my(X)
characterizes the mutua influence of the motion of the
solid body and the oscillations of the elastic bar as a plant
mechanical part with distributed parameters. The
functions yg(x, 1), y1(x, t) in (2), (2) satisfies of the elastic
beam oscillation equations

d?plt) 0%yg(x, t) a*ys (%, t)
) o) g Iefet) ) P6ls),

Byalt) ©)
X
+&El (X)% = Fog(x.t)

d?y(t) o%yr (xt) o*yr (xt)
my (x)—5= dl/; +m(x )at—+E|( )T+ @
o%yr(xt) X
+¢El (X)W— For (x.t),

where EI(X) and & — tank gun barrel distributed rigidity
and internal damping coefficient; Fos(X, t), For(x, t) —
external disturbance distributed over the tank gun barrel
due to hull oscillationsin elevation and azimuth axes.

We represent in equation (3), (4) the functions
Ya(X,1), yr(X, t) in the form of the following series

40)= 2 i (MW ) ©
)= 2 e oW ), ®

where n — the number of forms of plant elastic oscillations
taken into account.

The equations obtained from (1)—(6) describe the
motion of an electromechanical system as a discrete-
continuous plant under the action of an actuator torques
Tac(t), Tar(t), disturbance torques Tpg(t), Tpr(t), turning
friction torques Trg(t), Ter(t), as well as the length
distribution of the tank gun barrel of external
perturbations Fog(X, t), For(X, t) which is due to hull
oscillations in elevation and azimuth axes;

W) (e =

r
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The control precision is largely determined only by

the first form of tank gun barrel elastic oscillation. Taking
into account only the first basic form of elastic
oscillations in expresson (5), (6) the function is

represented
yo(x.t)= o6 (XMog t); (11)

Yy (X, t) =Yor (X)‘NOT (t) . 12)

Then the equations of the dynamics of the

electromechanical system as a discrete-continuous plant

(7—12) in eevation and azimuth axes will take the
following form

2
Joc dd(t/]Z(t) ~ G dzv(\i/?ze(t) =Tac(t)+ Toe(t)-Teo(t): (13)
2 2
Jor ddl:/?(t)_aOT d \;\gr(t):TAT )+ Tor () -Ter (t); (14)
d2ft)  dWps(t) dWog (t)
%067 +00GT0§3+§<3130G$+'“(15)
+boaWog (t) = fos (t)
d2y(t) d Wy (t ) dWOT( )

Br =7 Tor 2 *er bor —
+borWor (t) = for (t).

Coefficients agg, agr, Coss Cor and bgg, bgr in
equations (13)—(15) are obtained by substituting
expression (5), (6) into equation (8), (9) multiplying both
parts of the resulting equation by »s(X), %r(X) and
integrating both parts of the equation in the range from r
to(r +1).

In the elevation and azimuth axes there are two types
of external disturbance. The first type of externa
disturbance is related to the hull longitudinal angular
oscillations. These disturbances cause a disturbance
torques that acts on the gun and turret

(16)

Mo = dﬁ';t( ) a7
Mpt = 1o deHt & , (18)

where g — constant coefficient, which is determined
experimentally; dey(t)/dt and dyy(t)/dt — hull angular rate
in elevation and azimuth axes.

The second type of externa perturbation is
associated with hull accelerations relative to its elevation
axis. These accelerations, being annexed to the distributed
masses of the gun, cause its elastic fluctuations.
Distributed forces applied to the gun and turret and
included in the equation of its elastic oscillations are
determined by the following dependencies

Foclot)= 20, 19
For (ut)=mp 922, @)

dt?
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where m(x) — the weight of the gun elastic part; d %zg(t)/dt*
and d ?z(t)/dt > — hull acceleration relative to its elevation
and azimuth axes. Then we will get

r+| 2
d“zs(t).
fost) X)dx = kg @
d?z r+l dez
forly)- 2 jm(x barox=kr 1.

External perturbatlons acting on the hull in the
elevation and azimuth axes are to a large extent
determined by the longitudinal angles and hull vertical
and horizontal fluctuations. Note that using equations
(16), (18) and (20), disturbing moments due to the tank
turret imbalance are also taken into account. Using
equations (15), (17) and (19), disturbing moments due to
the tank gun imbalance are al so taken into account.

With direct torque control (DTC) by a synchronous
motors with permanent magnets (PMSM) [13] actuator
torques Tag(t), Tar(t) motion equations can be written as
follows[14, 15]

dTpct
T gf( )+TAG (t)= KagU act) (23)
dTat(t
4 SI( )+TAT (t)= KatU At (t) (24)
where Upg(t), Uar(t) — inputs control, 7 — equivalent

constant times and Kag, Kar — contour gains of DTC.

Method of synthesis. Let us write down the origina
turret and gun model (13) — (22) of the electromechanical
system as a discrete-continuous plant taking into account
the moles of the executive motors (23), (24), hull
suspension effects and sensors as plant of robust control
system with a state vector x(t) in the standard form of a
state equation

St (x0.00.00.000),

where u(t) is the control, a(t) and 7(t) are the vectors of
the external signal and parametric perturbations, f — is a
nonlinear function.

The mathematical model (25) takes into account the
nonlinear frictional dependencies on the shafts of the
drive motor, the rotating parts of the reducer and the gun
and turret, the gear gap between the teeth of the driving
and driven gears, the constraints for control, current,
torque and motor rate, as well as the plant moment of
inertia

In particular, the model of turnnion friction torques
Te(t) of drive motor, reducer and plant adopted in the
following form[7]:

T, if [T| <Ts and|w| < 0.001;

(25)

T =
F (Tk"‘(T “Ty)-e (“’/‘"S)jsign(a))+v-a),if | > 0.001,

where T — the moment of friction; T — the moment
applied to the shaft that is cracking; Ts — moment of
friction of rest (static friction); Ty — the moment of kinetic
friction.

Measured output vector of theinitial system
y(t) = Y(x(), (), u(t)) (26)
is formed by different sensors which measured the
angular, rate and acceleration of turret, gun and hull in
elevation and azimuth axes and placed at the turret, gun
and at the hull [7].

The task of synthesis is the determination of such a
regulator [16, 17] which, based on the measured output
(26) forming control u(t) using a dynamic system
described by the difference state equation and output

d
S0t e .u.000.100) Z;e 0=
~Y(E®, (), u(t)
3
u() = 2 Ui, yo), (28)

i=1
wherei isthe order of the forms G; and U;.
The synthesis of the regulator (28) is reduced to
determining the matrix of the forms of the regulator gain
U; by minimizing the norm of the target vector

4
Z(x(®),u(t), n(t)) = > Zi (x(®),u(t), n(t))
i=2
on control vector of u(t) and maximization of the same
norm on a of plant uncertain vector 7(t) for the worst case
disturbance.

The synthesis of the observer (27) is reduced [18] to
determining the observer gain coefficients G; by
minimization of the error vector of the recovery of the
state vector x(t) of the initid system (25) and
maximization of the same norm of the error vector along
the plant uncertainty vector 7(t) and the vector of external
signal influences (t), which also corresponds to the
worst case disturbance.

Matrices of the regulator U; and observer G; gain
coefficients are found from approximate solutions of the
Hamilton-Jacobi-lsaacs equations [18, 19], in which the
matrices of linear forms being found from the four Riccati
equations solutions. This approach corresponds to the
standard 4-Riccati approach to the synthesis of linear
robust or anisotropic regulators [19].

To determine the regulator (28) for plant (25) with
target vector (29) consider Hamiltonian function

H (x(¥), u(t), 7(t)) = V5 (x(),u(®), 7)) (x(V),...
u(R),7(0) + 2" (x(1), (), n()2(x(t), u(t), 7 ().

— T (),

(29)

(30)

here V, are partial derivatives with respect to the state
vector X(t) of the infinite-horizon performance functional
(Lyapunov function), y — weighting coefficient which
determines the conservatism degree of the synthesized
robust regul ator

To determine the robust regulator (28) it is necessary
to find the minimum norm of the target vector (29) along
the control vector u, and the maximum of this norm along
the externa perturbations vector 7, which reduces to
solving the minimax extremal problem of Hamiltonian
function [16]
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H (x())= minmax{H (x@),u®), 7))} (31)
u®n

The necessary conditions for the extremum of the

Hamiltonian function (31) both in the control vector uy

and in the external perturbation vector 7, are these

equations
Hux(0).u" (xO) 7" ()= 0 (32)
H, [x),u" (x)7" (x®))=0, (33)

which are Hamilton-Jacobi-Isaacs eguations. Here H, and
H, are the partial derivatives of the Hamiltonian function
with respect to the control vector u(t) and with respect to
the external perturbations vector 7(t).

Note that these equations (32), (33) are aso
necessary conditions for optimizing a dynamic game, in
which the first player — the regulator which minimizes the
target vector, and the second player — externa
disturbances which maximizes the same target vector.

The difficulty of obtaining a nonlinear control law is
due to the fact that the difference Hamilton-Jacobi-Isaacs
equations (32), (33) is a nonlinear partial differential
equation. In this paper we use an approximate solution of
the Hamilton-Jacobi-1saacs equation (32), (33) assuming
the analytical dependences of the nonlinearities of the
origina system (25), (26), (29) in the form of the
corresponding series [19]. Then the linear approximation
of the Hamilton-Jacobi-lsaac equation (32), (33) are the
algebraic Riccati equations

ATP+PA+ P{%B,]B; - BUBJ}P+CZCZ =0, (34)
y

here, the matrices A, B,, B, C, in (34) ae the
corresponding matrices of the linear system obtained by
linearizing the original nonlinear system (25), (26), (29).

Similarly matrices of the observer G; gan
coefficients (27) are found from approximate solutions of
the Hamilton-Jacobi-Isaacs equations [18].

Feed forward control synthesis. When the tank
was moving, the error of the stabilization system of tank
armaments was caused by the action of disturbance
torques Tpg(t), Tor(t) that acts on the turret in the azimuth
axis and on the gun in elevation axis from the side of the
tank hull. Sensors that measure the hull angular position,
hull angular rate, hull acceleration, etc in elevation and
azimuth axes are mounted on the tank hull. These sensors
can be used to observer disturbance torques Tpg(t), Tor(t)
and their derivatives and implement open-loop control to
improve the accuracy of the tank weapon stabilization
systems when firing on the move. We introduce the state
vectors Xqg(t), Xgr(t) of the of external perturbation
models, the components of which is the disturbance
torques Tpg(t), Tor(t) that acts on the turret in the azimuth
axis and on the gun in elevation axis and its derivatives.

We write the mathematicd models of externa
disturbances in the following form
dxqe (t
(:j—(t;() = fa6(Xds (0. @4 (), 746 (1)) (35)
dxqr (t
3—1() = far (X1 (), 00T (©), 7747 (1)), (36)

where wgs(t), wgr(t), 74s(t), nar(t) are the vectors of the
external signa and parametric perturbations [7, §],
fae, far — are anonlinear functions.

To redlize the quas invariant feed forward control
by these disturbance torques Tpg(t), Tpr(t) in the plant
model (25) aso introduced the externa disturbance
models (35), (36).

Then with the help of the observer (27) the externa
disturbances torques Tpg(t), Tpr(t) and its derivatives also
are observed [20] by measurement signals (26). Then the
quasi-invariant feed forward control by externa
disturbances (35), (36) realize in form (28) by observer
external disturbance state variables (27).

Multiobjective synthesis of nonlinear robust
control. For tank main armament guidance and
stabilization systems sufficiently stringent requirements
are set for the performance indicators in various modes. In
the guidance mode it is necessary to control by the gun
rate and turret rate. In the stabilization mode it is
necessary to control by the gun position and turret
position. We bring a part of such performance indicators
[7, 8]. Time of working out of a given angle of error.
Acceleration time to rated speed and deceleration time to
full stop. An error in working out a harmonic signal of a
specified amplitude and frequency. Stabilization error
when moving along a normalized path with a random
profile change with a given speed. Maximum speed of
guidance. Minimum speed of guidance. Failure of
guidance at minimum speed. Naturaly, this should take
into account the voltage and current limitations of the
anchor chain of the drive motor, as well as the speed of
rotation of the drive motor.

Dynamic characteristics of synthesized system
including a nonlinear plant (25) that is closed by a robust
controller (26), (27) are determined by the control system
model of the system (25), the parameters of the measuring
devices (26) and the target vector (29). For the correct
definition of the target vector (29), we introduce the
vector of the unknown parameters y = { Zi(X, Ux, 74}, the
components of which are the required weight matrices of
the norm Z(X., U, 7). We introduce the vector of the
objective function

Fz)=[F(x) F2(x)- Fl(2)T", (37)

in which the components F;i(y) are direct quality indicators
that are presented to the system in various modes of its
operation such as the time of the first coordination, the time
of regulation, overshooting, etc[7, 8].

To calculate the vectors objective function (37) and
constraints on state variables and control, the initia
nonlinear system (25), (26) is modeled by a closed
synthesized nonlinear regulator (27), (28) in various
modes of operation, with different input signals and for
various values of the plant parameters [8]. This (37)
multiobjective nonlinear programming problem [22, 23]
is solved on the basis of multi-swarm stochastic multi-
agent optimization algorithms from Pareto optimal
solutions [22, 23].

Computer simulation results. Comprehensive
research of dynamic characteristics and sensitivity to the
plant parameters change of the electromechanical tank
armament stabilization systems with synchronous motor
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with permanent magnets taking into account the gun
barrel elastic oscillations as a discrete-continuous plant
with parametric uncertainty [8] with synthesized
nonlinear robust regulators were conducted. As an
example Fig. 1 shows state variables random processes
implementation of the synthesized electromechanical tank
gun stabilization systems in the elevation axis when the
tank moves at a speed of 8 ms™ dong a standard tank
route. On Fig. 1 shows such state variables of a closed
system: a) the angle ¢(t) of deviation between the axis of
the object and the given direction, and b) its derivative
do(t)/dt; c) the value of the function Wyg(t) in the
representation yg(x, t) of the function, which characterizes
the deviation of the tank barrel axis points from its state in
the elevation axis, which is not deformed, and d) actuator
torque Tac(t).

-3
15 ¢, rad: ‘10

Fig. 1. State variables random processes implementation of the
synthesized electromechanical tank gun stabilization systemsin
the elevation axis

As can be seen from Fig. 1.d, the actuator torques
Tac(t) acting on the gun reaches 100 N-m. The magnitude

of disturbance torques Tpg(t) acting on the gun, depends
on the tank speed and the quality of the road surface.
When moving along a mid-intersected area, these
disturbance torques Tpg(t) reach values 800 N-m [8]. With
an increase the tank movement speed, the action of
external disturbances gun weakens. This is explained by
the fact that in the 46 ms™ movement speeds range, the
resonant properties of the tank training system are
manifested, and at speeds exceeding 8 ms™, the tank
overcomes small effects, almost not responding to them.
At the same time, with increased of the tank movement
speed, the average frequency of oscillations of the
function Fog(x, t) in (19) significantly increases, which
reduces the accuracy of aimed shooting on the move.

As can be seen from this figure, the error of
stabilization of a given angle of a tank gun is about
0.1 mrad, which is about 1.7 times less than the error of a
system with a typical proportional-differential controller
[2, 10] and corresponds to the «Leclerc» tank weapons
stabilization system accuracy [10, 24].

During the simulation of the dynamic characteristics
of the synthesized electromechanical tank armament
stabilization systems, it was found that the use of
nonlinear robust control made it possible to reduce the
time spent on working out the initial angular mismatch of
0.1 rad between guns and targets directions. When the
plant inertia moment was changed by 30 %, the mining
time was changed by less than 10 % while maintaining
the level of overregulation, while in the system with a
typical regulator, the mining time was changed to 30 %
with a significant change in the system overshoot. Thus,
the use of nonlinear robust controllers aso made it
possible to reduce the sensitivity of the system to changes
in the parameters of the control object as compared to the
existing system.

Conclusions.

1. For the first time the method of multiobjective
synthesis of nonlinear robust control by electromechanical
tank armament stabilization systems with synchronous
motor with permanent magnets taking into account the gun
barrel elastic oscillations as a discrete-continuous plant and
tank turret imbalance and with parametric uncertainty is
developed.

2. Synthesis of nonlinear robust regulators and nonlinear
robust observers reduces to solving the system of
Hamilton-Jacobi-Isaacs equations. Robust control target
vector is determined by solving the multi criterion
nonlinear programming problem in which the components
of the vectors of the objective function are direct quality
indicators that are presented to the system in various modes
of its operation.

3. Based on the computer model dynamic characteristics
andysis of the synthesized electromechanical tank
armament stabilization systems with synchronous motor
with permanent magnets as a discrete-continuous plant
shown that the use of synthesized nonlinear robust
regulators made it possible to reduce by 1.7 times the error
of stabilization of a given angular position of a tank gun
when moving the tank, reduce by 1.8-2 times the time
spent working off the initial angular misalignment of
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0.1rad between the gun and target directions, reduce by
20 % the system sengitivity to plant parameters changes in
comparison with the existing system with standard
proportiona-differential regulator.

4. The results of the synthesis of electromechanical tank
armament stabilization systems with synchronous motor
with permanent magnets are recommended for use in the
modernization of the T-64 tanks family.
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DEVELOPMENT OF EXCITATION STRUCTURE RBF-METAMODELS OF MOVING
CONCENTRIC EDDY CURRENT PROBE

Introduction. The work is devoted to metamodels creation of surface circular concentric eddy current probe. Formulation of
the problem. In the problem of surface circular concentric eddy current probe synthesis in the general formulation, apriori
given desired eddy currents density distribution in the control zone was used. The realization of the optimal synthesis problem
involves a multiple solution to the analysis problem for each current structure of numerical calculations excitation, which are
very costly in terms of computational and time costs, which makes it impossible to solve the synthesis problem in the classical
formulation. By solving the critical resource intensiveness problem, there is the surrogate optimization technology using of
that uses the surface circular concentric eddy current probe metamodel, which is much simpler in realization and is an
approximation of the exact electrodynamic model. Goal. Creation of surface circular concentric eddy current probe RBF-
metamodels, which can be used to calculate eddy currents density distribution in the control zone and suitable for use in
optimal synthesis problems. Method. To develop an approximation model, a mathematical apparatus for artificial neural
networks, namely, RBF—networks, has been used, whose accuracy has been increased with the help of the neural networks
committee. Correction of errorsin the committee was reduced by applying the bagging procedure. During the network training
the regularization technique is used, which avoids re-learning the neural network. The computer experiment plan was
performed using the Sobol LPzsequences. The obtained multivariable regression model quality evaluation was performed by
checking the response surface reproducibility correctness in the entire region of variables variation. Results. The modelling of
eddy currents density distribution calculations on exact electrodynamic mathematical models in the experimental plan points
are carried out. For the immovable and moving surface circular concentric eddy current probe, RBF—metamodels were
constructed with varying spatial coordinates and radius. Scientific novelty. Software was developed for eddy currents density
distribution calculation in the surface circular concentric eddy current probe control zone taking into account the speed effect
on exact electrodynamic mathematical models and for forming experiment plan points using the Sobol LPzsequences. The
geometric surface circular concentric eddy current probe excitation structures models with homogeneous sensitivity for their
optimal synthesis taking into account the speed effect are proposed. Improved computing technology for constructing
metamodels. The RBF-metamodels of the surface circular concentric eddy current probe are built and based on the speed
effect. Practical significance. The work results can be used in the surface circular concentric eddy current probe synthesis
with an apriori given eddy currents density distribution in the control zone. References 22, tables 6, figures 8.

Key words: surface eddy current probe, eddy currents density distribution, excitation structure, mathematical model, optimal
synthesis, computer experiment plan, L Pr—sequence, RBF—metamodel, neur al networ ks committee.

Po3pooneno npozpamue 3ade3neuennsn Onsa po3pPaxyHKy po3noodiny 2yCHMUHU GUXPOSUX CIMPYMIE 6 30HI KOHMPOJII0 HAKIAOH020
BUXPOCIPYMOBO20 NeEPemeoplosaua i3 6pPAXYBAHHAM epeKmy WeUOKOCHI 3a <MOYHUMU»  eNeKMmPOOUHAMIYHUMU
Mamemamuynumu mooenamu. Po3pooéneno npozpamne 3abe3neueHHA OnA (HOPMYSAHHA MOUOK NIAAHY eKCHepumenmy i3
euxopucmanuam JIII —nocnioognocmeit, w0 003601uno 3oilicniosamu 6i00ip naanie 3 PiGHOMIpHUM 3AN0BHEHHAM MOUYKAMU
zinepnpocmopy nowyky. /lnsa  Hepyxomozo ma pyxomo20 HAKNAOHUX GUXPOCHIPYMOBUX NeEPemeopiosayie CmeopeHo
Helipomepedcesi memamoodeni Ha padianvno-oasuchiii @ynkuii I'ayca. Ouineno aodexeéammuicmv ma ingpopmamuenicmo
OMpUMAnUX Memamooesell HAKIAOHUX GUXPOCMPYMOGUX nepemeopiosauie. Pezynomamu 0ocnioycenna moxncyms 0ymu
GUKOPUCMAHI NPU CUHME3L PYXOMUX HAKINAOHUX SUXPOCIMPYMOGUX NEPEemeoprosayis i3 anpiopi 3a0anum po3nooiiom 2ycmunu
sUXposUX cMPYMI6 6 30HI Konmpoato. bion. 22, tabi. 6, puc. 8.

Kniouosi crosa: HakIaxHHIl BHXPOCTPYMOBHIi NepeTBOPIOBAY, PO3MO/AiJ I'YCTHHH BUXPOBUX CTPYMIB, CTPYKTYpa 30y/IKeHHSI,
MaTeMaTH4YHa MojeJib, ONTUMAJIbHUII CHHTE3, KOMI' I0TepHUil miian ekcnepumenty, JIIL—nocainoBuicrs, RBF—-meramonen,
KOMITeT HeHPOHHHX Mepe:K.

Paspabomano npozpammnoe obecneuenue 014 pacuema pacnpeoeieHus NAOMHOCHMU BUXPEELIX MOKOE 8 30He KOHMPOA
HAKA0H020 GUXPEMOK08020 npeodpazoeamensn ¢ yuemom IQgekma cKopocmu no <MOYHBIMD INEKMPOOUHAMUYECKUM
Mamemamuyeckum mooenam. Pazpabomano npozpammnoe obecneuenue 0na Gopmuposanus moyvek niana IKCHePUMEHMA ¢
ucnonvsoeanuem JIllt-nocnedoeamenvrocmei, 4mo no360auU10 OCYU{ECHENAMb OMOOP NIAHOE C PAGHOMEPHBIM 3AN0JIHEHUEM
mouKamu 2unepnpocmpancmea noucka. /Ina HenooGUN’CHO20 U 0GUNCYULE20CA HAKIAOHBIX GUXPENIOKOBbIX npeodpazoeamereil
Cc030anbl  Hellpocemegvle Memamoodenu Ha paouanvHo-oazucnoiu  Qynkuyuu Laycca. Ouenenvt adekeammocms u
UHDOPMAMUBHOCIb NOAYUEHHBIX MemAaMOOenell HAKIAOHBIX GUXPEnOKosbIX npeobpazosameneii. Pezynomamol uccneoosanusn
MOZym Oblmb UCNO1b308AHBL NPU CUHIME3E OBUNCYUIUXCA HAKTAOHBIX GUXPEMOKOGIX npeodpazoeameneil ¢ anpuopu 3a0aHHbIM
pacnpedenenuem nIOMHOCIU GUXPEBbIX MOKOG 8 30He Konmpoas. bubi. 22, tabun. 6, puc. 8.

Knrwouesvie cnosa. HaAKIaIHON BHXPETOKOBBI Npeodpa3oBareib, pacnpeiejeHne IVIOTHOCTH BHXPEBBIX TOKOB, CTPYKTypa

BO30Y:K/IeHHs], MaTeMaTH4ecKasi MoOJeJdb, ONTHMAJIBHBI CHHTe3, KOMIBIOTEPHBIH mJIaH >JKcnepuMmenTta, JIIIT—
nocjae10BaTebHOCTh, RBF—MeTamonenn, koMuTeT HelipOHHBIX ceTel.
Introduction. The eddy current control method and  layers after machining, the presence of residual

the devices on its basis are widely used to determine the
parameters of various objects of control (OC): imperfect
material defects, control of the dimensions of the OC and
vibration parameters, quality control of therma and
chemical-thermal processing of parts, the state of surface

mechanical stresses, the reconstruction of the distribution
of electrical conductivity and the magnetic permeability
within the objects, and others.
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Along with the significant advantages of the eddy
current control method, there are some disadvantages, for
example, the ability to control only the conductive
objects, the relatively small depth of the eddy currents
penetration, the heterogeneous sensitivity of the probes of
classical design.

The typical surf ace eddy current probes (SECP) are
characterized by a characteristic distribution of the eddy
currents density (ECD) in the OC, which depends on the
geometrical, electromagnetic parameters and the relative
position of its exciting coil relative to the controlled
surface. In SECP, the ECD is maximal in the surface layer
of the conductive object and decreases at the removal
from the excitation coil windings along the surface (Fig.
1,a) and in deeper layers according to the exponential
law. That is, in such a heterogeneous distribution of the
ECD (Fig. 1,a), the relative position of the SECP with
respect to the OC significantly influences the sensitivity
of the method. In the defectoscopy, for example, in the
case where a surface fracture of a finite length is located
under the geometric center of the excitation coil, the
sensitivity will be close to zero (Fig. 1,c), the minimum
sensitivity is observed for the case of the location of the
surface crack in paralld to the vortex currents (Fig. 1,d)
and the maximum one — if the crack is perpendicular to
the direction of eddy currents (Fig. 1,€).
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Fig. 1. Features of the SECP: distribution of ECD, inherent in
classical designs of probes (a); uniform distribution of ECD (b);
sensitivity close to zero (c); minimum sensitivity (d); maximum

sensitivity (e)

In order to reduce the effect of the dependence of the
sensitivity of the probes to the defect, regardless of its
location in the control zone, it is desirable to have the
distribution of the ECD in it homogeneous (Fig. 1,b). The
problem arises of the creation of the SECP with
homogeneous  sensitivity, and, consequently, a
homogeneous distribution of the ECD in the control zone
of the object. This problem can be solved within the
framework of optimal synthesis as a result of determining
the rational structure of the excitation system of the SECP
with the corresponding parameters that provide the
necessary distribution of the ECD. It is aso important to
achieve homogeneous sensitivity of the SECP which are
not only stationary relative to the OC or move a a low
speed, when the effect of the transfer currents can be
neglected, but also for mobile probes.

Literature review. In [1], the problems of linear
synthesis of a fixed SECP are considered, where the

dependence of the output signal on the gap or the specific
electrical conductivity of the investigated object is taken
as theinitia data. In order to solve an incorrect synthesis
problem, the method of regularization is applied, i.e.
certain restrictions were introduced on the desired
functions. In [2] the questions of linear synthesis of a
fixed SECP are considered. The plane of the control zone
is paralld to the working face of the probe, where a given
magnetic field structure was created. In [3] an algorithm
for nonlinear synthesis of magnetic fields of excitation of
a fixed SECP with a predefined configuration is
presented. The solution of the problem is obtained by
minimizing the average stepped approximation of the
minimax functional, which provides the minimum
deviation of the desired distribution of the
electromagnetic field from the given one. In the paper [4]
a structural-parametric synthesis of the excitation system
of a fixed SECP is performed. The searched parameters
are the number of sections, their radii and coordinates.
The search for an optimal solution is performed using a
genetic algorithm. The optimum values of the parameters
of the coil sections, as well as the most constructively
simple excitation system that provide the given
distribution of the probe field in space, are obtained.
Significant improvement of the quality of the generated
field of the synthesized magnetic system, the essential
simplification of the structure by the number of sections
and the reduction of the length of the system, as well as
reduced number of turnsin sections at the same values of
currents have been achieved. In [5] a methodology for
optimizing the design of a coil of an eddy current probe
(ECP) is proposed, which alows maximum
approximation to the ideal excitation field in the multi-
purpose statement of the problem. The research presents a
method for optimizing the design of the excitation system
to obtain a tangential and uniform distribution of
multilinear eddy currents. In [6], a method for optimizing
the parameters of an excitation coil was developed by
solving a multi-parameter multi-purpose optimization
problem. The imitation modeling of the behavior of an
infinite coil with a tangential uniform field on the surface
of the OC is carried out. As a result, a non-uniform
multilayer design of the ECP coil has been obtained,
which provides a uniform field of excitation. In [7], a
genetic algorithm for solving the optimization problem of
selecting the parameters of the ECP excitation field was
used. For the excitation coil of the probe, the optimal
values of frequency and size are obtained.

Thus, previously published studies devoted to the
questions of synthesis of ECP [1-7] with a given
configuration of the probe field in the control zone,
considered the fixed OC and did not take into account the
reaction of the conductive medium. It was enough to
create a system of excitation of the SECP with a uniform
distribution of the electromagnetic field, which was
guaranteed to ensure a uniform distribution of the ECD in
the OC. The account of the speed effect involves the
synthesis of a homogeneous distribution of the ECD in
the environment of the OC, which is a fundamenta
difference from the results of previous studies and can not
be carried out by the means previously proposed.

The goal and objectives of the study. The object of
the study is the processes of eddy current control of the
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quality of objects. The subject of research is a mobile
circular SECP with a homogeneous distribution of the
ECD in the control zone. The goal of the work isto create
a RBF-metamodel for a mobile concentric circular SECP
that can be used to calculate the distribution of the ECD
in the control area and be suitable for use in optimal
synthesis problems.

Mathematical model of the mobile SECP. As the
initial input data for designing in the problem of synthesis
of the SECP in the general formulation a priori given the
desired distribution of the ECD Jigeence iN the control
zone is used. For the purpose of some simplification of
the problem, we restrict ourselves first by obtaining this
distribution of the ECD on the surface of the OC,
specifying certain values of the ECD in the set of N
control points Q.

The structure of the excitation of the SECP consists
of a system of M coils of varying height of position zy,
k= 1...M of the corresponding coil relative to the OC and
radii r.. The circuit of their connection is counter or
coherent, and the supply current | can be the same or
different for each of the coils. As an option of the
structure of excitation, Fig. 2,a shows a system of
concentric coils with different radii which islocated at the
same height z; over OC. Fig. 2,b shows the excitation
system of coils of different radii, which are located at the
same height, with the centers of the coils shifted, that is,
the coils are not concentric. Fig. 2,c shows a system of
coils with different radii, which are located at different
heights and with the displacement of the centers of one
relative to the other.

In [8-13] a mathematicad model of a single
excitation coil of the SECP was developed, which allows
to determine the distribution of the ECD in the OC, which
we agree to call «accurate». For this, the following
assumptions were made: the medium is linear,
homogeneous, isotropic; the OC is mobile, conductive, of
infinite width and length and has a finite thickness d; the
coil is excited by alternating current | of frequency ; the
conductor of the coil is represented as infinitely thin; the
electrica conductivity o, the relative magnetic
permeability £ and the speed of the probe v = (ux,uy,o)

are constant. In accordance with this mathematical model,
three calculated areas are considered in which the
complex values of magnetic flux density are determined:

e inthearea0<z< 7,

B=B+8,,
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Fig. 2. Geometric models of SECP excitation structures:

a system of concentric cails, where the coils are located at the
same height 7, (a); a system of coils where the coils are located
at one height z, the centers of the coils shifted (b); a system of

coils, where the coils are located at different heights, the centers
of the coils shifted (c); general location of global and local
coordinate systems of coils (d)

The solution of the system of equations (1)-(3) in
conjunction with the conditions of continuity of the
tangential component of the magnetic field strength and
the norma component of magnetic flux density on the
boundaries of the media interfaces z = 0 and z = —d,
allows to obtain the distribution of components of the
magnetic flux density in the medium of the OC:
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where By, By, B,, are the components of the magnetic
flux density by spatial coordinates, &, 7) is the function
of the shape of the cail,

o)1 2L [

&%4n?

2 2
7:\/5 +17 —J-0~uo~ﬂr~(vx-§+uy-r7)+;
+j0-0 o

2o = V2wt g2 en? ) e ) .
2 2 !

(7“‘%'\/52"‘772) —(7—ur-\/§2+n2j g 27

Vo = 4 py '7~V§2+772 ~e( ézmz*y}d

0~ )

(7/+#r 'sz_(}’_#r ~W]2-e‘2‘7'd

where vy, vy, are the components of the velocity of the
circular SECP relative to the OC; d is the OC thickness;
&, narethe variables of integration.

These expressions are adequate in the loca
coordinate system (LCS), where the origin of the
coordinates coincides with the center of the turn. Multiple
non-proper integrals of the first kind, which they contain,
are calculated numerically by the truncation method.

Expressions (4) — (6) alow to obtain an «exact»
mathematical model of the distribution of the ECD in the
OC for the circular SECP. The components of the ECD
by spatial coordinates X, y, z are respectively determined
by the formulas:

_ 1 [oBy, Byy]
“mom | Oy oz
1 [0Byy 0By, |

J
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Y wop | 0z ox | ¥
;1 [Bzy 3By, |
;= .
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The coordinates of the control points Q;, i = 1...N

are specified in the global coordinate system (GCS), then
they are recalculated to the k-th LCS. In the LCS, the

ECD calculation is performed at each control point, and
then the resulting values are obtained as a superposition at
each pointi = 1...N from all M coils (Fig. 2,d).

In the general case, the objective function for the
problem of optimal synthesis in the classical formulation
has the form:

2
N/ M
Frarget = Z(Z‘]ik - Jreference} —min, 8

i=1\k=1

where Jigeence 1S the desired value of the eddy current
currents at the control point; J is the density of the eddy
current in the control point of the OC with the number i,
created by the k-th coil of the excitation system of the
SECP; N is the number of control pointsin the area; M is
the number of coils in the system of excitation of the
circular SECP. As a result of the synthesis, the spatial
configuration and geometric parameters of the structure of
excitation of the SECP are obtained, which collectively
provide the implementation of the required
characteristics. The realization of the problem of optimal
synthesis involves a multiple solution to the problem of
analysis for each current structure of excitation by
numerical calculations. In [14, 15] it is established that
calculations on these expressions are very costly in terms
of computational and time costs, which makes it
impossible to solve the problem of synthesis.

One of the solutions of the problem of critical
resource intensity is the use of surrogate optimization
technologies [16, 17] and stochastic meta-heuristic
optimization [18, 19]. That is, for the purpose of
formulating the goal function within the framework of the
optimal synthesis problem, a SECP metamodel can be
used, which is much simpler in implementation and less
resource-intensive [14, 15] and is an approximation of the
«exact» electrodynamic model.

To achieve this goal, the following tasks were
solved: creation of software for calculating the
distribution of the ECD in the control zone of the SECP
taking into account the effect of speed by «exact»
electrodynamic mathematical models; creation of
software for forming points of an experiment plan using
the Sobol LPr—sequences to select the most perfect
experimental plans individually for the approximated
surfaces of the response; to create geometrical models of
excitation structures of circular SECPs with homogeneous
sensitivity for their optimal synthesis taking into account
the effect of speed; to improve the computational method
of constructing metamodels of objects that are
characterized by considerable computational resource
intensities in the simulation of physical processes; to
create RBF-metamodels of the concentric circular SECP
(fixed one and taking into account the effect of speed).

To caculae the «exact» electrodynamic
mathematical models (4) — (7), software was developed in
the MathCAD 15 package.

The calculation of the distribution of the ECD for
the turn of the excitation coil of the circular shape in order
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to visualize it was performed for the case of variation of
the two parameters J = f(x, y) (Fig. 2,a) and the other
fixed ones by the formulas (4) — (7) of the «exact»
mathematical models with the following input data: for
the case of afixed SECP—x=0...30 mm, y = 0...30 mm,
r =5 mm,; for the case of amoving SECP— v = (40; 0; 0) nvs,
x =-30...30 mm, y = 0...30 mm, r = 5, 10, 15 mm,
thickness of the conductive material d = 10 mm; height of
the placement turn of the coil over OC 7z, = 3 mm;
frequency f = 100 Hz; electrophysical parameters of the
material o= 3.74510" S/m, & =1, current | = 1 A.

Fig. 3,a-h show the 3D distribution of the ECD and
the level lines for some excitation coil turns radiuses.
For example, Fig. 3,a,b show the simulation results for a
fixed SECP, and Fig. 3,c-h present the results of
calculating the distribution of the ECD taking into
account the effect of speed.

The computational complexity of a onetime
calculation of the ECD distribution by an «exact»
mathematical model with variations of only two spatial
coordinates J = f(x, y) at r = const is sufficiently large and
ranges from 5 to 8 hours.

Main points and development of metamodels. In
[14, 17], the authors proposed a general computational
method for constructing metamodels using modern
achievements in the field of artificial intelligence and the
theory of experiment planning. A number of examples have
proved the effectiveness of its use. Neurd networks have
been used to construct a substitute model, which provide
the ability to quickly and easily calculate the output of the
network, even with a sufficiently large number of neurons
in hidden layers. In [15, 16] some features of the
application of this technology in relation to the problems of
the synthesis of the SECP are considered. Below, attention
is focused on the details of the construction of metamodels
of the circular SECP with certain structures of the
excitation system, namely, the variant illustrated in Fig.
2,a, that is, approximation J = f (X, y,r).

In contrast to the previous studies of authors,
increasing the accuracy of the neural network solution of
approximation problems was achieved with the help of
the neural networks committee [20]. The committee
makes the final decision using separate solutions of
several neural networks, that is, the method of bagging.
Thus, the bagging committee is used to reduce the
correlation of neural network errors. This methodology
involves training neural networks on bootstrap-samples,
which represent a set of elements with repetitions from a
previous training set of data. Bagging provides the most
effectiveness in the case of a fairly large number of
input training data. Thus, for the construction of an
approximation model, the mathematical apparatus of
artificial neural networks was used namely the bagging
committee of RBF-networks with the Gaussian
activation core function.

The creation of a metamodel involves the
construction of a computer experiment plan, at which
points the distribution of the ECD is calculated by the

«exact» mathematical model, the construction of an
approximation model and validation of the model.

The experiment plan is implemented with the help of
uniform computer filling by the points of the 3D search
space, namely, using the Sobol LPr—sequences [21]. The
points of the experiment plan are generated using LPt—
sequences ({1, &, <¢2) and their total number is. for the
case of a fixed SECP — N = 2048 and N = 3315 — for a
moving SECP. For each section of the surface by the
radius there is approximately Ny = 146 and Ny = 255
points, respectively.

The obtained ECD values at the points of the plan
are used as the initial data for the implementation of the
next stage — construction of the metamodel. The number
of points of calculation essentially depends on the
symmetry of the distribution of the ECD relative to the
coordinate axes (Fig. 3), so for the fixed SECP the points
of the plan are given in the | quadrant, and for the moving
one—inthel and Il quadrants.

Fig. 4 is presented in order to provide a visud
representation of the experiment plan. Fig. 4,a shows the
location of the points of LPr—sequences for their small
number N = 250 in the 3D space k = 3, and Fig. 4,b shows
the location of the indicated points in subspaces of
smaller dimension k = 2 for the combined factors (&, &,
&). Fig. 4,c-f present a 3D distribution of points for fixed
radii 1, 5, 10 and 15 mm when generating them according
to this plan.

For realization of the second stage the heuristic
method of constructing metamodels with the help of
neural networks is used. The construction of the RBF-
metamodels is accomplished with the help of an
automatic strategy and multiple sub-samples.

In the automatic mode, the samples are formed by
random division in the ratio: 70 % — training, 15 % —
control, 15 % — test, where the test population was used
for cross-checking.

In the second series of constructing metamodels,
using the method of multiple sub-samples, a bagging
algorithm was used in which 20 repetitive samples were
generated based on the training set and training was
performed based on these bootstrap-samples of the 20
neural networks. Elements not included in the next
sample are used as a test set for the corresponding neural
network. For neural networks, the problem of «retraining»
is inherent, which is associated with the number of
neurons in the hidden layer. During the training of the
network the technique of regularization is used, which
avoids retraining the neural network. Unsuccessful
versions of networks with productivity less than 90 %
were filtered off. All other networks were evaluated by
subjective analysis of histograms of residues, scattering
diagrams and numerica values of indicators:
determination coefficient R (performance), the ratio of
standard deviations of forecast error and training data
SD.ratio, the average relative value of the model error
MAPE, the residual median square MS:.
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g h
Fig. 3. Exact function of the ECD distribution on the surface of the OC in the control zone 30x30 mm: fixed SECP, excitation coil
r =5 mm (a, b); movable SECP, excitation coil r =5 mm (c, d); movable SECP, excitation coil r = 10 mm (e, f); movable SECP,
excitation coil r =15 mm (g, h)
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Fig. 4. Locations of the points of L Pr-sequences (&1, &, &) inthe 3D factor space: forr =1... 15 mm,
number of points N = 250 (a); matrix representation of sequences (&, &, &) in 2D projections (b);
for aradius of an excitation coil of 1 mm (c); for aradius of 5 mm (d); for aradius of 10 mm (€); for aradius of 15 mm (f)

To construct a metamodel of a fixed SECP with
variation of three parameters within x = 0 ... 30 mm;
y=0..30mm; r =1 ... 15 mm amost 320 RBF-neuron
networks are created for the plan N = 2048 with the
number of hidden neurons from 280 to 350, of which the
best (Table 1) are selected for the indicated indicators.
Networks with a productivity of more than 0.9 were used
together, organizing a networks committee.

To improve accuracy, as a rule to make a decision
the average value of the networks included in the
committee is used. For the neural networks committee, in
Fig. 5,b,d,f lines of the level of the surface of the response
are presented in the previously determined ranges of
variations of variables reproduced at 2048 points of the
training sample. Each section of the surface in the radius
accounts for about 145 points. Table 2 shows the results

of the approximation of the ECD distribution by the
created committee for radii 5, 10, 15 mm.

To construct the metamodel of the SECP taking into
account of the effect of speed v = (40; 0; 0) m/s and
variation of three parameters within x = -30...30 mm;
y =0...24 mm; r = 2...15 mm, amost 95 RBF-neuron
networks were created for the plan N = 3315 with the
number of hidden neurons from 200 to 700, of which the
best (Table 3, 4) were selected for the indicated
indicators.

For the neural networks committee, Fig. 6,b,d,f show
lines of the level of the surface of the response,
reproduced at 3315 points of the training sample. In each
section of the surfacein aradiusin this plan is 255 points.

Table1l
The best RBF-metamodels for afixed SECP
No. Neural network R for traini ng, control and test samples S.D.ratio | MAPE, % MSg
1 RBF-3-282-1(156) 0.9949; 0.9946; 0.993 0.086 22.6 0.00057
2 RBF-3-293-1(218) 0.993; 0.994; 0.994 0.0904 27.9 0.000614
3 RBF-3-293-1(219) 0.994; 0.992; 0.989 0.0939 28.6 0.000674
4 RBF-3-300-1(254) 0.9949; 0.993; 0.989 0.0891 26.8 0.000631
5 RBF-3-322-1(284) 0.995; 0.992; 0.988 0.09 22.9 0.000613
6 RBF-3-343-1(307) 0.996; 0.993; 0.996 0.0739 22.1 0.000424
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Table2
Results of approximation of the ECD distribution by the networks committee for a fixed SECP

Radius, mm S.D.ratio MAPE, % MSg
5 0.164 13.08 0.000506
10 0.061 5.89 0.000316
15 0.083 6.43 0.000947
Line level maps for Jplan_norm and x and y, Subgroup Level ine maps for Jpkan_norm - ensemble 7156 « 218 + 219 + 254 » 2684 + 307 Line leved maps for Jplan_narm andx and y, Subgroup
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Fig. 5. Lines of the level of the surface of the response of afixed SECP: the plan of experiment N = 145, applied on the lines of the
level of the «exact» model, for the sections of the surface of radii r = 5, 10, 15 mm respectively (a, c, €); the surface of the response,
reproduced at the points of the training sample using the networks committee (b, d, f)

Table3
The best RBF-metamodels for a movable SECP
No. Neural network R for training, control and test samples S.D.ratio | MAPE, % MSg
1 RBF-3-610-1(2) 0.944; 0.933; 0.926 0.278 46 0.00458
2 RBF-3-620-1(8) 0.958; 0.942; 0.935 0.263 41.2 0.00355
3 RBF-3-627-1(15) 0.96; 0.941; 0.918 0.272 44.1 0.00367
4 RBF-3-635-1(28) 0.96; 0.947; 0.933 0.265 37.74 0.00345
5 RBF-3-635-1(29) 0.96; 0.949; 0.924 0.261 38.3 0.00349
6 RBF-3-665-1(31) 0.958 0.95; 0.938 0.261 39.2 0.00347
7 RBF-3-665-1(34) 0.96; 0.948; 0.937 0.262 32.9 0.00341
Table4
Results of approximation of the ECD distribution by the networks committee for a movable SECP
Radius, mm S.D.ratio MAPE, % MSg
5 0.242 31 0.001151
10 0.293 23 0.002382
15 0.381 21.7 0.008434
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Fig. 6. Lines of the level of the surface of the response of a movable SECP: the plan of experiment N = 255, applied on the lines of
the level of the «exact» model, for the sections of the surface of radii r =5, 10, 15 mm respectively (a, c, €); the surface of the
response, reproduced at the points of the training sample by the networks committee (b, d, f)

Validation and verification of SECP metamodels.
One of the criteria for the quality of a multivariate
regression model is to verify the correctness of the
reproducibility of the response surface using the resulting
mathematical model throughout the modeling area. Fig. 7
shows the results of the reproduction of the response
surface for a fixed SECP obtained with the help of the
neural networks committee, executed in the entire range
of variation of variables at a considerably increased
number of points 7154. In this case, the sections of the
surface with radii 5, 10, 15 mm accounted for 511 points.

At the stage of reproduction of the response surface,
the adequacy of the obtained metamodel is evaluated
according to the indicators: the sum of the sguares
corresponding to the regression, the remnants, the total;
middle sguares; dispersion of reproducibility, adequacy,

general; standard error of reproducibility estimation,
estimation of adequacy, overal; determination factor;
ratio of standard deviations, average relative value of
model error (or average error of approximation) [22]. The
estimation of these indicatorsis summarized in Table 5.

Fig. 8 shows the result of the reproduction of the
response surface received by the neural networks
committee for a moving SECP, executed throughout the
range of variation of variables at 6643 points. On the
sections of the surface of radii 5, 10, 15 mm in this
example there are 511 points.

For the created neural networks committee, the
indicators  characterizing the  adequacy  and
informativeness of the metamodel are estimated, the
results of which are summarized in Table 6.

Table5
Verification of the adequacy and informativeness of the metamodel of afixed SECP
. . _ ) . . . Standard
Dispersion components (N = 7154): Sum of squares | Middle square Dispersion estimation error
regression SS, =369.265 | MS, =123.088 | 6% = 0.051537 | Sp = 0.227018
remnants SSk=191 MSg = 0.000266 | o%; = 0.000266 | Sk =0.016325
general SS; =374.088 | MS; =0.052221 | 6% =0.052210 | S;=0.228496
: it experimental table value experimental _ . tablevalue _
Fisher criterion F °\° > Favon F3.7150 =19374; Fy 537150 = 26079
determination factor R? 0.9945
average error of approximation r=5mm 16:56%
Ximation, —
MAPE, % r=10mm 5.92 %
r=15mm 541 %
ratio of standard deviations S.D.ratio 0.071445
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Jplan_norm -7 156 + 218 + 210 + 254 « 284 + 307 = radius 5 mm
0,030

0025

0020

= 005

00 0020 0025 0030
X

a b c

Fig. 7. Reproduction of the response surface with the help of the neural networks committee for a fixed SECP.
Levd linesreproduced at N = 511 points for sections of the surface with radii 5, 10, 15 mm respectively (a, b, )

Projection graphs for Jplan_norm - ensemble 72 + G+ 16+ 28« 0+ 31 + 34
and x and y, caegory by subgroup
Table_x_y_r0_vx_40_30x24_restoration1 1v * 6763c
Jplan_romm - ensermble 72 + 8+ 15+ 28+ 20+ 31 + 34 = radus 15 mm

a b c
Fig. 8. Reproduction of the response surface with the help of the neural networks committee for amovable SECP.
Level linesreproduced at N = 511 points for sections of the surface with radii 5, 10, 15 mm respectively (a, b, )

Table 6
Verification of the adequacy and informativeness of the metamodel of a movable SECP
Dispersion components (N = 6643) Sum of squares | Middle square Dispersion et igtri]gﬁrgrror
regression SS, =244.1923 | MS;=81.397 | 0% =0.036111 | Sp = 0.190030
remnants SSz=27.5733 | MS;=0.004077 | o%: = 0.004077 | Sz =0.06385
genera SS; =278.9221 | MS; = 0.041248 | o =0.041248 | S; = 0.203097
; P experimental table value experimental _ . tablevalue _
Fisher criterion F, =, >Favowe F3 6639 =8857; Fy 536630 = 26079
determination factor R 0.901353
‘ mati r=5mm 40.38 %
average errl\c;Ir A?P ép&r)oxm on, 3 omm 2354 %
’ r=15mm 24.79 %
ratio of standard deviations S.D.ratio 0.314381

The results of the study can be used in the synthesis
of mobile SECP with a priori set ECD distribution in the
control zone.

Conclusions.

1. For the first time, RBF-metamodels of a concentric
circular SECP (both fixed one and taking into account the
speed effect) are created.

2. Based on modern computer methods of planning the
experiment, artificial intelligence and data analysis, the
computational technique of constructing metamodels
characterized by a lower computational resource intensity
during simulation isimproved.

3. For the first time, geometric models of excitation
structures of circular SECPs with uniformity of sensitivity
for their optimal synthesis taking into account the effect
of speed are proposed.

4. The task of creating software for calculating the ECD
distribution in the control zone of the SECP taking into
account the effect of speed by «exact» electrodynamic
mathematical models is solved. The task of creating
software for forming points of an experiment plan using the
Sobol LPr—sequences is solved, which made it possible to
select the most perfect experiment plans individualy for
the approximated surfaces of the response.
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M.l. Baranov

CALCULATION AND EXPERIMENTAL DETERMINATION OF CRITICAL SECTIONS
OF ELECTRIC WIRESAND CABLESIN THE CIRCUITSOF DEVICES OF HIGH-
VOLTAGE HIGH-CURRENT PULSE TECHNIQUE

Purpose. Implementation of calculation and experimental determinations of critical sections and current densities in electric
wires and cables of circuits of devices of high-voltage high-current impulse technique (HHIT), characterized flowing of pulse
current iy(t) with different amplitude-temporal parameters (ATPs). Methodology. Electrophysics bases of technique of high-
voltage and large pulse currents, theoretical bases of electrical engineering, bases of electrical power energy, technique of high
electric and magnetic fields, and also measuring technique. Results. The results of the developed electrical engineering approach
are resulted in calculation choice on the condition of electric explosion (EE) in atmospheric air of current-carrying parts of
cable-conductor products of critical sections of Scc; of the uninsulated wires, and also the insulated wires and cables with
polyvinyl chloride (PVC), rubber (R) and polyethylene (PET) insulation with copper (aluminum) cores (shells) on which in the
circuits of HHIT the pulse axial-flow current i,(t) flows with arbitrary ATPs. On the basis of this approach the results of choice of
critical sections Sc¢; are shown for the indicated electric wires (cables) of power circuits of HHIT with pulse current, ATPs of
which with amplitudes of 1,,,=(0.1-1000) kA change on a aperiodic law or law of attenuation of sine wave in nano-, micro- and
millisecond temporal ranges. The results of calculation estimation of critical amplitudes of current densities dcc; of -pulses of
current ip(t) of the examined temporal shapes are presented in the indicated electric wires and cables of circuits of HHIT. By a
calculation way it is set that critical amplitudes of current densities dcc; of pulse current iy(t) for itsindicated temporal shapesin
the copper (aluminum) cores of the uninsulated wires and insulated wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation for nanosecond range are numerically 1176 (878) kA/mm? for the microsecond range 64 (48)
kA/mm? and for the millisecond range 1.29 (0.97) kA/mm?. By the powerful high-voltage generator of current of artificial
lightning experimental verification of applicability of the offered calculation relations is executed for the choice of critical
sections Sc; and amplitudes of current densities dcc; in wires (cables) at their EE. Originality. First by a calculation way for the
specific temporal shapes of pulse currents iy(t) in the discharge circuits of HHIT, changing in nano-, micro- and millisecond
temporal ranges with the wide change of the amplitudes I ,, on an aperiodic law or law of attenuation of sine wave, the numeral
values of critical sections Sc¢; and amplitudes of current densities dcc; are obtained for the uninsulated wires, insulated wires and
cables with copper (aluminum) cores (shells), PVC, R and PET insulation. Practical value. Application of the obtained resultsis
in practice of tests of objects of electrical power energy, aviation and space-rocket technique on resistibility to action of pulse
currentsip(t) with different ATPs of natural (currents of the imitated lightning) and artificial (discharge currents of HHIT) origin
will be instrumental in the increase of electro-thermal resistibility of the uninsulated wires, and also the insulated wires and
cableswith PVC, R and PET insulation of HHIT widely applied in power circuits. References 15, tables 7, figures 6.

Key words: high-voltage high-current pulse technique, electric wires and cables, calculation choice of critical sections of wires
and cablesin circuits of pulse technique, experiment.

Haoani pezynomamu po3poonenozo eneKkmpomexniunozo nioxooy 00 po3paxyHKko6020 eudopy 3a ymoeoo ea1eKmpuiHozo 6uoyxy
(EB) cmpymonposionux uwacmun KadenbHO-RPOGIOHUKO60T MPOOYKUII KpUMUUHUX nepepizie Scci Hei30/1b06anux Opomis, a
makodic i301b08anux opomie i Kaovenie 3 nonigininxinopuonoio (IIBX), zymoeoro (I') i noniemunenosoro (IIET) izonauicio 3
Mmionumu (anrominiceumu) scunamu (00010HKAMU), RO AKUX 6 KOAAX 6UCOKOBOIbMHOI CUNLHOCMPYMHOL IMRYIbCHOT MeXHIKu
(BCIT) npomikae imnynvcnuii axcianvnuii cmpym iy(t) 3 oosinonumu amnnimyono-uacosumu napamempamu (AYII). Ha
niocmasi Uyb020 NiOX00y NPOOEMOHCHIPOGAHI pe3ynbmamu euGOpy KpumuuHuUx nepepizie Scci 0711 6KA3AHUX eNeKMPUUHUX
opomig (kabenie) cunosux kin BCIT 3 imnynscnum cmpymom, AYII axozo 3 amnaimyoamu | ,;=(0,1-1000) kA4 3minowomsca no
anepioouyHomMy 3AKOHY a0 3AaKOHYy 3amyxaroyoi cunycoiou 6 HAHO-, MIKpO- | MINICEKYHOHOMY uacoeux Oiana3oHax.
IIpeocmasneni pesynomamu po3paxynkoeoi OWiHKu KpUMUYHUX aMRAimyo winvHocmeit dcc imnynvcie cmpymy i(t) uux
uacoeux Gopm y exazanux enekmpuunux opomax i kabenax kin BCIT. Buxonana excnepumenmanvna nepesipka
npaye30amuocmi 3anponoHOGaARUX PO3PAXYHKOBUX CRIGEIOHOUIeHb 0751 ubOpy nepepizie Scci [ wiinbnocmeil dcci cmpymy 6
opomax (kabensax) npu ix EB. Ompumani pesyromamu cnpusmumyms 3a0e3ne4eHHIO eNeKmpomepmiunoi cmiiikocmi
eNeKMPUYHUX Hei30/1b08aHUX Opomie, a makxodxc izonvoeanux opomie i xabenie 3i IIBX, I' i IIET i3onauicro, aki wupoxo
3acmocogytomusca y cunosux koaax BCIT. bi6n. 15, tabn. 7, puc. 6.

Kniouosi cnosa: BUCOKOBOJIbTHA CHJIBHOCTPYMHA iMIIY/IbCHA TeXHiKa, eJeKTPU4Hi ApoTH i Kaleji, po3paxyHkoBuii BHOip
KPUTHYHHUX NepepisiB ApoTiB i kabesiiB B Ko/1axX iMIIy/IbCHOI TeXHIKH, eKCIICPHMEHT.

Ilpugedenvt pe3ynomamol pazpadoomannozo INeKMPOMEXHUUECKO20 NOOX00a K PpACUEemHOMY 6bl00py NO  YCl06ul0
anekmpuueckozo e63pviea (IB) mokonecywyux uacmeil KabebHO-RPOGOOHUKOBONU HPOOYKUUU KPUMUYECKUX CedeHUIl Sci
Heu30UPOBAHHBIX NPOGOO0G, A MAKIICE UONUPOBAHHBIX NPO60006 U Kabeneil ¢ noausunuaxiopuonou (IIBX), pezunosoii (P) u
nonwymunenosoii (INIT) uzonayueii ¢ meonvimu (aniomunuesvimu) scunamu (06oroukamu), no KomopvimM & UEnsx
6bICOKOGOILMHON  cubHOMOUHOU umnynvcnoii mexuuku (BCHT) npomexaem umnynvcuoii akcuanvuviii mok ip(t) ¢
npou3eobHBIMU amnaumyoHo-epemennvinu napamempamu (ABIT). Ha ocnosanuu 3mozo nodxooa npooemoHCHPUPOSAHbL
pe3yibmamol 6b100pa KPUMUUECKUX CeueHUIl Scci 013 YKA3AHHBIX JIEKMPUUECKUX npoeodos (kabeneii) cunoswvix yeneit BCUHT ¢
umnynvcuvim moxom, ABII komopozo ¢ amnaumydamu |,,=(0,1-1000) kA usmensiomca no anepuoduueckomy 3aKony unu
3aKOHY 3amyxalouieil CUHYCOUObl 8 HAHO-, MUKPO- U MUTITUCEKYHOHOMY 6pemeHHbIx ouanazonax. Ilpedocmasnenst pesyniomamot
pacuemnoii oyenKu KpUmMu4ecKux amnaumyo niommuocmei dcc umnynscos moka in(t) paccmampusaemsix epemennsix popm 6
YKA3AHHBIX  INIEKMPUYECKUX npoeooax u kKabdenax uyeneii BCHT. Buvinonnena 3sxkcnepumenmansnas npoeepka
PaAbomocnocoOHOCIU RPEONAzAemMblX PACUEHHBIX COOMHOWECHUN 071 6blOopa ceueHull Scci U NAOMHOCHMEN Occi MOKA 6
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nposodax (kabenax) npu ux DB. Ionyuennvie Oanmvie 6Gyoym cnocobcmeosamsv 00eCREUEHUIO IJIEKMPOMEPMUUECKOIL
CMOUKOCMU IJ1IeKMPUYECKUX HEU30AUPOBAHHBIX NPOGOO08, a makKyice npo6ooos u kavenei ¢ IIBX, P u II3T uzonayueii, wiupoko

npumensemuix 6 cunogvix yensx BCHT. bu6n. 15, Tabx. 7, puc. 6.

Kouesvle cnosa. BbICOKOBOJbTHASI CHIILHOTOYHASI HMITIyJIbCHAsl TeXHMKaA, JJIEKTPUYECKHE NMPOBOJAAa U KabeJu, pacquHbm
Bblﬁop KPUTHYECKHMX ceyeHuil MpoBO/10B H KabeJieil B mensx I/IMl'[y.]'Il)CHOﬁ TEeXHUKH, IKCIIEPUMEHT.

Introduction. In practice, when designing, building
and operating high-power electrical instalations in the
field of high-voltage high-current impulse technology
(HHIT), specialists need to be able to determine the
critical cross sections S of electrical wires and cables
used in their circuits and containing metal wires (i=1) and
shells (i=2). The critical sections Sc; of wires (cables) are
their cross sections that are not able to withstand the
current loads acting on them with one or another
amplitude-temporal parameters (ATPs), leading to the
appearance of the electric explosion (EE) phenomenon of
metal cores (shells) of specified wires and cables and,
accordingly, to their falure [1, 2]. Note that the EE
phenomenon of current-carrying parts can aso be
observed in the field of industrial electric power
engineering, when wires and cables not reasonably used
in power grids are not designed for the flow of high short-
circuit (SC) currents through them, reaching at durations
of (60-100) ms amplitude values up to (10-100) kA [3].
One of the peculiarities of €electrical installations of
HHIT, in contrast to electrical installations of industria
electric power engineering, is that pulse currents of
various ATPs related to the nano-, micro- and millisecond
time ranges can flow through the current-carrying parts of
their electrical circuits. In this case, the amplitude values
Imp Of such pulse currents can reach values that usually
vary in the range (0.1-1000) kA [1, 2].

In [4], the author presented a generalized electrical
engineering approach that allows for the condition of
thermal durability of cable-conductor products (CCP) to
carry out an approximate computational choice of the
maximum allowable cross sections Sy of uninsulated
wires, insulated wires and cables with copper (aluminum)
conductors (shells) with polyvinyl chloride (PVC), rubber
(R) and polyethylene (PET) insulation, the current-
carrying parts of which are influenced in the adiabatic
mode by the direct effect of the axial pulse current i,(t), the
ATPs of which with amplitudes of 0.1 kA<l|;<1000 kA
can vary in nano-, micro- and millisecond time ranges. In
this regard, the issues of determining the numerical values
of the critical cross sections S of electrical wires and
cables in relation to the power circuits of HHIT remain
relevant in the world and are subject to their decision.

The goal of the paper is to perform the calculation
and experimental determination of critical cross sections
S and current densities dc in wires and cables of
HHIT circuits characterized by the flow of pulse axia
currents i(t) along the current-carrying parts of their CCP
with different ATPs.

1. Problem definition. Consider the widely used
uninsulated copper and aluminum wires in HHIT power
circuits, as well as insulated wires and cables with copper
(aluminum) inner conductors and outer shells (reverse
conductors) with specific electrica conductivity yq of
their nonmagnetic material, which usually have PVC, R
and PET insulation [1-3]. It is assumed that in the round

solid or split copper (aluminum) conductors (shells) of the
above wires and cables of the HHIT electrica circuits
pulse currentsiy(t) flow in their longitudinal direction, the
ATPs of which correspond to nano-, micro- or
millisecond time ranges with amplitudes I, varying in
the range from 100 A to 1000 kA. We assume that the
wires and cables under consideration are placed in the
surrounding air environment, the temperature of which
corresponds to room temperature and equal to 6, = 20 °C
[2]. We suppose that the preliminary current load of the
current-carrying parts of the CCP of power circuits of
HHIT is absent. Therefore, the initia temperature 6
(before the affect of the pulse current ig(t) on the CCP) of
the core (shell) material of the wire (cable) will be equal
to the ambient air temperature 6,. We use the assumption
that the pulse axial current ig(t) is almost uniformly
distributed over the cross section & of the core and shell
(screen) of the wire (cable). At the same time, we
remember that the penetration depth A=[6t./(zuoye)] 2 in
the quasi-stationary mode, where u=4n-10" H/m is the
magnetic constant [2], of the azimuthal magnetic field
pulse with time t,, corresponding to its amplitude, for
example, for an aperiodic microsecond current pulse of
artificial lightning of the temporal shape /7,=10 ps/350 ps
(tn=1.67=16 ps) [5], where z, 7, are the front duration and
the duration of the current pulse at the leve of its half-
decay, in the studied non-ferromagnetic materials of the
core (shell) of the wire (cable) is for copper
approximately 0.65 mm, but for aluminum is 0.82 mm
[4]. These numerical values A; are often commensurate
with the actua radii of the cores and the thicknesses of
the shells of the wires (cables) under consideration, in
which the EE phenomenon of the current-carrying parts of
the CCP may be observed. For millisecond axia current
pulses iy(t), the accepted assumption about the uniform
nature of its radial distribution in the studied conductors
(shells) of wires and cables becomes even more
legitimate. Thus, for example, for an aperiodic
millisecond pulse of a long-term C- component of
artificial lightning current of the tempora shape =/z,=
= 7 mg160 ms (t,~11 ms), the considered penetration
depth A; for copper is about 17 mm, and for aluminum is
22 mm. We use the condition of adiabatic nature of the
electrothermal processes teking place at durations of
pulsed current in(t) of no more than 1000 ms in the
materials of the cores (shells) of the CCP under study, at
which the influence of heat transfer from the surfaces of
their current-carrying parts having the current temperature
Oci>6 as well as the thermal conductivity of layers of
their conductive materials of the core (shell) and
insulation on Joule heating of the current-carrying parts of
the CCP are neglected.

It is required by calculation in an approximate form
to determine the critical sections S¢; of current-carrying
parts for uninsulated copper (aluminum) wires, as well as
for insulated wires and cables with copper (aluminum)
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cores (shells), PVC, R and PET insulation, used in HHIT
circuits and influenced by direct effect of axial pulse
current ip(t) of various amplitudes Iy, varying in nano-,
micro- and millisecond time ranges. In addition, it is
necessary to experimentally verify the operability of the
obtained relations for the approximate calculation of the
critical sections S of wires (cables) and critical
densities dc; of the pulse current iy(t) in them on the
operating electrical installations of HHIT.

2. Electrical engineering approach to the
calculation selection of the critical sections S¢q and
current densities dc¢ in electrical wires and cables of
HHIT circuits. For critical cross sections S of
conductive cores (shells) of the considered non- and
insulated with PVC, R and PET insulation electrical wires
and cables in HHIT circuits with pulse axial current iy(t)
of arbitrary ATPs from the equation of their heat balance
at the adiabatic Joule heating of current-carrying parts of
the CCP the following calculated relation follows [1]:

Seai = (Icia)Y?/ Deik » 1)

T

p
where Jga = Ii%(t)dt—the integral of the action of the

0

pulse current ig(t) with the duration of its flow z, in the
CCP and given ATPs, A2s; Dgix = (Jai) Y2, A-s4Im?; Jcix
is the critical value of the current integral for the material
of the current-carrying cores (shells) of the studied
electric wires and cables of the HHIT circuits, A%.s/m®.

In Table 1 at 6,=20 °C known numerical values are
given for such basic characteristics of copper and
aluminum cores (shells) of the studied wires (cables) of
the HHIT power circuits as yg and Jeik.

Tablel
Thermophysical characteristics of the material of the considered
cores (shells) of electrical wires and cables of power circuits of
HHIT before exposure to them of pulse axial current iy(t)
(at 6,=20°C) [2]

Material of the Numerical value of the characteristic
core (shell) of
the wire (cable) yoi, 107 (Q-m)™ Jeiw, 107 A2sm™
Copper 5.81 1.95
Aluminum 3.61 1.09

As for the calculation determination in (1) of the
integral of action Jgia Of the pulse axial current ip(t) with
arbitrary ATPs, for the case of its change over time t
according to the aperiodic law of the form [1]

ip(®) = Kpal mp[exp(-aat) —exp(-azt)], (2
where 0,=0.76/z,, a,~2.37/1 are the shape coefficients of
the aperiodic current pulse with given ATPs, flowing in
the HHIT; Ky=[(aa/a2)™ — (ou/o)" ™ is the normalization
factor; meay/(ar—1); n=ol(ar-a;), the calculation
expression for the integral of action Jcia Of the current
pulse in(t) flowing in the HHIT power circuit takes the
following approximate analytical form [4, 6]:

Join ~ k41 2 [0.6587 , —0.633r |. 3)

In case of a change in time t of the current pulse
ip(t), acting on the materials of the wire (cable) of the
HHIT, according to the law of a damped sinusoid of the
form[1]

ip(t) =Kp2! mpr €Xp(=ct) sin(at) , (%)

where 0=A,/T, is the current attenuation coefficient;
w=2xlT, is the current frequency; T, is the current
oscillation period; Ag=IN(lppa/lmgs) is the logarithmic
decrement of pulse current oscillations with the first Iy
and the third l,,; amplitudes in the HHIT circuit;
kpzz[exp(—APIZﬂ-arcctgAp/27r)sin(arcc'[gApIZn)]‘1 is the
normalizing coefficient for the damped sinusoidal current,
then the approximate calculation expression for the
integral of action Jga Of the pulse axial current ig(t)
flowing in the HHIT power circuit takes the following
simplified analytical form [4]:

2,2 -1 2 2y-1
Jia = K3l 2alTp (44 p) = A, T, (442 +167%) 7Y . (5)

Knowing from normative documents or
experimental data the numerical values of the quantities
lmp: 7, Tp, Ap, Tp @nd taking into account the estimates of
the values of the normalizing coefficients ky and ky, by
(2)-(4) for the two tempora shapes, the changes in the
pulse current iy(t), we can in an approximate form (with
an error of no more than 10%) calculate the critical cross
sections S of current-carrying cores (shells) of wires
and cables used in electrica power circuits of HHIT.
Having found the numerical values of the cross sections
S, taking into account the accepted assumptions, the
critical amplitudes of the densities dcc of the pulse
current ip(t) of a given temporal shape in electrical wires
and cables of HHIT circuits can be determined as a first
approximation from the relation dcei=lmp/Scai-

3. Calculation determination of critical cross-
sections Sg and current densities dcq in eectrical
wires (cables) for nanosecond current pulsesin HHIT
circuits. Let us consider the case when an aperiodic
current pulse of temporal shape #/7,=5 ns/200 ns flows
through copper (aluminum) cores (shells) of the HHIT,
which was used at the time to simulate an electromagnetic
pulse (EMP) of a high-atitude nuclear explosion and test
of various objects of military and civilian use for
resistibility to the damaging effects of the indicated EMP
[4, 7, 8]. From (2), we find that for this calculation case,
the shape coefficients a; and a, of the used current pulse
i(t) take the following numerical values: ,=3.8-10° s
0~4.7-10° s, In this case, the normalizing coefficient ky
is approximately equal to ky;;=1.049. In Table 2, taking
into account (3) for a specific set of values of the current
amplitude |, the numerical values of the integral of
action Jcia are given for the aperiodic nanosecond current
pulse of the temporal shape z/z,=5 ns/200 ns flowing
through the current-carrying copper and aluminum parts
of the studied wires and cables [4, 9].

Knowing the numerical values of the integral of
action of the current Jgia (see Table 2) and the integral of
current Jeix (see Table 1), the critical sections S¢; of the
considered electrical wires (cables) can be determined
relatively easily from (1). Table 3 shows the calculated by
(1) numerical values of the critical sections S for
uninsulated wires with copper (aluminum) cores and
insulated wires (cables) with copper (aluminum) cores
(shells), PVC, R and PET insulation, experiencing the
effect of aperiodic nanosecond current pulse of the
temporal shape z/z,=5 ng/200 ns.
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Table2
Numerical values of the integral of action Jg; for a nanosecond
aperiodic current pulse of the temporal shape 5 ng/200 ns,
flowing in the current-carrying parts of the considered CCP [4]

Table 4 shows the numerical values of the integral of
action Jga calculated by (5) for a microsecond current
pulse varying in time t according to the law of a damped
sinusoid of the form (4) [12].

Amplitude value | mg= | Of the current Valueof theintegral
pulse of the temporal shape 5 ns/200 ns, of action Jgp of the Tek .M. ® Acq Lomplete M Pos: 200005 - CURSOR
kA curent pulse : B
5ng200 ns, A*s TSP S T A ST SN SR
1 0.141 NG s
10 14.13 Tapaen T T
30 1.27-107 s R
50 35310° | bl T ]
70 6.92:107 S S B |
100 141.10° A A R
200 5.65-10° TR O S SN N SNSRI
500 3.53.10° : Cursar 1
1000 1.41_105 ......................... E ......................... .00
Table3z  F i .............. E ......................... |:|_-|Ir;|::1[v2
Numerical values of the critical sections Sc¢; for wires (cables) R T T o
with copper (aluminum) cores (shells) in the HHIT power CH1 5.00%Ey M 50,005 CH1 ™ -G00mY

circuits with a nanosecond current pulse of 5 n/200 ns, whose
amplitude varies from 10 kA to 500 kA

Type of . _ >
insulationin |Materia of the Vaue O_f the section Sei, mm
thewire | core (shell) of | Amplitude Iy, of the pulse

(cable) of the| thewire current 5 ns/200 ns, kA
HHIT power | (cable) 10 | 50 | 100 | 500
circuit
Without
insulation, |COPPer 0.008 | 0.042 | 0.085 | 0.425
PVC, Rand
PET Aluminum 0.011 | 0.057 | 0.114 | 0.569
insulation

From the data of Table 3 it follows that the
estimated critical amplitudes of the densities deci=lmy/Scei
of a nanosecond current pulse of temporal shape 5 ns/200
ns for both uninsulated wires and wires and cables with
copper (aluminum) cores (shells) and PVC, R and PET
insulation are, respectively, approximately 1176 kA/mm?
and 878 kA/mm?,

4. Calculation determination of critical cross-
sections Scg and current densities dqq in electrical
wires (cables) for microsecond current pulsesin HHIT
circuits. Figure 1 shows a typical oscillogram of a pulsed
A- component of an artificia lightning current formed in a
high-current discharge circuit of a high-voltage lightning
current generator (LCG) for testing objects of
aeronautical and rocket technology on lightning
resistibility in accordance with US regulations [10, 11]. It
can be seen that this component of current pulsesiy(t) of a
lightning simulated under laboratory conditions in time t
varies according to the law of damped sinusoid. Let us
make the choice of critical sections S¢; and densities dcc;
of current in current-carrying cores (shells) of wires and
cables for the discharge circuit of the LCG in relation to
current pulseiy(t) of lightning shownin Fig. 1.

From the experimental data presented in Fig. 1, we
obtain that for the used in approximate calculations of
critical cross sections S a large exponentially decaying
sinusoidal pulse current, the decrement of its oscillations
is equal to Ap=IN(lmpa/lmpz)=2.505. From (4) for this type
of current pulse, we find that the coefficient ky,=1.731.

Fig. 1. Typical oscillogram of a microsecond pulsed
A- component of an artificial lightning current flowing in a high-
voltage discharge circuit of ahigh-voltage LCG (I;yp;~—207 KA;
lmp~—16.9 KA, T=185 ps; vertical scale - 56.3 kA/division;
horizontal scale - 50 pg/division) [12]

Using (1) and summarized in Table 4 the results of
the calculation of the integral of action Jgia oOf the pulse
current ip(t) of the form (4), we find the critical sections
S for the wires (cables) under study in the HHIT power
circuits, in which the microsecond current pulse of the
form (4) with the ATPs corresponding to the experimental
data characteristic of Fig. 1 flows. Table 5 presents the
results of such a computational determination of the
critical sections S for the wires and cables under
consideration, which are widely used in HHIT discharge
power circuits[1, 2, 12].

Table4
Values of theintegral of action Jgia for current pulseiy(t),
changing in the microsecond time range according to the law of
damped sinusoid of the form (4)

Value of thefirst amplitude I, | Valueof theintegral of
of adamped sinusoidal current action Jgia of the current
pulse, kA pulse of the form (4), A®s

10 4.77-10°

30 4.29.10°

50 1.19-10°

70 2.34.10°

100 4.7710°

207 2.05-10°

300 4.29.10°

500 11.92-10°

700 23.4-10°

1000 47,7-10°

From the presented in Table 5 calculated data, it
follows that the estimated critical amplitudes of the
densities dcci=lmp/Sca Of the microsecond current pulse
ip(t) with ATPs corresponding to the experimental data of
Fig. 1, both for uninsulated wires and wires (cables) with
copper and aluminum cores (shells), PVC, R and PET
insulation are numerically, respectively, about 64 kA/mm?
and 48 kA/mm?.
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Table5
Numerical values of critical sections S; for wires (cables) with
copper (aluminum) cores (shells) in HHIT circuits with a
microsecond current pulse of the form (4), the first amplitude of
which I varies from 30 KA to 207 kA

~ Typeof . Value of the section Segj, mm?
insulationin |Material of the _ i
thewire | core (shell) of | Thefirst amplitude I, of the
(cable) of the |  the wire current pulse of the form (4),
HHIT power (cable) kA
circuit 30 50 100 207
Without C 0469 | 0.781 | 1564 | 3.243
insulation, opper ) ) ) .
PVC,Rand
PET Aluminum | 0.627 | 1.045 | 2.092 | 4.337
insulation

5. Calculation determination of critical cross
sections Scg and current densities deq in eectrical
wires (cables) for millisecond current pulsesin HHIT
circuits. Figure 2 shows a typica oscillogram of a long-
term C- component of the artificial lightning current
generated under laboratory conditions according to the
requirements of [10] in the LCG discharge circuit for the
purpose of experimentally determining the lightning
resistibility of aerospace objects under direct lightning
conditions. From the data in Fig. 2 it can be seen that the
aperiodic current pulse i (t) of the artificia lightning of
negative polarity of this component of the total current of a
thunderstorm discharge varies in the millisecond time range.
Its amplitude |y, at t,=11 ms is approximately 835 A. At
the same time, the duration of the front of the test current
pulse is about =7 ms, and its duration at the level of
0.5l is 7160 ms. In addition, from the data in Fig. 2 it
follows that the total duration of the flow of the used
component of the current pulse iy(t) of artificial lightning
in the discharge circuit of a high-voltage LCG reaches a
value of about 1000 ms. On the basis of the proposed
electrical  engineering approach, we perform the
determination of the critical sections S-; of wires (cables)
for the LCG discharge circuit involved in the formation of
the specified current pulse ig(t).

CURSOR

Tek i @ &cg Complete B Pos 400.0rms
¥ T T T T T T T

Cursor 1
ooy

Cursar 2
1 —-148mV

CHT 50,0y CHT ™ —40.0m'Y

Fig. 2. Typical oscillogram of amillisecond long-term
C- component of the current of artificial lightning flowing in the
discharge circuit of a high-power high-voltage LCG
(Im=~835 A; 7=7 ms; 7160 ms; vertical scale— 282
Aldivision; horizontal scale— 100 mg/division) [12]

From (2) at =7 ms and 7,160 ms, we find that
a=4.75 st and a,<3.38:10° s. Then the normalization

coefficient ky; takes a numerical value equal to about
kp1~1.077. Using (3) and varying the amplitude value |y,
one can calculate the numerical values of the integral of
action Jga for the millisecond current pulse iy(t) used.
Table 6 shows the numerical values of Jeia for a series of
amplitudes |y, of the current pulse iy(t) of temporal shape
7 ms/160 ms.

Table 6
Numerical values of theintegral of action Jga for acurrent pulse

ip(t) varying inaHHIT circuit in the millisecond time range
according to the law of the form (2)

. Vaue of the integral of
Amplitude value |=lmp Of an action Jgja of amﬁﬁwcond
unipolar millisecond aperiodic

current pulse 7 ms/160 ms,
current pulse 7 msg/160 ms, A A2
100 1.17-10°
200 4.68:10°
300 1.05-10°
400 1.87-10°
500 2.92.10*
700 5.73-10*
835 8.15-10"
900 0.95-10°
1000 1.17-10°

Then, taking into account the data of Table 6,
according to (1) in the accepted approximation, one can
find the critical sections S¢; for uninsulated and insulated
wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation, which are affected by an
axial millisecond aperiodic current pulse iy(t), ATPs
which correspond to the data in Fig. 2. Table 7 shows the
calculated numerical values of the critical sections S¢; for
the indicated wires (cables) with a millisecond aperiodic
current pulse i(t) of the temporal shape 7 ms/160 ms,
found as described above. Based on the relation of the
form Jdcoi=lm/Scci, the data of Table 7 alows us to
estimate the numerical values of critical densities dcg in
wires (cables), along which a millisecond aperiodic
current pulse ip(t) of a temporary shape of 7 ms/160 ms
with an amplitude of |, varying in a wide range from
100 A to 1000 A, flows in the longitudinal direction.

Table7
Numerical values of the critical sections S-¢; for uninsulated
wires and insulated wires (cables) with copper (aluminum) cores
(shells), PVC, R and PET insulation in HHIT circuits that are
affected by amillisecond current pulse of temporal shape
of 7 msg/160 msvaries from 100 A to 1000 A

Type of : 2
insu)llz[:ti onin |Material of the Value of the section Sgg, mm
thewire | core(shell) of | Amplitude Iy, of the current
(cable) of the |  thewire pulse 7 ms/160 ms, A
HHIT power | (cable) 100 | 500 | 835 | 1000
circuit
Without Copper | 0.077 | 0.387 | 0.647 | 0.775
insulation,
PVC, Rand
PET Aluminum 0.103 | 0.518 | 0.865 | 1.036
insulation

From the presented in Table 7 quantitative data, it
follows that the estimated critical amplitudes of the
densities dccimlm/Scei of a millisecond aperiodic current
pulse iy(t) of the shape 7 ms/160 ms with ATPs
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corresponding to the oscillogram in Fig. 2, for uninsulated
wires with copper and aluminum cores, as well as wires
(cables) with copper and aluminum cores (shells) having
PVC, R and PET insulation, are approximately equa to
1.29 kA/mm? and 0.97 kA/mm?, respectively.

6. Results of experimental verification of the
calculation relations for the determination of the
critical sections Sc; and the current densities dqg in
the wires (cables) of the HHIT circuits. This functional
test of the critica sections S of wires (cables)
recommended for calculation determination by the
relation (1) and the critical amplitudes of the pulse current
densities iy(t) in their cores (shells) calculated by relation
Occilmp/Scai we carry out using a powerful high-current
high-voltage LCG [13] which simulates the normalized
by [10] ATPs of the pulsed A- components of the artificial
lightning current (see Fig. 1) and is equipped with verified
by the state metrological service appropriate measuring
equipment [15]. To do this, we first redize on the
specified generator the effect of this lightning current
component with ATPs normalized by requirements [10]
(Imp=—205 KA; 1p=—169 KkA; T=200 ps
AN ot/ p2)=2.495; 1,738 ps; Joas2.17-10° A%s)
previously obtained at the load equivalent (cable brand
PK 75-17-31 with a copper core of section of 10.2 mm?),
on the test sample (TS) with length of 0.55 m wire of
grade T1B-2.5 with PV C insulation and a cross-section of
a split copper core equal to S;=2.5 mm?. According to
the above initial data for ATPs of the used damped
sinusoidal current pulse of the microsecond range and (1),
the critical section for the tested copper wire is
approximately equal t0 Scc1=3.34 mm?. At [l y=205 KA,
this critical section corresponds to the critical amplitude
of the density of this current pulse, which is numerically
equal to doci~61.4 KA/mm?. It is seen that Si<Seer. IN
this regard, it was possible to conclude before the planned
experiment that the tested wire, when exposed to its
copper core with cross section S;~2.5 mm? of the pulsed
A- component of the lightning current with normalized
ATPs, should undergo the EE and fail. Indeed, this
conclusion was confirmed by the corresponding
electrophysical experiment carried out on the indicated
high-current LCG under the conditions of the high-
voltage laboratory, the results of which applied to the
nature of the abrupt change in time t due to the EE of the
copper core with section S=2.5 mm? of the tested wire
of grade I1B-2.5 with PVC insulation PVC insulation of
the original current pulseiy(t) are presented in Fig. 3.

From the data in Fig. 3 it follows that the EE in the
discharge circuit of the specified LCG of the copper core
with cross section S=2.5 mm? of grade I1B-2.5 wire
with PVC insulation causes a sharp deformation of the
current pulse iy(t) flowing through it compared to its
original shape (see Fig. 1). From the oscillogram in Fig. 3
it follows that the experimenta value of the critical
amplitude of the density dcc; of the microsecond current
pulse ig(t) in the conducted electrophysical experiment is
approximately  deci™lm/Scci=205  kA/3.34 mmP=61.4
KA/mm?. Compared with the calculated value of the
critical amplitude density dcc; used in the experiment the
damped sinusoidal current pulse ig(t) which equals to
dcer™lmp/Scc1=205  KA/3.34 mm’=61.4 KA/mm? the

obtained experimental value of the critical current density
dccy differsfrom it by about 8 %.
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Fig. 3. Oscillogram of the pulsed A- component of the artificial
lightning current, deformed by the EE processin the LCG
discharge circuit of a split copper core with Se;=2.5 mm? section
of thetested TS of grade ITB-2,5 wire, 0.55 m long with PVC
insulation (I yp1=—166.7 KA; dccr™|lmpal/ Sci=66.7 KA/mm?;
vertical scale — 56.3 kA/division; horizontal scale—

50 ps/division) [1, 14]

Figure 4 shows a genera view of a desktop of a
high-voltage high-current LCG, on which a tested on
electrothermal resigtibility to the action of pulsed A-
component of an artificial lightning current with ATPs
normalized by [10, 11] (Imp=—205 KA; Imp3=—16.9 KA;
T=200  ps; 38 ps; AgIN(lpy/lmps)=2.495;
Joiaz2.17-10° A%.s) TS of the radio frequency cable brand
PK 75-4-11 with length of 0.55 m with solid copper core
with section S =0.407 mm? and copper braid with section
S,=2.44 mm? is fixed prior to exposure on it of the
specified microsecond pulse current iy(t). The inner
copper core and the outer copper shell-braid at the edges
of this cable were connected in parallel and connected
together to the discharge circuit of a high-current high-
voltage LCG [14].

Fig. 4. General view of the desktop of the LCG with 0.55 m
length rigidly fixed on its massive aluminum electrodes the
tested radio frequency cable brand PK 75-4-11 with a solid
copper core with section S,=0.407 mm? and a copper shell-
braid with section S-,=2.44 mm? prior to the impact on it of the
pulsed A- component of the artificial lightning current with
normalized ATPs (the core and the shell-braid at the ends of this
cable were connected to the high-current discharge circuit of the
LCGinpardld) [1, 14]

Figure 5 shows an oscillogram of the pulsed A-
component of the artificia lightning current used in the
experiment deformed by the EE of the copper current-
carrying parts of the tested TS of the radio frequency
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cable of the PK 75-4-11 brand with atotal cross section of
the core and braid, equal to (Sci+Sc2)~2.85 mm?.
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Fig. 5. Oscillogram of a pulsed A- component of an artificial
lightning current deformed by EE in adischarge circuit of a
LCG of asolid copper core with S,~0.407 mm? section and a
copper braid with S,=2.44 mm? section of atested TSof a0.55m
in length radio frequency cable PK 75-4-11 brand with PET
insulation (Iyp=—184.7 KA; dcci=|lmprl/(ScrtSc2)~64.8 KA/mm?,
vertical scale — 56.3 kA/division; horizontal scale -
50 ps/division) [1, 14]

Figure 6 shows the external view of the LCG
desktop immediately after the impact of the specified
current pulse iy(t) on the tested in its high-current
discharge circuit TS of the cable of the brand PK 75-4-11
with PET insulation and full cross section of its copper
current-carrying parts (Sci+Se»)~2.85 mm?. Due to the
phenomenon of the EE of its solid copper core and hollow
copper shell-braid, which occurred in the TS of the cable,
sublimation of its copper current-carrying parts occurred
with the destruction of the belt and protective PET
insulation of the test cable sample. Insulating and metal
eements of the LCG were subjected to active
metallization with brown-red copper vapor (see Fig. 6).
On this desktop in the EE zone of the tested TS of the
cable, there is the presence of small melted and charred
fragments of its protective PET insulation.
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i
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Fig. 6. External view of the desktop of the LCG after the EE of
the current-carrying parts of the tested in its high-current
discharge circuit TS of 0.55 m long of the RF cable of the PK
75-4-11 brand with PET insulation and connected in the gap of
the discharge circuit of a high-voltage generator with total cross
section of its copper core and copper braid equalsto
(Sc1+Sc2)=2.85 MM (1=—184.7 KA;

oo mpl (SertSc2)=64.8 KA/MNY) [1, 14]

Due to the fact that for the tested cable of brand PK
75-4-11, the following inequality is fulfilled
(Sc1+S2) <&, its current-carrying copper parts together
with PVC insulation were destroyed by the apparent in
the carried out experiment the EE of the solid round core
and hollow braid-shell of the selected size of the CCP. At
the calculated by (1) value of a critical section for this
type of cable, equal to S¢~3.34 mm? the calculated
critical amplitude of the density dc of the used in the
experiment a microsecond current pulse izp(t) for it was
numericaly  dcci®lm/Scci=61.4  KA/mm®.  From the
oscillogram in Fig. 5 it follows that the experimental
value of the critical density amplitude ¢ of the specified
current pulse iy(t) is numerically equal in module to
Scci mpl (Sc1+Sc2)~64.8 KA/mn. 1t can be seen that the
obtained experimental value for the value of the critical
amplitude of the density Jcc of a current pulse of
microsecond duration in the cable under study differs
from its corresponding calculated value by no more than
6%. Thus, experimental studies for a microsecond current
pulse i,(t) performed on a high-current high-voltage LCG
have confirmed the performance of the proposed
calculation relations for determining the critical sections
S and critical amplitudes of current densities dc¢ for
the specified time range in the current-carrying parts of
the wires and cables of HHIT power circuits.

Conclusions. 1. The proposed electrical engineering
approach alows for the condition of EE in atmospheric
air of the current-carrying parts of the CCP to carry out an
approximate calculation of the critical cross sections Sc;
and amplitudes of current densities dc¢; for uninsulated
wires with copper (aluminum) cores, as well as for
insulated wires and cables with copper (aluminum) cores
(shells) with PVC, R and PET insulation, through which
the pulse current iy(t) flows, the ATPs of which variesin
the nano-, micro- and millisecond time ranges.

2. On the basis of the obtained approximate
calculated relations, specific capabilities of the proposed
electrical engineering approach for selecting critical cross
sections S¢; and amplitudes of current densities dcg; in
the indicated wires and cables of HHIT power circuits, in
current-carrying parts of which large pulse currents i(t)
varying in time t according to aperiodic law or damped
sinusoid law with the first current amplitude |, are
demonstrated.

3. It has been determined by calculation that the
critical amplitudes of densities dcci=lmp/Scci of pulse
current ig(t) for its considered temporal shapes in copper
(auminum) cores of uninsulated wires and insulated
wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation for the nanosecond time range
are numerically approximately 1176 (878) kA/mm?, for
the microsecond time range 64 (48) kA/mm?, and for the
millisecond time range 1.29 (0.97) KA/mm?>.

4. Experiments carried out using high-current high-
voltage LCG with regard to the effect on the current-
carrying parts of the IIB-2,5 grade wire with PVC
insulation and the cable of the PK 75-4-11 grade with
PET insulation of a microsecond damped sinusoidal
current pulse of artificial lightning with normalized ATPs
in accordance with the requirements of acting the field of
lightning protection of aerospace technology objects of
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the USA SAE ARP 5412: 2013 document confirmed the
performance of the recommended calculation relations for
determining the critical sections S and amplitudes of
current densities dcg; in indicated wires and cables of the
HHIT circuits.

5. The results obtained for the critical cross sections
Scci and current densities e can aso be used in the
practice of implementation in the atmospheric air with the
help of HHIT electrical installations of the EE phenomena
of uninsulated thin metal conductors (wires) used in a
number of modern applied electrophysical technologies.
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ON-LINE VOLTAGE STABILITY EVALUATION USING NEURO-FUZZY INFERENCE
SYSTEM AND MOTH-FLAME OPTIMIZATION ALGORITHM

Purpose. In recent years, the problem of voltage instability has received special attention from many utilities and researchers. The
present paper deals with the on-line evaluation of voltage stability in power system using Adaptive Neuro-Fuzzy Inference System
(ANFIS). The developed ANFIS model takes the voltage magnitudes and their phases obtained from the weak busesin the system as
input variables. The weak buses identification is formulated as an optimization problem considering the operating cost, the real
power losses and the voltage stability index. The recently developed Moth-Flame Optimization (MFO) algorithm was adapted to solve
this optimization problem. The validation of the proposed on-line voltage stability assessment approach was carried out on | EEE 30-
bus and |EEE 118-bus test systems. The obtained results show that the proposed approach can achieve a higher accuracy compared
to the Multi-Layer Perceptron (MLP) and Radial Basis Function (RBF) neural networks. References 37, tables 3, figures 10.

Key words: voltage stability, line voltage stability index, M oth-Flame optimization, adaptive neur o-fuzzy inference system.

B nocneonue 200v1 npoonema necmadunbHOCMU HANPANCEHUA NPUBTEKIA 0CODOE BHUMAHUE MHOUX CIYHCO IKCHAyaAmauyuu u
uccnedosamenei. Hacmoawas cmamos nocesauiena ouenKe @ pexcume OHINAUH CIAOUILHOCHII HANPINCEHUs 6 IHep2ocUcmeme
C UCHOIb306AHUEM AANMUGHON Helpo-HeuemKou cucmembl évleoda (ANFIS). Paspabomannas modens ANFIS npunumaem ¢
Kauecmee 6Xx00HbIX NEPEMEHHBIX GeTTUUUHBL HANPANCEHUS U UX (a3bl, nonyuennsle om wun ¢ cucmeme. Hoenmugpukayun wun
chopmynupoeana Kak 3a0aua ONMuUMU3AyUY, YUUMsléaou|as IKCRIyamayuoHnsle pacxoosl, peansHsle NOmepu MOUHOCHU U
noxkaszamens cmabunvnocmu nanpscenus. Heoaeno paspabomannviii anzopumm OnmuMuszayuu Memooom MOMbBLIbKA U
naamenu (MFO) adanmuposan ons pewenus oannoii 3ad0auu onmumusayuu. Ilposepka npeonoryceHno20 nodXo0a K OHAAIH
OUeHKe CMAOUIbHOCIMU HANpAXsceHus 6 cemu npoeoounacy na mecmosvlx cucmemax |EEE ¢ 30 wunamu u |EEE co 118
wiunamu. ITonyuennvie pesynvmamovl noOKazvleaiom, 4mMo npeonazaemvlii NOOX00 Modcem obecneuums 0onee GblCOKYIO
mMoYHOCMb RO CpasHeHuio ¢ mhozoyposnesvimu neiponnvimu cemamu (MLP) u neiponnsimu cemamu c paouanvuvimu
oasucnvimu Gynxyuamu (RBF). butn. 37, Tadn. 3, puc. 10.

Kniouesvie cnosa: cTadMIBLHOCTH HANPSIKEHHs, TOKa3aTeJb CTAOMJILHOCTH HANPSLKEHWS CeTH, ONTHMM3AIUs MeTOHAOM

MOTBHUIbKA M INIAMECHH, aJaniTUBHAsA Heﬁpo-ﬂequKaﬂ CHCTeMa BbIBO/JA.

Introduction. The changes in power systems
parameters such as loading, generator reactive power
limits, action of tap changing transformers, load recovery
dynamics and line or generator outages may cause a
gradually and uncontrolled drop of voltages leading to
voltage instahility [1]. Severa methods have been proposed
for voltage stability analysis, such as modal analysis [2],
sensitivity analysis [3], continuation power flow [4], and
voltage stability indices [5]. However, these methods are
inappropriate for on-line voltage stability evaluation due to
the time consumption and computational requirement,
mostly in the case of large power systems.

In recent years, the application of Artificial Neural
Networks (ANNs) in voltage stability assessment has
atained increasing importance. The main reasons are its
ability to do parallel data processing with high accuracy
and fast response [6]. Several ANN architectures have been
proposed in the literature for on-line voltage sability
monitoring. Debbie, et al. [6] presented an ANN-based
Multi-Layer Perceptron (MLP) method for on-line voltage
stability monitoring. Chakrabarti [7] developed a new
method for on-line voltage stability monitoring using MLP
network and regression-based technique of selecting
features for training the network. A single ANN trained by
the back-propagation algorithm to evauate the voltage
stability of power system incorporating FACTS devices has
been proposed in [8]. Further enhancement of ANN
performance in an on-line monitoring of voltage stability
has been achieved by reducing the input data into an
optimal size using Z-score-based agorithm [9]. It is
worthwhile to note that the load real and reactive powers
are generaly used as the input information for the ANN.
The application of ANN-based Radid Basis Function
(RBF) for on-line voltage stability evaluation has been

performed by severa researchers [10-13]. Although the
ANN has gained attention from researchers as atool for on-
line voltage stability evaluation, it requires an extensive
training process and a complex design procedure [14].

The ANFIS is a powerful artificial intelligent
technique that combines the advantages of fuzzy logic and
neural network. It has been applied to different power
system areas such as transmission line faults [15], power
quality [16], frequency control [17], and power system
stability [18]. One of the first voltage stability approaches
in which ANFIS agorithm was applied is reported in
[19]. In [20], a novel approach for voltage stability
evaluation using ANFIS model has been developed. The
developed method is constructed in conjunction with the
input information of voltage stability indices termed as
the VOSTA, while the MW distance between the
operation point and the collapse point is taken as the
output vector. Authors in [21] used a subtractive
clustering (SC) method and ANFIS to predict the Voltage
Stability Margin (VSM), where different voltage stability
indices are used as input variables. The ANFIS model has
been also adapted to predict the loadability margin of the
power system incorporated STATCOM and SVC, the real
and reactive powers at all buses are used as the input
variables [22, 23]. However, for large power systems,
training ANFIS model with large input features consumes
large training time.

In this paper, ANFIS soft computing technique is
applied with the aim of developing an on-line voltage
stability evaluation model. The developed ANFIS model
takes the voltage magnitudes and phase angles obtained
from the weak buses in the power system as the input
features. In order to identify the weak busesin the system,
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an optimization problem considering the operating cost,
the real power losses and the voltage stability index is
formulated. The recently developed Moth-Flame
Optimization (MFO) agorithm [24] is adapted to solve
the optimization problem. The proposed approach is
implemented on IEEE 30-bus and IEEE 118-bus test
systems. The results of comparison indicate that the
proposed model could achieve more accurate results than
the Multi-Layer Perceptron (MLP) and Radial Basis
Function (RBF) neural networks techniques.

ANFIS architecture. ANFIS introduced by Jang
[25], is a machine learning technique incorporates the
advantages of ANN and fuzzy logic system. The ANFIS,
which is based on the Sugeno—fuzzy inference model,
constructs an input—output mapping according to both
fuzzy if—then rules and stipulated input—output data pairs
[26]. The fuzzy if-then rules are given by the following

equations [25]:
Rulel:if xisA;andyisB;
f1=px+qy+r, )
Rule2: if xisA;andyisB;
fo = poX+apy+r2, 2

where x and y are the inputs, A, and B; are the fuzzy sets, f;
is the i™ output, pi, g and r; are the design parameters
determined by the neural network.

Generally, the ANFIS consists of five layers
configured analogously to any multi-layer feed-forward
neural network. The functionality of these five layers is
given asfollows[25]:

o Layer 1 every nodein thislayer isgiven by:

Oy = up(x), 1=1,2; 3

Oy = ugily), i1=1,2 @)
where ux(X) and ugi(y) can adopt any fuzzy membership
function (MF).

e Layer 2 this second layer is considered as a rule
layer. The inputs of this layer are the MFs and the outputs
aregiven as.

W= (%) pgi(y), 1= 1,2; (5)

e Layer 3 the nodes in this layer play a normalization
role.

W = W =12 (6)
Wi +W5

o Layer 4 nodes are adaptive with node function given
by Layer 1 for a first-order model, and with parameters
referred to as defuzzifier of consequent parameters.

e Layer 5 consists of single node, which makes the
sum of all therules' outputs.

In this paper, ANFIS with Subtractive Clustering
(SC)-based learning technique [27] has been used. The SC
technique has the advantage among others clustering
methods that its computation is simply proportional to the
number of data points and independent of the dimension of
the problem under consideration. This is a very useful
feature to benefit from regarding the need of fast calculation
time [21]. Details of the algorithm can be found in [28].

Determination of weak buses using Moth-Flame
Algorithm MFO Optimization.

Line voltage stability index (L.y,). Voltage stability
evaluation is currently one of the most important research

areas in the field of electrica power system. Several
methods have been used for voltage stability evaluation
and weak buses identification, such as P-V and Q-V
curves [29], continuous power flow [30] and voltage
stability indices [5]. In this paper, the line voltage stability
index Ly, [31] is used for on-line voltage stability
evaluation. The L, index is defined as follows:

4XQr
L = —Q2 <10, @

[Vssin(-5)]
where X is the line reactance, Q; is the reactive power at
the receiving end, Vs is the sending end voltage, @ is the
line impedance angle and ¢ is the angle difference
between the supply voltage and the receiving voltage.

The value of L, index ranges from 0 (no load) to 1
(voltage collapse) and it must be less than 1 for stable
systems.

Problem formulation. In this section the
methodology to find the weak buses in an existing power
system is presented. The main reason for the voltage
collapse is the sag in reactive power at various locations
in power system. Therefore, the weak buses in the power
system can be identified as the buses which need reactive
power support. In this context, the identification of the
weak buses can be mathematically formulated as a non-
linear optimization problem, where the main objective is
the determination of the optimal location for var sources.
The objective function, which has been handled by using
meta-heuristic algorithms, includes the fudl cost, real
power losses and voltage stability index. The general
optimization problem can be written in the following
form:

NG NL
min[f]:Zfi+P|_oss+ZLmn, (8)
i=1 i=1

where f; is the fuel cost of the i™ generator, NG is the
number of generatorsin the power system.
Thefud cost curveismodded by quadratic function as:

fi=a +bPg +GPR ©
where Pg; is the actual power produced in the i generator
a;, by, and ¢; are the invariant factors.
The active power loss is expressed as follow:
Plos= D Psi— DR -
ieNG jeNL
The Ly, index is considered as the third part of the
objective function. The equality and inequality constraints
to be satisfied while searching for the optimal solution
can be described by (11) — (15). The equality constraints
represent the real and reactive power equations, which are
expressed as follows:

(10)

Nb
Pgi — Pdi :|U||Z‘UJ‘<G|J COSé‘ij + Bi] Sné‘”}
i=1
b (11
Qqi — Qui :|Ui|Z|Uj|(Gij cosdjj + B Sinf'fij)
j=1
The system inequality operation constraints include:
PN < Py < P (12)

Q" < Qg <QF*; (13)
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Vg;inin Svgi SVéPaX; i=1,2, ..., Ny (14

VM <V <™ =12, 0, N, (15)
where N, is the number of buses, Py and Qg are the active
and reactive power generations at i" bus, P, and Q; are the
active and reactive power demands at i bus, P; and Q are
the active and reactive power injections at i bus, G, By
and J; are the conductance, the admittance and the phase
difference of voltages between thei" and | bus.

The Moth-Flame Optimization (MFO) algorithm
developed by Seyeddi Mirjdili [24] is a novel meta-
heuristic optimization technique inspired by the
navigation of moths in nature called transverse
orientation. In this method, moths fly in the night by
maintaining a fixed angle with the moon, a very effective
mechanism for traveling in a straight line for long
distances [24]. However, sometimes these insects are
cheated by human-made lights. Since such light is very
nearly compared to the moon, using the same navigation
method by maintaining an analogous angle with the light
leads to a worthless spiral fly path, and the moth
ultimately convergesto the light as shown in Fig. 1.

,',T:_> Y &T“

Fig. 1. Spiral flies of moths around a human-made artificia light

Moth-Flame agorithm utilizes this demeanor to
achieve the optimal solutions and presumes moths as the
candidate solutions and their positions in the space as the
optimization problem’s variables. The flames are related
to the optimal solutions (positions) that moths traversed
so far in the optimization process [24].

MFO agorithm is a population-based algorithm, so
the set of mothsis represented in amatrix M

M1 M Mhq
M| T2t T2 Ted (16)
M1 Mo Mh,d
The set of flames can be a so represented by
F F F
F=| 2t 722 2 17)
I:n,l I:n,2 I:n,d

where n is the number of moths and d is the number of
variables.

For evauating each moth, the fitness function
should be given during optimization process, and the
matrix OM and OF are employed to store the fithess value
of moths and flames, respectively

OM;

oM,

OM=|".“; (18)

oM,

OF;

OF,

OF=| .%|, (19)

OF,

where n is the number of moths and d is the number of
variables.

In order to mathematically model the transverse
orientation, the position of each moth is updated with
respect to aflame using the equation

M; = S(M;,F;)=D; -€* -cos(2z 1)+ Fj, (20)
where M; indicates the i moth; F; indicates the " flame; and
Sis the spiral function; D indicates the distance of i"" moth
for | flame, b is a constant for determining the shape of the
logarithm spiral, and t isarandom number in [-1, 1].

D; is calculated as follows
Dy =|F —M;]. (21)
Another concern here is that updating the position of
moths with respect to n different locations in the search
space may degrade the exploitation of the best promising
solutions. To resolve this concern, an adaptive mechanism
is used to provide the number of flames. The following
formulais utilized in this regard:

flameno= round(N -1 N?_lj (22
where iter is the current number of iteration, N is the
maximum number of flames and max_ iter is the
maximum number of iterations.

The gradual decrement in number of flames balances
the exploration and exploitation of the search space.

Weakest buses identification. The implementation of
MFO optimization agorithm in weak locations
identification is represented in Fig. 2 and summarized into
the following steps:

o Step 1. Read power system data (bus data, line data,
and generator data);

o Step 2. Set the values of MFO parameters such as:

- the number of moths;

- the maximum number of iterations;

- the number of variables;

- the upper and the lower bounds of variables (the
real power outputs and the location of reactive power
support). The candidate locations are in the range [1 Ny,
where Ny, is the number of load busesin the system;

e Step 3. Initidlize the position of moths and the
number of flames;

o Step 4. Update the flame number;

e Step 5. Input the positions of moths into the power
flow program and compute the fitness value of each moth
according to the objective function;

e Step 6. The population of moths with the optimal
fitness values will be selected as the flames;

e Step 7. Update the position of moth with respect to
its corresponding flame or one flame;
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e Step 8. Obtain the best moth and fitness value;

e Step 9. If the stop criterion is achieved, go to the
Step 10. Otherwise, repeat steps 4 to the 9;

e Step 10. The best moth comprised the best fitness
value was selected and the best location for reactive
power support was obtained.

Read power system data

|

Set the values of Moths

!

Imitialize the position of moths
and the number of flames

Update the flame
number

|

compute the fitness value of
each moth according to the
objective function

A

Select the optimal fitness values of
moths as the flames

Updatethe position of moth with respect to
its corresponding flame

l

‘ Obtainthe best moth and

Next iteration

fitness value

1

)

Satisfy stopping
creterion

|G

Obtaine the best location for

reactive power support

Fig. 2. Flowchart of the proposed weak buses identification
method

Voltage stability Assessment Using ANFIS Model.
In this section, the proposed methodology to assess the
voltage stability using ANFIS model is described. The
main idea of the proposed method is presented in Fig. 3.
The first step in the off-line phase involves the data
preparation for the training and testing steps of the
ANFIS model. The training and testing data sets are
generated by varying both of the real and reactive powers
at al system buses. The load is increased from the base
value until the system achieves the maximum loading
point leads to the collapse in a power system operation.
Simultaneously, the L, is calculated corresponding to
the different operating points.

The voltage magnitudes and phase angles extracted
from the weak buses in the system are taken as the input
variables of the ANFIS model. While the maximum
corresponding values of L, are considered as the output

variables. In order to evauate the performance of the
proposed ANFIS model, the difference between the
predicted and the actual output values was assessed
according to the correlation coefficient (R), the root mean
square error (RMSE) and the mean absolute percentage
error (MAPE). These indices are represented by the
following eguations [27, 28].

Z:(a ~ar-P)

R=——I= ; (23)
(Sl -aF S -of
AN p)
RMSE = ni;(a, R); (24)
vape - 10 5|3 =R ‘ (25)
i1l &

where a and P denote the actual output and predicted
output sets, respectively, nisthe total number of data.

Fig. 3. Schematic of the proposed on-line voltage stability
evaluation method

Simulation and results. This section presents the
details of the simulation studies carried out on IEEE 30-
bus and 118-bus test systems. The |IEEE 30-bus power
system consists of 6 generators, 41 branches, 4 tap
changing transformers and 2 capacitors as shown in Fig. 4.
The IEEE 118-bus system consists of 54 generators, 186
transmission lines, 9 tap changing transformers and 14
capacitors as shown in Fig. 5. The data of the generators,
loads, and transmission lines for both test systems are
given in [32]. The simulation was done using the
computer with specification Intedl® Core™ 15
2328MCPU@2.20GHz.

Fig. 4. Line diagram of the IEEE 30-bus system
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Fig. 5. Line diagram of the IEEE 118-bus system

Weak Buses Identification and Ranking. As it is
mentioned above, the proposed method to find the weak
buses is based on the determination of the optimal
location for Var sources. The identification and the
ranking of the first five weak buses in the system are
performed using the MFO optimization technique where
the buses are ranked starting with the most critical bus.
The obtained results in the case of |IEEE 30-bus system
are tabulated in Table 1. This Table shows adso a
comparison between the results obtained by using the
proposed method and the results found by other existing
methods in the literature. It is clearly shown form this
Table that the buses 30, 26 and 29 are identified as the
weakest |ocations in the IEEE 30-bus test system.

Tablel
Weak buses ranking for |EEE 30-bus system

Ref [33] 30, 26, 29, 25, 27
Ref [34] 30, 26, 29, 14, 23
Ref [35] 30, 26, 29, 19, 20
Ref [36] 30, 26, 29, 21, 24
Proposed method 30, 26, 29, 28, 7

The proposed method is applied also to determine
the weak buses in the 118-bus system. This power system
can be regarded as a redlistic transmission level power
network in terms of number of buses and branches. It
consists of 118 bus and 186 branches. By using the
proposed method, the first five weakest buses in the 118-
bus system are fond to be 118, 88, 57, 16 and 117.

4
Y- : :

12F-
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—
= (=]
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0 50 100 150 200 250 300

Number of Epochs
a

Application ANFIS model in voltage stability
assessment. In this section, the ANFIS-based Subtractive
Clustering SC method has been developed to estimate the
Lm index. The input variables of ANFIS model are the
voltage magnitudes and the phase angles of weak buses,
while the output is the corresponding highest value of Ly,
index. The dataset is generated, using conventional power
flow, by varying the load at all buses from the base case
to the collapse point. 80 % of the generated data are used
as the training samples, while the rest 20 % are used to
test the ANFIS model. Afterward, to evauate the
performance of ANFIS model, the difference between the
predicted and actual output values were evauated
according to the correlation coefficient (R), the root
means square error (RMSE) and the mean absolute
percentage error (MAPE).

In order to generate fuzzy rules, using SC technique,
it is critical to determine the adequate value of cluster
radius. According to [37], good values for cluster radius
are usually between 0.2 and 0.5. Table 2 presents the
ANFIS model performance for different cluster radius
values. It is clear from the results that the best value of
cluster radius was 0.2 for both test systems.

Table 2
RMSE results under different cluster radius

Power Cluster radius values

system 0.2 0.3 0.4 0.5

IEEE | 5243710 |8.6545.10%| 13107 14.107*
30-bus . ' . ' " )

IEEE 11 428510 |2.1324.10|2.6604.10|2.5255.10
118-bus

Based on the above settings, the ANFIS model was
trained for the base case and for the different operating
conditions. Fig. 6,a,b depict the training curves of ANFIS
model in the case of the IEEE 30-bus and |IEEE 118-bus
systems. Fig. 7, 8 shows the comparison between the
calculated L, index using conventional load flow and the
estimated ones in the case of |EEE 30-bus and |EEE 118-
bus test systems, respectively. It is clearly seen that the
ANFIS predictions are in good.

Training Error

100 150 200 250 300
Number of Epochs

b

Fig. 6. Training curves of ANFIS modelsin the case of |EEE 30-bus system (a) and |IEEE 118-bus system (b)

Accordance with the load flow values in both steps.
Fig. 9,a,b shows the testing absolute error between the Ly,
index predicted using the ANFIS model and the Ly, index
computed by the conventional load flow in the case of
|EEE 30-bus and IEEE 118-bus test systems, respectively.

It is clearly shown from this Figure that the ANFIS output
values are very close to the target values with maximum
absolute error equal to 0.81-107 in the case of IEEE 30-bus
and 1.39-107 in the case of |EEE 118-bus system.
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Fig. 9. Absolute error in the case of IEEE 30-bus system (a), |[EEE 118-bus system (b)

Fig. 10 shows the Linear fits between the actual and  with that of Multi-Layer Perceptron (MLP) and Radial
the predicted values of L, index for both test systems. Basis Function (RBF) neura network [9, 13].
The ANFIS predictions yield a correlation coefficient of  comparison of the statistical indicators values and
0.9823 and 0.9573, in testing phase, for both the IEEE 30-  computation time, for the different models, is listed in
bus and IEEE 118-bus cases, respectively. The obtained Table 3. It is clearly seen, for both case studies of IEEE
results reveded that the ANFIS model has a good 30-busand IEEE 118-bus systems, that the ANFIS model
prediction capability. acquired relatively lower values of RMSE and MAPE, this

In order to further assess the performance of the means that the trained ANFIS model has a superior
ANFIS model in the prediction of the L., index, the performance compared to the MLP and RBF networks.
obtained results are compared, using the same dataset,
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Fig. 10. Linear fits between the actual and the predicted values of L, in testing phase for IEEE 30-bus system (a),
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Table 3
Performance Comparison of ANFIS, MLP and RBF
Power system Pe(for.mance Training Testing
indices ANFIS MLP RBF ANFIS MLP RBF
RMSE 3.01-10% | 0.0029 | 0.0020 | 524.10* | 0.004 | 0.0032
|EEE 30-bus MAPE 0.0748 0.6504 | 0.3238 0.1090 0.9657 | 0.6004
Time () 6.989 1.9940 | 0.6470 0.0800 0.0060 | 0.0040
RMSE 9.38.10° | 0.0025 | 0.0015 | 1.42.10* | 0.0025 | 0.0015
|EEE 118-bus MAPE 0.02700 0.8410 | 0.4552 0.04030 0.8833 | 0.4542
Time (s) 6.2018 3.5690 | 1.1384 0.07980 0.0065 | 0.0088
Conclusion. This paper presented the application of 5. Modarres J., Gholipour E., Khodabakhshian A. A

an Adaptive Neuro-Fuzzy Inference System (ANFIS) in
on-line voltage stability assessment. The input features of
the developed ANFIS model were the voltage magnitudes
and phase angles obtained from the weak buses in the
system. The problem of weak buses identification is
formulated as an optimization problem and solved using
Moth-Flam Optimization (MFO) algorithm. The ability of
the developed ANFIS model to predict the voltage
stability margin was carried out on IEEE 30-bus and
IEEE 118-bus test systems. Three statistical performance
indices of correlation coefficient (R), root mean sgquare
error (RMSE) and mean absolute percentage error
(MAPE) were considered to further assess the modeling
performance. Through the comparison with MLP and
RBF neural networks, the ANFIS model shows
superiority in the accuracy of estimating the L, index.
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V.V. Kyryk, O.S. Bohomolova

JUSTIFICATION OF OPTIMAL LOCATION OF CONNECTION OF THE DISTRIBUTED
GENERATION SOURCE AND VALUE OF ITSPOWER

Goal. To analyze the options for the development of the 110 kV electricity network with sources of distributed generation.
Establishing the relationship between power of the source of distributed generation with the voltage changes in the nodes and
transformer active power losses change. To provide the minimum value of network active power loss the authors justify the
conditions for optimal connection of the source of distributed generation and value of its power. Methodology. The authors
have used the DigSilent Power Factory software environment to create a 110 kV network model and have made a series of
simulation of the network operating modes with solar power plants. Results. Based on the operational parameters it is
established that the change in power generation in the accepted limits normally does not lead to abnormal voltage variations
in the nodes, with power losses having characteristic changes due to alterations in the network of power flows. In the network
with solar power plants, the transformer losses of active power is reduced with increasing generation power, except for the
most remote nodes from the balancing point, in which losses reduction takes place with load of transformers approximately up
to 60 %. At significant overloads of transformers (up to 130 %) there is reactive power losses increasing in comparison with
losses in the network without solar power plants. The dependence of active power losses in the network on the load of
transformers has a nonlinear character). For each node at one value of transformer load the active losses are different. Less
reactive power losses occur at lower load ratios of transformer. When increasing the load of transformers, the rate of increase
in reactive losses is higher than the active ones. Also for closed networks with voltage of 110 kV it has been found that the
optimal node for connecting the distributed generation is a node with a flow division of power. If there are several such nodes
in the network, the optimal one for connecting is the node with the maximum load. The optimal power of the solar station in
the node should not exceed 110 % of the installed transformer's power. Originality. For the first time the dependence between
the place of the best connection source of the distributed generation with the point of flow distribution with the greatest
current fraction from network balancing point was established. In this case the power of the source of distributed generation
must not exceed 10 % of the total power of the transformersin this node. Practical significance. We have obtained reasonable
conditions for connecting source of distributed generation to a closed electric network of 110 kV without performing large
volumes of mode calculations. Namely, the optimal connection point is the point of flow distribution with the greatest current
fraction from network balancing point. References 8, tables 3, figures 5.

Key words. source of distributed generation, flow distribution, load factor of transformer, power losses, voltage, power
factory, solar power station.

Buceimneno nioxio 0o eusnauenns nomydxcnocmi oxcepena posocepeddicenozo zenepysanuns (JJPI) ma onmumanvnozo micys
11020 NiOKNI0YeHHA 011 3a0e3neueHHs MIHIMAIbHO20 3HAYEHHA 6MPAm AKMUEHOT ROMYICHOCMI 8 3AMKHEHIl eleKmpuuHii
mepesici nanpyzoro 110 kB. Buxonano ananiz eénaugy ROMYMCHOCH COHAUHOI eeKMPOCMAHUII HA PeHCUMHI napamempu
mepedci. 3anpononoeano Kpumepiii eusnauenns 3nayenna nomyxcuocmi /[Pl ¢ gyznax moxcaueozo nioknwuenns. Pospooneno
PeKomeHoauii 00 6U3HAYEHHA ONMUMANBLHO20 6y371a RIOKIIOYEHHA O0XMcepena pPOo30CepedHcenozo 2enepauii  6i0noeionoi
nomyscnocmi. bi61. 8, Tabn. 3, puc. 5.

Kniouosi cnosa: pxepesa po3nofijieHol reHepauii, moTokopo3noais, koedimieHT 3aBaHTa:keHHs TpaHcdopMaTopa, BTpPaTH
MOTY KHOCTi, HATIPYTa, COHSYHA eJIeKTPOCTAHILIA .

Oceéewieno nooxod K onpedenenuro MOWHOCHMU UCMOYHUKA paccpedomouennou zenepayuu (HPI) u onmumansnozo ez2o
NOOKNI0YeHUs ONA 0becneyenus MUHUMAIbHO20 3HAYEHUA NOMEPL AKMUGHOU MOUWIHOCINU 6 3AMKHYMOIL )J1IeKMPUYeCKoll cemu
nanpaycenuem 110 xB. Bovinonnen ananu3 nuanus MOW{HOCHU COIAHEYHOU INIEKMPOCMANHYUU HA PEHCUMHbIE NAPAMEMPbL
cemu. Ilpeonoscen kpumepuii onpedenenusn 3nauenus mowgpocmo UPIL ¢ y3nax 603moxncno2o nooknwouenus. Pazpabomanst

PEKOMEHOauuUU K ONPeOeleHUul0 ORMUMAAbHO20 Y314 NOOKUIOYEHU UCHOUYHUKA PACCPEOOMOYEHHO20 2eHepauuu
coomeemcmeyroueli mownocmu. bu6n. 8, Tabin. 3, puc. 5.
Knioueevie  cnosa:  WCTOYHHKH — pacnpeie/IeHHON reHepauu, MOTOKopacnpenejeHne, KOIQPUUMEHT 3arpy3Ku

Tpaﬂcq)opMaTopa, nmoTepu MOIIHOCTH, HANIPS’KCHHUE, COTHECYHAA JJICKTPOCTAHIIUS.

Introduction. In the united power grid of Ukraine,
which is a system-forming branch, significant changes are
taking place. The centralized way of functioning of the
electric power system has exhausted its reserves. The
cost-extensive principle of raw materials (primarily
carbon and uranium) energy has led the industry to
inevitably increasing costs to maintain the parameters of
electrical equipment and networks within their operational
reliability.

Positive changes in the development of traditional
energy are undoubtedly at the minimum and further
functioning can take place in the direction of; the final
collapse and the achievement of the point of non-recovery

and destruction of the power system; or in the direction of
qualitative reformatting of the structure and philosophy of
functioning of the electric power industry, orientation to
the resourceless generation of renewable energy sources
(RES) on the principles of virtualization, with the
introduction of self-guided on the local levels «Smart
Grids», with the development of distribution networks
based on the introduction of new levels of voltage to
reduce power losses, improvement and development of
network topology.

World experience shows that with the increase of the
share of distributed generation, including on the basis of
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renewable energy sources, there is a need to solve a
number of problems. the stochastic nature of electricity
production, ensuring the reliable operation of distributed
generation (DG) objects in the composition of the
electricity system with a change of approach to mode-
technological design, planning and management,
regulation of frequency and voltage of DG abjects,
ensuring the reliability and quality of power supply of
consumers, secured stable operation of distributed
generation sources (DGS). In Ukraine, these problems are
connected, on the one hand, with the state, operation and
features of the construction of electric networks, on the
other one — with the peculiarities of the functioning of the
DGS itsdlf in normal and emergency conditions. The
introduction of DGS has a significant impact on the
operation of the united power grid and requires the
coordinated operation of system operators of trunk,
district and distribution networks in the planning and
monitoring of real-time operation modes [1].

Another problem that arises during the design phase
is the choice of the optimal place for connecting the DGS
to the electrical network, since this factor greatly affects
the power losses in the network as a whole. The desire of
the consumer to enter the power of DGS does not always
coincide with the technical capabilities of the network.
The difference between power losses, in the case when
the DGS is connected in the optimal and least optimal
nodes, may exceed 10 % [2].

In recent decades, many authors have proposed new
methods for optimizing the search for the location and
power of the DG source. Researchers [5] considered the
problem of finding a place for the installation of DGS
using a genetic algorithm to minimize the active power
flow across the network. In [6], two methods for locating
sources search are combined with a mix of the genetic
algorithm and the simulation meta-heuristic method of
selection. The authors of [7] applied the agorithm of the
search tab (local search) to simultaneously search for the
location of the DG source installation with the installation
of a source of reactive power in the network. In [8], an
optimization method based on colony of ants was
proposed as a means of solving the search for places and
power of DGS. For this method, the target function was
minimized based on the total cost of the network.

However, determination of the optimal place of
installation and power of DGS sourcesis hot an end to the
investigated issue, because in many cases, instead of the
expected improvement of the parameters of the electric
network, their deterioration is observed. In this regard, in
the paper two important tasks are considered in the course
of the introduction of DRG, namely, the search for
optimal power and location of the source.

The goal of the work isto substantiate the choice of
the optima location of the source of distributed
generation connection and the value of its power to
provide the minimum value of active power losses in the
network.

In distribution networks, the voltage drop goes along
the direction of electricity supply to customers, from the
main section of the power transmission line (PTL) to its
end. After the DGS is ingtalled, in such an electrical

network the load on the feeder is reduced, and the voltage
along the PTL may increase. Important in this case is the
power factor of the DGS. The value of the voltage change
depends on the location of the DGS installation, its power
and cosp (generation or consumption) [3].

It should also be noted that the active and reactive
load of nodes varies with time, which in turn causes
certain fluctuations in the voltage level in the network. In
the direction from the main section to the end of the PTL,
the voltage fluctuations tend to increase. If the load is
concentrated mainly at the end of the PTL or remote from
the balancing point, the voltage level will fluctuate more
intensively [4].

The introduction of DGS into the electrical network
leads to changes in its mode parameters. there is a
redistribution of power over the PTL and, accordingly,
change the profile of the voltage in the network.
Important is the place, that is, the node of the connection
of the DGS, and its power.

Theinstalation of DGS in a closed district electrical
network (DEN) with random power generation change
can change the direction of power flows. In the
preliminary determination of the DGS connection node
and its power, it is necessary to take into account three
possible situations with regard to the nodal load and the
power of the DGS in the district electric network:

1. The own load of each node in the network is
greater than or equa to the output power of the DGS
connected to this node.

2. In DEN thereis at least one node where the output
power of the DGS is greater than the own load of this
node, but the total power of the DGS of this DEN is in
general lessthan itstotal load.

3. There is at least one node in the network where
the output power of the DGS is greater than the own load
of this node and the total power of the DGS of this
network in general islarger than its total load.

In the first case, the installed DGS in the network
will affect the reduction of power losses in the network.
In the second case, DGS can permanently increase power
losses in some PTLs, but overall, total power losses in
DEN are reduced. In the third case, the total power losses
of the entire network will be greater than before the
installation of the DGS.

Thus, the installation of DGS can both increase and
decrease power losses in DEN, which mainly depends on
the connection nodes in the network, the power of the
DGS in the network, their power factor, as well as the
network topology.

To justify the expediency of optimal input of DGS
power at the nodes of a closed electric network, a startup
project was developed, the main idea of which is to
improve an existing electricity network by connecting a
new substation to provide a service for reliable electricity
supply to consumers and compare possible circuits for
connecting a substation to a network with competitive
variants with similar technical and economic indicators.
Thus, calculations of the mode parameters of five test 8-
node closed networks with voltage of 110 kV of different
configurations were carried out and the analysis of the
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influence of distributed generation sources on the network
operation mode was performed. In this case, variants of
connection of DGS with possible generation power in the
range from 13 to 31 MW with a 2 MW step for each of
the nodes of the circuit are considered. As a conditional
source of distributed generation, a solar photovoltaic
station (SPS) is selected on condition of acceptable
weather and territorial factors of its operation in the
network, that is, the influence of generation on the system
operating parameters such as voltage in nodes and power
losses in the lines are considered, without taking into
account the stochastic nature of the power.

The analysis of the mode parameters was performed
within 80 steady operating modes, calculated in the
software environment DigSilent Power Factory, for each
of the five electrical networks.

Figure 1 shows one of five circuits of the electrical
network, for which the analysis of the mode parameters
was performed at the input of distributed generation in the
network nodes.

Table 1 shows the values of the nominal voltages
and powers of the transformers installed in the network
nodes of the presented circuit.

Tablel
Parameters of transformers in the nodes of the network
Node No. 1 2 3 4
Uy, KV | 110/35/10 | 110/35/10 | 110/35/10 | 110/35/10
S, MVA 25 10 10 16
Node No. 5 6 7 8
Uy, kV 110/10 110/35/10 | 110/35/10 | 110/35/10
S, MVA 10 16 10 16

Table 2 shows for the selective capacities (13, 23
and 31 MW) of the solar power plant at the network
nodes the calculated voltage levels at the voltage value of
115kV level at the balancing point «0» (BP).

From Table 2 it is shown that the change in
generation power in the accepted limits does not cause
excessive voltage deviations in the nodes in the normal
mode, and network losses due to change in power flows
have characteristic changes.

Based on the simulation data of the modes, the
following graphic dependencies of the active (Fig. 2) and
reactive (Fig. 3) power losses on the load of transformers
in the network nodes were obtained, as well as the
dependence of the losses of active power on generation
power (Fig. 4).

In Fig. 2, 3in thefirst node there is an uncharacteristic
for other nodes decline of power losses curve. This type
of curve is due to the fact that at the highest power of the
transformer at this point of the network (through the
power lines of the node significant power flows are
flowing) at the increase in SPS power there is a
significant unloading of the transformer and the reduction
of power flows aong the lines and, consequently,
reducing the power losses in them and increase the
voltage level in the node.

Table 3 shows the values of active and reactive
power losses in the network when the transformers are
loaded in the nodes for selective power values of the SPS.

45
AC-70111
25,25%
04
AC240322
27138%

T1
IT H-25000/1 10
TR

200 W | 330w | [63
-176 Mvar| 35mvar
0137kA | 0025 kA|

T8
TAT H-16000/1 10
57.83%

HICH  H7 HH

T7
TATH:10000/1 10
7150%

H6 CH HEHH

Generation - 15,060 MW 8,00 Mvar 17,44 MVA
External Infeed = 9,10 MW 77,77  Mvar 119,02 MVA
Harpyska P(U) = 103,00 MW 82,66 Mvar 132,07 MVA
MoTepu - 2,10 Md 4,01 Mvar

Fig. 1. Calculation model of the circuit of the electric network with DGSin the first node in the software environment DigSilent
Power Factory
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Table2

Voltage valuesin the nodes of the circuit 110 kV

Point in which
Psps  |SPSisconnected| Ug, kV U,, kV U, kV Uy, kV Us, kV Us, kV U;, kV Us, kV
1 2 3 4 5 6 7 8 9 10

oMW — 109.6 111.91 111.24 112.2 109.95 112.17 112.8 110.27
1 111.56 112.54 111.68 112.67 110.25 112.32 112.85 110.43
2 110.2 112.84 111.9 112.32 110.03 112.39 112.81 110.31
3 110.01 112.55 112.84 112.28 110.00 112.75 112.81 110.29
13MW 4 110.04 112.03 111.32 113 110.47 112.19 112.89 110.54
5 109.88 111.98 111.29 112.72 112.21 112.18 113.22 111.54
6 109.75 112.14 111.86 112.22 109.97 113.41 112.9 110.28
7 109.64 111.92 111.24 112.28 110.37 112.17 113.64 110.93
8 109.75 111.95 111.26 112.48 111.24 112.18 113.48 112.32
1 112.9 112.95 112 112.98 110.45 112.41 112.88 110.53
2 110.54 113.4 112.3 112.4 110.07 1125 112.82 110.32
3 110.24 112.92 113.84 112.32 110.03 113.07 112.81 110.3
23 MW 4 110.32 112.1 111.37 113.54 110.8 112.2 112.94 110.71
5 110.06 112.03 111.32 113.05 113.74 112.2 113.48 112.36
6 109.8 112.28 112.26 112.23 109.97 114.21 112.8 110.28
7 109.67 111.92 111.24 112.32 110.61 112.17 114.12 111.32
8 109.84 111.97 111.27 112.65 112.08 112.18 113.9 113.68
1 113.9 113.27 112.19 113.2 110.59 112.48 112.9 110.6
2 110.77 113.77 112.54 112.42 110.09 112.57 112.82 110.33
3 110.39 113.16 114.52 112.34 110.04 113.28 112.81 110.31
31 MW 4 110.51 112.15 111.4 113.9 111.03 112.21 112.97 110.83
5 110.18 112.08 111.34 113.29 114.85 112.19 113.67 112.98
6 109.89 112.37 112.53 112.34 109.98 114.76 112.8 110.28
7 109.68 111.92 111.24 112.35 110.76 112.17 114.44 111.58
8 109.9 111.98 111.28 112.77 112.66 112.18 114.2 114.6

; i

6 9.56¢

4 212

3 '<' §.68

2 ; 824

8 5 E b

Fig. 2. Dependence of active power |osses
on the load of the transformer

In the presence of the SPSin the network, the active
power losses is reduced with increasing generation power,
except for the most remote nodes from the balancing
point BP «0», in which the losses decrease of
approximately up to 60 % of the load of transformers
takes place. At significant overloads of transformers (up
to 130 %) there is an increase in reactive power losses in
comparison with losses in the network without power of
the SPS. The dependence of active power losses in the
network on the load of transformers has a nonlinear
character. For each node at one value of the load of the
transformer, the active losses are different. At lower load
ratios, less reactive power loss occurs. When increasing
the load of transformers, the rate of increase in reactive
losses is higher than the active ones.

fe-s-+ Point 1
[e-s-+ Point 2
e+ Point 3
#++ Point 4
[e-+-+ Point 5
[ea+ Point 6
e+ Point 7
[+-s-+ Point 8

Losses of reactive power in
2

}‘IS 2075 2635 3225 38 4375 495 3325 61 6675 725 7825 84 8975 955 100123 107 11275 1185 12425 130
Transformers loading, %
Fig. 3. Dependence of reactive power losses
on the load of the transformer

Regardless of the connection place and the
generation power of the SPS, the active power losses in
the network are unequivocally reduced compared to the
losses in the network without the introduction of the SPS.
In presented in Fig. 1 network there are two nodes 1 and 5
in which thereis flow distribution of power, that is, power
flows aong the lines feeding the nodes are directed to
them from the balancing point.

In node 1, the load is greatest compared to other
nodes and is 21 % of the network load (Fig. 5). In this
case, the optimum power of generation of SPS, which can
be introduced into a node, should be about 29 MW at
power losses at the level AS = 1.89 — j3.64 MVA, the
values of which are the smallest in comparison with losses
when connecting SPS to other nodes. In the calculated
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mode without the introduction of generation in the network
power losses are at the level AS=2.81—-j7.23 MVA.
At node 5, the load is 10.2 % of the total network load.

The optimal generation power of the SPS, which can be
introduced into node 5, should be approximately 19 MW,
with power losses at thelevel AS=2.22-j5.18 MVA.

Table3
Power losses in the network and load of transformers
Point in which Power(lic;ﬁ? inthe Load of transformers, %
Psps | SPSisconnected e AO;
pi) ’
MW MVAT 1 3 4 5 6 7 8
oMW - 2.81 7.23 59.78 71.01 63.09 | 51.83 73.3 75 77.55 57.93
1 2.16 4.26 30.35 70.58 62.82 51.6 73.1 74.89 77.51 57.85
2 2.53 5.45 59.43 41.42 62.69 | 51.77 73.3 74.84 77.54 57.91
3 247 5.82 59.54 70.57 51.75 | 51.79 73.3 74.58 77.54 57.92
13 MW 4 2.57 5.65 59.53 70.93 63.04 | 29.65 73 74.96 77.48 57.78
5 2.29 5.27 59.62 70.96 63.06 | 51.58 16.6 74.99 77.23 57.23
6 2.58 472 59.69 70.85 62.71 | 51.82 73.3 36.68 77.54 57.93
7 2.59 5.54 59.75 71.01 63.09 | 51.79 73.0 75 41.31 57.57
8 2.33 4.99 59.69 70.99 63.07 | 51.69 72.4 75 77.03 26.6
1 1.93 3.54 29.63 70.29 62.64 | 51.46 73 74.82 775 57.79
2 2.43 6.68 59.23 86.15 62.46 | 51.74 73.3 74.75 77.53 57.9
3 2.42 7.32 59.41 70.31 9557 | 51.77 73.3 74.34 77.54 57.92
23 MW 4 2.48 6.15 59.36 70.88 63 58 727 74.97 77.44 57.89
5 2.23 5.37 59.5 70.93 63.04 | 51.42 68.3 74.98 77 56.78
6 252 475 59.64 70.75 62.48 | 51.81 73.3 48.64 77.54 57.93
7 2.53 6.83 590.74 63.1 51.77 72.9 75 85.95 57.35
8 2.2 5.28 59.64 70.1 63.07 | 51.61 71.9 74.99 76.72 51.61
1 1.9 3.76 44.19 70.08 62.52 | 51.35 72.9 74.77 77.47 57.75
2 2.42 8.95 59.1 120.06 62.31 | 51.72 73.2 74.71 77.53 57.9
3 2.48 9.77 59.32 70.15 128.7 | 51.76 73.3 74.19 77.54 57.91
31 MW 4 2.47 7.45 59.25 70.84 62.99 | 79.96 72.6 74.97 77.42 57.62
5 2.36 6.28 59.44 70.91 63.03 | 51.31 | 111.1 | 74.98 76.89 56.46
6 2.54 5.76 59.61 70.69 8232 | 51.81 73.3 70.79 77.55 57.93
7 2.53 9.13 59.74 68.08 | 51.76 72.8 75 119.81 27.21
8 2.23 6.52 59.61 70.96 63.06 | 51.56 715 74.99 76.5 73.38
2155
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6
2535 109.6
\-4_‘__—_‘ l
242 3 ————— et . .y
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& 1
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Fig. 4. Dependence of active power |osses
on generation power

Thus, for the investigated eight-node closed
networks with voltage of 110 kV, a regularity has been
found which confirms that the optima node for
connecting the DGS is the node in which the flow
distribution of the power takes place. If there are several
such nodes in the network, the optimal one for connecting
is the node with the maximum load. The optimal power of

Fig. 5. The circuit of the electric network 110 kV
with coefficients of flow distribution of power

the SPS in the node should not exceed 110 % of the
installed transformer's power.

Conclusions.

As an optima place to connect a source of
distributed generation in a closed electric network with
voltage of 110 kV, to provide the minimum vaue of
active power losses, a hode of flow distribution of power
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with the largest part of its current from the balancing
point can be considered.

As the optimum value of the power of the DGSin a
specific node, it is possible to accept power exceeding not
more than 10 % the total power of the transformers
installed there.

The proposed approach will alow to perform a
preliminary assessment of the location of the DGS
installation and the value of its power without spending
too much time for the large volumes of multivariate
calculations of network operation modes.
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RESEARCH OF THE MODES OF FULL COMPENSATION OF REACTIVE POWER
IN A THREE-PHASE POWER SUPPLY SYSTEM

Introduction The article is devoted to the issues of current balancing and reactive power compensation in a three-phase power
supply system. Optimal in all these respects is the mode of full compensation of reactive power, by which we mean such a
symmetrical mode, in which only active power is consumed from the source. The task of calculating the mode of full reactive
power compensation is non-linear and can be solved using non-linear optimization methods based on the adopted parameters and
optimization criteria. The objective of the article isto develop a visual model of the power supply system with an unbalanced load,
in which current balancing and reactive power compensation is performed using a symmetrical-compensating device, which
parameters are determined using search non-linear optimization tools and modern computer mathematics software packages. The
purpose of the articleis to research the modes of full compensation of reactive power in a three-phase power supply system with a
linear asymmetric load in order to identify the ambiguity of solving the problem of synthesizing parameters of a reactive power
compensator. Methodology of research consists in the development of a visual model of a power supply system that feeds
unbalanced load. As a symmetrical compensating device, capacitors connected between the phases of the transmission line are
used. The model is controlled by a program that launches the model and performs optimization and selection of optimization
variable values. The optimization values are the capacitors of the symmetry-compensating device. The optimization criterion is a
spherical metric consisting of the reactive powers of each source of electricity. Results lead depending on the choice of the initial
values of the optimization variables, the optimization process enters two modes of full compensation of reactive power —main and
additional. The main mode is characterized by small values of capacitors and small values of currents, and in the additional
mode, these values of the system and operational parametersreach extremely large values that are unacceptable for practical use.
Originality liesin the fact that in terms of optimization theory this means that there is no global optimum in the solution of the
problem of full compensation, however, there are two local optimums. Both modes are stable, as evidenced by modeling on the
SPS-model of the system in the time domain in the space of state variables. Practical significance of the work lies in the fact that
when designing a microprocessor system that optimizes the operating mode of the power supply system, it is necessary to envisage
the situation of additional mode. References 10, tables 1, figures 6.

Key words: reactive power, reactive power compensator, sear ch optimization, visual model, three-phase power supply system.

Pozenaoaemoca piwennsa 3adaui euzHaueHHs NAPAMEmMPI6 PEHCUMI6 NOBGHOI KOMREHCAUli peakmueHoi ROmyxicHocmi 01
mpugaznoi cucmemu 3 JAIHIIHUM ~ HECUMEMPUYHUM HABAHMAdCEHHAM. [locniodcenna, npoeedeHi 3a O00NOMO2010
SimPower Systems-modeni i menody deghopmosarnozo 6a2amozpanHuKa, NOKA3AIU, WO 6 3ANEHCHOCHI 6i0 NOUAMKOBUX YMOB /1A
3MIHHUX onmumizayii, npoyec onmumizayii modxce npuzeooumu 00 080X pizHux piviensb. OCHOBHUI pexcUM NOBHOT KOMReHcayii
XApaKkmepu3zyemuvca iCmomHUM 3MeHUeRHAM empam 6 cucmemi. /lpyzuil jce, 000amMKOBUIL PedcUM NOGHOT KOMReHcayii Moice
XapaKmepu3yeamucs HenPUIHAMHUMU HA RPAKMUYL 3DOCIMARHAM cmpymis | nanpyz é cucmemi enekmponocmauanns. bion. 10,
tabm. 1, puc. 6.

Knrouoei croea: peakTHBHA MOTYKHICTH, KOMIIEHCATOP PeaKTHBHOI MOTYKHOCTi, MOLIYKOBAa ONTHMi3aNisl, Bi3yaabHa MoeJb,
TpudazHa cucTeMa eJIeKTPONOCTAYaAHHS.

Paccmampueaemcs pewienue 3a0auu onpeoenenus napamempos pejicumos noaHoll KOMREHCAyunu PeaKkmueHol MOWHOCMU O
mpexgaznoit  cucmemvt ¢ AUHENHON HecummempuuHoil  Hazpy3kou. Hccnedoeanusn, nposeedenHvle ¢ NOMOWBIO
SimPower Systems-modenu u memooa Oehopmupyemozo MHO20ZPAHHUKA, ROKA3AAU, YMO 6 3AGUCUMOCHU OM HAYAIbLHBIX
YCoGuil ONA NEPeMEeHHbIX ORMUMU3AYUUU, NPOUECC ONMUMUIAUUU MOICEM NPUGOOUMb K O6YM DA3IUYHBIM PEUICHUAM.
OCHOBHOIL pexicum NONHOU KOMREHCAyuu XapaKmepu3yemca CyujecmeeHHviM yMeHbuleHuem nomeps ¢ cucmeme. Bmopoii sce,
OONONHUMENILHBLIL  PeXHCUM  NOJIHOU  KOMREHCAUUU MOMCem  XaApaKmepu3o6amuvcsa HenpuemiemMviMi HA  NPAKMUKe
603PACMAHUAMU MOKO8 U HANPAXHCEHUIl 6 cucmeme Inekmpocnadcenun. bubin. 10, Tadn. 1, puc. 6.

Kniouesvie crosa. peakTHBHAsi MOLIHOCTh, KOMIIEHCATOP PeaKTHBHOH MOIIHOCTH, MOMCKOBAasi ONTHMHU3ALMsI, BH3yaJbHAs
MoOjieJlb, Tpex(azHas cHcTeMa 3JIeKTPOCHADKeHHUS].

Introduction. Problem definition and justification
of itsrelevance. Balancing currents and voltages in three-
phase systems is one of the most important means of
improving the quality of power supply and is an urgent
task at the present stage [1, 2]. Due to balancing, the
amplitudes of the currents in the feeders of the power
supply system are equalized, which contributes to a
uniform loading of the sources of electrical power. In
addition, the amplitudes of the currents in power
transmission lines are reduced, which in turn means a
decrease in power transmission losses, and, consequently,
an increase in efficiency is ensured [3]. Optimal in all
these respects is the mode of full compensation of
reactive power, by which we mean such a symmetrical
mode, in which only active power is consumed from the

source. In this case, the reactive component of the power
consumed from the source becomes zero, which is
possible when a sinusoidal current is taken from the
source that coincides in phase with the sinusoidal wave
generated by the sinusoidal voltage source. Thus, in the
mode of full compensation of reactive power, the power
factor reaches the maximum unit value [6]. For a three-
phase power supply system, the full reactive power
compensation mode should be extended to all three
sources of electrical energy simultaneously.

Overview of recent publications on the topic. The
results of solving the problem of balancing do not lead to
the optimal mode, and it can be solved in the space of
linear operators [1, 2]. When solving the problem of full
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compensation of reactive power, the conditions of full
compensation of reactive power in sources are added to
the system of linear eguations, and these conditions are
non-linear. Therefore, in [1, 2], aswell asin other sources
[3-5], this problem did not find a complete solution. In the
general case, the solution of the problem of full
compensation of reactive power under the specified
conditions is possible only with the help of optimization
methods, as shown in [6]. The method of search
optimization used in [6] alows to find mode parameters
for the case of full compensation of reactive power using
the visual model and the method of a deformable
polyhedron [7]. Such a general approach opens up the
possibility of studying reactive power compensation
modes for power supply systems of any configuration and
variations in network and load parameters.

The goal of the paper is study of modes in a three-
phase power supply system with alinear asymmetric load
to identify the ambiguity of solution of the problem of
synthesizing parameters of the compensator in the modes
of full compensation of reactive power.

Presentation of the original material of the paper.
A generalized three-phase power supply system, shown in
Fig. 1 is considered.

The network of infinite power (NIP) is represented
by the sources of sinusoidal voltage e,, &, and e.. Power
transmission lines (PTL) in the form of complex
resistances z,, z, and z. bring energy to an asymmetrical
load (AL) in the form of a star of complex resistances of
an inductive nature z,, Zy, and z,. The reactive power
compensator (RPC) is represented by capacitors Cyp, Ci,
C.a, connected in parallel with the load.

NIP PTL RPC AL
Za Zna
| S|
ia iab i na
Zp =Cw T Cea Znb
. — . .
g2 Lhe fog b
Ze T Cie Zne
. B .
iC Inc e
Fig. 1. Schematic circuit of a generalized three-phase power
supply system

Determination of the capacitances of these
capacitors is the task of synthesizing the parameters of the
compensator, provided that the reactive power is fully
compensated.

Main research material. The solution of the
defined problem is feasible with the use of a visual model
and search optimization in the SimPowerSystem (SPS)
extension of the computer mathematics system
MATLAB. Figure 2 shows a visual model of the power
supply system.

Its appearance when using elements of the library of
SimPowerSystem components practically coincides with
the concept of the schematic circuit (Fig. 1).

Virtual current meters iy, i, and i, are additionaly
introduced in PTL. The amplitudes of the voltage sources are

assumed to be 100 V, the frequency of voltages is 50 Hz,
w = w = 100~z.

ToWorkspace

Matn
Function

Cbe =

—'@'—’”‘EJ — e 1L oy m

Ec

zc znc

Fig. 2. Visual model of athree-phase power supply system

The complex resistances of al PTLs are assumed to
be z, = z = z = 01 + jw0.001 Q. Complex load
resistances. z,, = (0.7 + jw0.005) Q; z;, = (1 + jw0.01) Q;
Ze = (2 + jw0.04) Q. With the specified parameters, the
power supply mode of asymmetric load is characterized
by asymmetric currents flowing in PTL:

iy =19.156— j24.99 = 31.494e) (*52536%) A,
iy = —25.84+ j17.11= 30.995¢ (146495 A,

i =6.69+ j7.89=10.342e/ (49705) o
Virtual meters of active and reactive power,
measuring the mode of the sources, give the following
indicators for the total power given by the sources:
S, =(957.82+ j1249.88) VA,
S, = (-94.75+ j1546.84) VA,

S = (174.35+ j486.81) VA
These indicators determine the following values of
power factors for each of the sources of electricity:
cosg, =0.608;, cosgp, =—0.061; cosg, =0.337.

The task mode for the first mode of full
compensation of reactive power is carried out using a
visual model, which is complemented by computational
elements to determine the value of the objective function.
The choice of the objective function itself is dictated by
the formulation of the problem of complete compensation
of reactive power for each of the sources of electricity.

The expression for the objective function is a
spherical metric [8] composed of the reactive powers of
each source of electricity:

N =QZ+Qf +Q¢

This value is calculated in the model itself (Fig. 2),
where only reactive powers are taken from the virtual PQ
meters, which are then sguared, summed, and the square
root is extracted from the sum, as shown on the model.

The resulting value of the objective function is
transferred to the MATLAB system workspace using the
To WorkSpace virtual block, from where it becomes
available for program modules.

The first program module (Fig. 3,a) is the main
program. The optimization variables are Cp, Cie, Cea,
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representing the values of the capacitances of the
compensator. These variables are declared global
variablesin the main program. Next the call of the built-in
function of unconditional nonlinear optimization
fminsearch() according to the deformable polyhedron
method [8] comes. As the actual parameters, it is enough
to specify two parameters: the name of the file function
that provides the calculation of the value of the objective
function, and the array of initial values of the optimization
variables.

global Cab Cbc Cca Nst MN XX

Nst=1

Y =fminsear ch('func_s3fnesim',[1 1 1])
a

function Nev=func_s3fnesim(x)

global Cab Cbc Cca Nst MN XX

Cab=abs(x(1)* 1E-6);

Cbc=abs(x(2)* 1E-6);

Cca=abs(x(3)* 1E-6);

sim s3fnesim?2

X

Nev

Nst=Nst+1
b

Fig. 3. Program codes:
a— of the main program; b — of file functions

The text of the second program module is shown in
Fig. 3,b. The first line repests the declaration of global
variables. Next the operators are placed expressing the
actual vaues of the capacitances of the compensator
through the elements of the array of optimization
variables. It is advisable to use the scale factor that
converts the values of x optimization variables, expressed
in microfarads, to the values of capacitances Cup, Che, Cea,
expressed in farads. This ensures that it is possible to
avoid optimization on a set of optimization variables
whose values approach zero.

After scaling, the sim operator follows, calling the
visua model of the power supply system with a
compensator to be executed. For the linear system under
consideration, it is enough to run the model for only one
period of the supply voltage, since for linear SPS-models,
the default is a preliminary calculation of the steady state.
During the SPS-model run, the value of the objective
function is found during the period, which is then used by
the optimization program itself.

The selection of theinitial values of the optimization
variables influences the progress of the optimization
process. In the first variant, the vector x = [1, 1, 1] was
adopted as the initia values of the variables of the
optimization of the vector of initial values, that is, the
capacitances of the capacitors were taken at the beginning
of optimization Cy, = Cyc = Cq = 1 Y.

Such a choice is explained by the desire to start
optimization from the depicting point of the trgjectory of
the optimization process, separated from the initial
asymmetrical mode at an insignificant distance. Indeed,
the connection of such small capacitances does not have a
significant impact on the origina mode, and thus ensures
a smooth transition from the initid mode to the

optimization process. In this case, the optimization
process ended after 268 runs of the SPS-model and led the
solution to the following capacitor values of the
compensator capacitances:

Cap =562.2 pF; Cy = 182.3 uF; Cen = 34.4 PF.

The amplitudes of the currents in PTLs with this
became equal:

lam = lom = lem = 7.754 A.

Thus, the mode of full compensation of reactive
power allowed to reduce active losses in phases A, B, C,
respectively, by 16.5, 2.16 and 21.78 times in comparison
with the asymmetric mode.

The progress of the optimization process when the
first mode is found clearly reflects the dependence of the
value N of the objective function on the sequence number
k of the SPS-model call per run (Fig. 4). Here you can
clearly see the intervals of the graph, which are
characterized by minor changes in the objective function,
namely:

a) interval k=0 ... 40;

b) interval k=60 ... 180;

¢) interval k=230 ... 268.

Obvioudly, the first interval k =0 ... 40 is due to the
increase in the vaues of the capacitances of the
compensator from insignificant unit initial values to
values at which they begin to significantly affect the
reduction of reactive power in the power supply system.
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Fig. 4. Dependence of the objective function N on the number of
optimization step k when finding the main mode of full
compensation

The second interval is likely due to the peculiarities
of the multidimensional surface, which reflects the
behavior of the objective function on the set of values of
the optimization variables. This interval takes about 120
cals to the SPS-model. The third interval for k = 230 ...
268 is due to bringing the already small value of the
objective function to a value that satisfies the conditions
of a given accuracy of reaching the solution. It can be
changed by the option of running the fminsearch()
optimization program itself. The analysis of the
peculiarities of the considered optimization process led to
the search for other initial values of the optimization
variables that would shorten the solution time, providing a
more favorable trgjectory of the decision representation
point.
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The solution of the problem for the second mode of
full compensation of reactive power is carried out with
the setting of significant initial values of the optimization
variables. At the same time, the possibility of an
accelerated arrival to the optima solution from the
practically short-circuit mode of the system with a
reactive power compensator was expected.

For this purpose, the vector x = [4000, 4000, 4000]
was selected as the initial one, which corresponds to the
capacitance values Cy, = Cy = Cea = 4000 pF.

The corresponding plot of the value N of the
objective function versus the sequence number k of the
call to the SPS-model is shownin Fig. 5.
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Fig. 5. Dependence of the objective function N on the number of

optimization step k when finding the additional full
compensation mode

As can be seen from the graph, the number of calls
to the SPS-model has decreased by more than 2 times.
Over 120 calls, a solution was reached in which the value
of the objective function N = 0.212. In fact, already over
60 calls, a small value of N was reached and the interval
for k=0 ... 60 is characterized by a continuous decrease
in the objective function and the absence of horizontal
sections in the plot, as observed in the previous case. The
solution obtained under these conditions, however, is
characterized by relatively large vaues of the
optimization variables at the solution point, which
correspond to the following values of the compensator
capacitances:

Cap = 3935.3 YF; Cpe = 3555.5 pF; Cey = 3407.7 Y.

Figure 6 shows the temporal diagrams of currentsin
PTL with the specified parameters of the compensator.
Here you can see that the currents are really balanced in
amplitude and shifted by 120 electrical degrees relative to
each other at a zero phase angle for phase A. Therefore,
the power factors characterizing the operation of each
source of eectricity congtitute the maximum unit value,
which corresponds to the mode of full compensation of
reactive power in the system.

The found second mode of full compensation of
reactive power can be called additional, since it is
characterized by extremely large values of the amplitudes
of consumed currents. The amplitudes of the currents in
PTL amount to 928.4 A. This is more than two orders of
magnitude greater than the amplitudes of 7.754 A for the
first main mode.
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Fig. 6. Temporal diagrams of currentsin PTL in the additional
mode

The summarizing Table 1 presents a comparison of
system and mode parameters characterizing both modes
of full compensation of reactive power for the considered
generalized three-phase system.

Tablel
Values of system and mode parametersin the main
and additional modes

Main mode of | Additional mode
full reactive of full reactive
Parameters
power power
compensation | compensation
Capacitor capacitance 562.2 3935.3
Cab (UF) .
Capacitor capacitance 182.3 3555.5
Cbc‘ (IJ'F)
Capacitor capacitance
341 3407.7
CultF)
gj)rrent amplitudein PTL 7.754 028.4
|(_\?;;\d voltage amplitude 9925 201.8
Power supplied by each
source of electricity (W) 3817 #0420

Regarding the question of the adequacy of the
results obtained, it can be noted that the existence of an
additional mode of full compensation, as well as its
stability, is fully proved by modeling on the SPS-model in
the time domain, where the system, being dissipative [9],
is described by differential equations in the space of state
variables [10]. The question of the implementation of this
mode for the considered option in practice will be
complicated by the need to install very large capacitances
of the compensator, to ensure the flow of large currentsin
the system, etc. However, with certain parameters of the
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system, the points characterizing both modes of full
compensation may not be so separated by system and
mode parameters. In such cases, the practical significance
of the proposed approach will be that the implementation
of both modes can be quite feasible in practice. Then the
question of choosing the full compensation mode, which
is characterized by more rational technical and economic
indicators, will certainly arise.

Conclusions.

The studies performed suggest that the search
optimization method using the SPS-model showed the
possibility of the existence of two modes of full
compensation of reactive power in a three-phase power
supply system. In terms of optimization theory, this
means that there is no globa optimum in the solution of
the full compensation problem, but there are two local
optima. Physicaly, this is due to the ambiguity of the
solution of the problem of synthesizing the parameters of
the compensating device. Modeling in the state space
confirms the stability of both modes, which are
characterized by the maximum value of the power factor.
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Electrical Safety
UDC 621.315 doi: 10.20998/2074-272X.2019.2.10
Y u.N. Shumilov, V.l. Bondarenko

INVESTIGATION OF EXPLOSION SAFETY OF DC POLYMER SURGE ARRESTERS
3.3KV FOR TRACTION NETWORK OF RAILWAY TRANSPORT

In the testing laboratories of Ukraine, there is no high-voltage equipment of the necessary energy for testing surge arresters for
explosion safety, which does not allow to estimate this indicator at the stage of development of prototypes. In view of thistest, the
polymer prototypes of the DC surge arresters in polymer case (SAp) 3.3 kV were tested under the operating conditions of the
equipment of the operating substation with short-circuit currents of 8.3 kA and a current time of 0.02 seconds, close to the
recommended by Standard of |EC 60099-4:2014 values. 8 samples of surge arresters were tested. A sample of the surge arrester
was mounted on one of the metal supports at a height of 5.5 m located in the substation and connected to the 3.3 kV traction
substation buses through disconnectors and a high-speed switch. After the short-circuit breaker was closed through a column
with a pre-punched or shunted copper wire varistor, a short-circuit current flowed to form an electric arc inside the arrester
samples. During the tests video samples were recorded using a video recorder installed in close proximity to the test sample. The
frame of the SAp samplesin which the varistors were enclosed was performed either by winding the fiberglass tape on a varistor
column, or from rods arranged in the form of a squirrel cage, or in the form of a fiberglass tube with a hole for gas gection
during a short circuit inside the SAp. The destruction of the hull occurred without scattering of the fragmentsin seven cases from
the eight samples tested. I n seven samples, a local rupture of the silicone shell occurred in the varistor zone, a gas gjection and an
arc discharge occurred through this gap. The exception was sample No. 2, made by a continuous winding of a glass-banding tape
on avaristor column, in which, during the explosion, the upper electrode exploded with the simultaneous expansion of fragments
of the varistor in a radius of 3-5 m. Due to the white smoke accompanying the explosion, it was not possible to fix on the frame
whether the arc output from the case to the outside, despite the fact that on the next frame (in 33 ms.) the arc was no longer fixed.
In the tests of eight of the presented designs, none of them ignited the hull. If the tests were carried out on the surge arresters
assembled with pre-punched varistors (electrothermal breakdown), the varistors during the tests split, remaining inside the frame.
From the action of the arc in the contact zone of the aluminum electrodes with varistors, a deep burn-out of the electrodes was
observed, in some cases, the burnup was up to 7 mm deep and up to 8 mm wide. If the varistors were shunted by a copper wire,
they remained intact. If the varistors were shunted by a copper wire, they remained intact und melting and burning out a part of
the aluminum electrodes in the area of connection with the copper wire were smaller sizes. The samples showed a completely
satisfactory ability to withstand large pulse currents without dispersing dangerous fragments for personnel and surrounding
equipment. However, polymer designs, the frame of which is made by continuous winding, require reinforcement of the
connection zone of the carcass with electrodes to exclude the break-out of electrodes during the accumulation of gases during a
short circuit inside the shell of the SAp. For such designs, an additional test for mechanical strength in the longitudinal direction
with a predetermined norm is required in the acceptance test program. References 11, tables 1, figures 5.

Key words: electrical equipment of traction network, direct current, overvoltage protection, surge arrester, explosion safety,
test procedure, explosive destruction, fragment separation.

IIposeoeno eunpobysanns nonimepnux 3paskie OIIH-3,3 kB 6 excnayamauyiiunux ymoeax na oonaonanui 0irouoi niocmanuyir,
npu mokax kopomkozo 3amukannsn 8,3 KA i uacy ennuey cmpymy 0,02 ¢, 6ausbkux 3a 6eruuunol0 00 peKOMeHO08aAHUX
cmanoapmom |EC 60099-4:2014 3nauensv. Bunpooysano 8 wm. oomesricysauie nepenanpyz. Kapkac, ¢ akomy oyau yxiaoemi
eapucmopu, 6UKOHY8A6CA A0 WNAXOM HAMOMYBAHHA CKAONIACMUKOBOI CMPIUKU HA 8aPUCMOPHY KONOHKY, 400 CMPUICHIE,
PO3MAUOBAHUX Y GUNAODL <OINAYOT KNIMUHU», AD0 CKNONAACMUKOB0T mpyou 3 omeopom 0asa GUKUOY 2a3i6 npu KOPOMKOMY
samukanni écepeouni OIIH. 3pazku noxazanu uinkom 3a008i1bHY 30AMHICHb GUMPUMYSAMU GEIUKI IMAYILCHI cmpymu 6e3
PO31bOMy Hebe3neuHux Osa NePCOHANy | HABKOIUWHBbO20 00naonannsn gpazmenmis. Ilonimepui KoHcmpykyii, Kapkac aKux
GUKOHAHUIL CYUITbHUM HAMOMYBAHHAM, GUMAAIOMb NOCUNEHHA 30HU 3 €OHAHHA KApKACA 3 e1eKMpooamu 01 GUKIIOUEHHA
SUIbOMY eNeKmpooie npu CKYNUEHHI 2a3ie npu Kopomkomy 3amuxaunhi ecepeouni xopnycy OIIH. /[na maxkux KoHcmpyKuii
nompione 66e€0€HHA 8 MPOZPAMY RPUUMATbHO-30A6ATLHUX BURPOOYEAHb 000aAMKOB0T NEPeGipKU HA MeXAHIYHY MIYHICHb 6
HO030082CHbOMY HARPAMKY 3 3A30a1€2i0b 6CMAH0861eHOT HOpMOoIo miunocmi. bi6n. 11, Ta6i. 1, puc. 5.

Knouosi cnosa: enekTpoo0JaJHAHHA TATOBUX NPHCTPOIB, MOCTIHHUHA CTPYM, 3axXuUCT Bil nepeHanmpyr, o0Me:kyBaui
nepeHanpyr, BUOyxo0e3neyHicTh, METOIUKA BUNIPOOYBaHb, BHOYXOBe pPyiiHyBaHHs, PO3JiT ¢pparMeHTiB.

Ilposedenst ucnsimanus nonumepnvix oopaszyoe OIIH-3,3 kB 6 IKchiyamayuoHHbIX YC06UAX HA 000PYO08aHUU Oelicmeyouyell
noOcmanyuu, npu moxax Kopomkozo 3amvikanusn 8,3 kA u epemenu 6o30eiicmeus moka 0,02 ¢, 6au3kux no eeruuuHe K
pexomenoyemovin cmanoapmom | EC 60099-4:2014 3nauenusm. Henvtmano 8 wim. ozpanunumeneii nepenanpsicenuii. Kapxac,
6 KOmopom 0bliu 3aK1104eHbl 6apUCmOpbl, 6bINOJIHACA TUOO NYMEM HAMOMKU CMEKI0NIACMUKOGOI J1IeHMbl HA 6APUCHOPHYIO
KOJIOHKY, b0 U3 CMepicHell, PACNOI0NCCHHBIX 6 Gude «Penuubvell Kiemiku», aubo ¢ euoe CmeKIoniacmuKkosoi mpyost c
omeepcmuem 011 8plopoca 2a306 npu Kopomkom zamvikanuu enympu OIIH. Obpa3yst nokazanu eénojine y00ei1emeopumenbHylo
cnocoonocme  vloepicusams  GonvuIUe UMRYIbCHBIE MOKU 0e3 pa3néma OnAcHuIX 0N NEPCOHANA U  OKPYHCAlouiezo
obopyoosanusa ¢pazmenmos. Ilonumepnsle KOHCMPYKUUU, KAPKAC KOMOPBIX 6bINOJIHEH CRIAOWHOI HAMOMKOU, mpedyiom
ycuneHus 30Hbl COCOUHEHUA KApPKAca ¢ I1eKmpooamu OnA UCKIIOYeHUs 6bllema IJNeKmpoooe npu CKONIeHUU 2a308 npu
Kopomkom 3amwikanuu eHympu kopnyca OIIH. /Ina maxkux KoncmpykKuyuii mpedyemcs e6edeHue 6 npozpammy npuémo-
COAMOYUNBIX UCHBIMAHUIL 0ONOIHUMENbHOI RPOGEPKU HA MEXAHUYECKYI0 NPOYHOCHb 8 NPOOOILHOM HARPAGNEHUU C 3apaHee
YCMaHO61eHHOI HOpMoUl npounocmu. bubn. 11, Tabn. 1, puc. 5.

Knrouesvie cnosa: 31eKTpO0OOpPyI0BaHNE TATOBBIX YCTPOICTB, MOCTOSIHHBIN TOK, 3alUTA OT NepeHANPSKeHW, OrpaHHYUuTe/IH
nepeHanpsiKeHu i, B3pbIB00€30NACHOCTh, METOIMKA UCIILITAHMI, B3PbIBHOE pa3pylleHue, pa3iéT ()parMeHToB.

Introduction. To protect against overvoltages the Currently, in most cases, dischargers PMBYVY-3,3;
electrical  equipment of traction devices, e€lectric PBKVY-3,3 A 01 [1-3] on €lectrical equipment are
locomotives and electric trains dischargers or surge installed, made of vilite disks and spark gaps, as well as

arresters (SA) are used. © Yu.N. Shumilov, V.I. Bondarenko
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surge suppressors in porcelain cases. Vilite dischargers
are morally obsolete and are in fact out of production;
porcelain surge arresters have several disadvantages:
insufficient tightness of the connection between a
porcelain tire and a metal flange, high explosion hazard,
large dimensions and weight. To eliminate the above
disadvantages, for the replacement of porcelain structures
for the DC railroad surge arresters in a polymer case
(SAp) are designed and mastered. When developing new
SAp, it is taken into account that their most important
indicator is explosion safety. Surge arresters, like any
apparatus, can be damaged in operation, for example, due
to internal breakdown of varistors, which can lead to short
circuit and electric arcs inside the case, a sharp increase in
internal gas pressure from thermal decomposition of
materials caused by an electric arc. If damage to the SA is
accompanied by an explosive destruction of the case, then
this is a danger to the substation personnel and the
equipment located near it, since the explosion can
fragment the varistors and the hard parts of the exploded
case at high speed. Metal flanges can aso escape from the
SAp case. When ingtaling the SAp on electric
locomotives and electric trains, the danger of explosive
destruction of the SA is aggravated by the fact that the
fragmentation of fragments can occur in crowded places.
According to [4], for al types of SA, explosion safety is
defined as the absence of an explosive destruction of a
case with fragmentation in the normalized zone when
tested, and the absence of case ignition during destruction
and, if it occurs, followed by flame attenuation during a
time not longer than 30 s.

For a SA of a DC network, test modes for
confirming the explosion safety are defined in [5]. In the
Ukrainian testing laboratories there is no high-voltage
equipment for high currents for testing the SA for
explosion protection in short-circuit modes. At the same
time, when preparing the Specifications for these
products, confirmation of compliance with the
requirements of [6] is required, in which the explosion
safety of the apparatus is the most important indicator.

The goal of the work is the determination of the
explosion safety of SAp-3.3 kV samples with a polymer
case on the equipment of an operating DC traction
substation under conditions as close as possible to
operation.

Samples for testing. 8 samples of surge arresters
SAp-3.3/4.5 /10/550 of the contact network, consisting of
a column «varistor + auminum inserts + auminum
electrodes», fiberglass frame and silicone organic ribbed
protective shell passed the necessary electrica and
mechanical tests, were tested.

In samples No. 1-3, the frame is made by continuous
winding of a glass band tape impregnated with a
thermosetting binder. In samples No. 4-6, the frame is
made by winding glass band tape, providing for the
presence of sections with incomplete closure by the glass
band tape of the lateral (cylindrical) surface of the varistor
column. After the tape was applied, the frame was baked
at temperature of 165 °C, then its surface was sanded and
coated with a specia primer for strong bonding of
silicone rubber with glass tape before applying the
silicone shell.

In sample No. 7, the frame is made in the form of a
«squirrel cage» consisting of thin fiberglass rods located
around the varistor and firmly fixed by molding in
aluminum electrodes.

In sample No. 8, the frame is assembled from a
prefabricated fiberglass pipe with two holes in the side
surface, designed to release gas pressure during the
breakdown of SAp; the flanges were fixed on afiberglass
pipe using a glue-thread connection.

To create a short circuit in samples No. 3-6, 8, the
varistor was shunted by copper wire with cross section of
0.62 mm? in samples No. 1, 2, 7, the varistor experienced
preliminary electrothermal  breakdown, but was not
destroyed.

Figure 1 shows schematically columns of samples
with varistors prepared for the application of a silicone
protective shell.

!

Fig. 1. Column sketches: a — with winding; b —with winding
and with a hole; ¢ —with rods; d — with a pipe and two holes
(1 — aluminum flange, 2 — hardened fiberglass tape, 3 —metal
oxide varistor, 4 —longitudinally positioned glass band tape,
5 —aluminum inserts, 6 — fiberglass rod, 7 —fiberglass pipe with
holes)
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A technique of testing for explosion safety. Tests
for explosion safety of surge suppressors were carried out
on the basis of the Slavyansk traction substation according
to the program agreed with the JSC «Ukrainian Railways».
The electrical circuit of testsisshownin Fig. 2.
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Fig. 2. Electrical circuit of testing sections of the SAp on the
traction substation of Slavyansk city

The sample of the surge arrester was mounted on
one of the metal poles at height of 5.5 m located on the
territory of the substation and connected to the traction
substation buses of 3.3 kV viadisconnectors A5, B5, ®n5
and high-speed circuit breaker BAB-206 (Fig. 3).
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Fig. 3. Sample of SAp prepared for testing

The test circuit was separated from the contact
network by a ®51 disconnector. After the BAB-206
circuit breaker was closed, a short circuit current flowed
through a column with a experienced preliminary
breakdown or shunted by a copper wire varistor with the
formation of an electric arc inside the SAp section.

The process associated with the flow of short-circuit
current was monitored using the control complex of the
digital protection and automation of feeder (DPAF) 3.3,
the instantaneous values of the current and voltage in the
circuit were recorded and current and voltage
oscillograms through the arc were recorded.

During the tests, samples were video-recorded using
a DVR installed in close proximity to the sample under
test. After the tests, each SAp sample was inspected, the
samples were photographed, the weight of the sample was
determined after the tests and, if the shell ruptured, the
dispersion of the SAp fragments was evaluated.

Figure 4 shows the oscillogram of current and
voltage at the moment of arc discharge inside the case of
the sample No. 2.
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Fig. 4. Oscillogram of current and voltage at the moment of arc

discharge inside sample case No. 2: a high peak corresponds to
the arc current; lower peak — to voltage; abscissa—timein ms

Thetest resultsfor SAp-3.3 kV for explosion safety
are presented in Table 1.

For the evaluation of explosion safety of the SA, the
Standard [4] establishes the following criteria:

1. A surge arrester is considered to be explosion-proof
if fragments of a structure that fell to the ground after the
destruction of the SA are left in acircle with adiameter of
not more than D = 1.2:(2-Hg, + Dg), where Hg,, D, are the
height and diameter of the Sa, respectively; for devices of
small height, it isassumed that D = 1.8 m.

2. It is considered permissible to depart from a circle of
fragments of a damaged structure weighing up to 60 g each.

The area of hot gases coming from the SA is not
standardized.

Additionally, we note that if, as indicated in [7-11],
the electric arc from the SA case will come out, then
explosive destruction will not occur over the entire period
of arc burning. However, if the arc remains inside the
case, explosion proof cannot be guaranteed.

From Table 1 it follows that of the 8 tested
structures in 7 cases, the destruction of the case occurred
without scattering of the fragments. In the area of
placement of the varistor, there was a loca break of the
silicone shell with the release of gas and exit to the
outside of the arc discharge. The exception was sample
No. 2, in which, during an explosion, the upper electrode
was broken out with simultaneous scattering of fragments
of asplit varistor within aradius of 3-5 m.

Analysis of research results.

1. From Table 1 it is seen that from 8 tested structures
in 7 cases the destruction of the case occurred without
scattering of the fragments. In 7 samples, in the zone of
the varistor placement, there was a local break of the
silicone shell with the release of gas and exit of the arc
discharge. The exception was sample No. 2, which was
made by continuous winding of the frame with a glass
banding tape, which had a tearing out of the upper
electrode during the explosion and simultaneous
scattering of fragments of a split varistor within a radius
of 3-5 m. Because of the white smoke accompanying the
explosion, it was failed to record on the frame whether
the arc exit from the case to the outside, despite the fact
that in the next frame (after 33 ms) the arc was no longer
recorded.
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Test results of SAp-3.3 kV for explosion safety

Table1l

short-circuit current through SA (A);
SA | maximum voltage fixed by DPAF (V); . . State of aluminum liners
No.| full time of the short circuit switching Typeof damageto thecase | Varistor state after testing adjacent to varistors
off (9)
Shell rupture in the varistor Deep erosion of aluminum
1 | =8130; U =800; t =0.02 placement zone without Varistor cracking linersin the zone of cracks
fragmentation in the varistor
Tearing the top electrode; Erosion of aluminum
2 | =7178; U = 1120; t = 0.02 destruction and expansion of Varistor cracking linersin the zone of cracks
varistor fragmentsfor 3-5m in the varistor
Shell rupture in the varistor Erosion of aluminum
3 | =8640; U =800; t =0.02 placement area without Varistor cracking linersin the zone of cracks
fragmentation in the varistor
Thforrlljé)g;rgligrfei]eol; 'tﬂéhe Varistor, shunted by Erosion of aluminum
4 | =7890; U =1000; t =0.02 . o copper wire, without linersin the zone of
weskened place in the winding . .
destruction copper wire
of glass band tape
Varistor, shunted by Erosion of aluminum
5 | =7245; U =800; t =0.02 2 tears and 3 shell punctures copper wire, without linersin the zone of
destruction copper wire
Varistor, shunted by Erosion of aluminum
6 | =8153; U =800; t=0.02 8 point punctures copper wire, without linersin the zone of
destruction copper wire
Shell rupture in the varistor Erosion of aluminum
7 | =7238; U =900; t =0.02 placement area without Varistor cracking linersin the zone of cracks
fragmentation in the varistor
The rupture of the shell in the
i,%?eeio: tt:::fli%c;t é?ar;:fpitgg r;ﬁrf Varistor, shunted by Erosion of aluminum
8 | =7890; U =1000; t =0.02 T copper wire, without linersin the zone of
threaded connection of destrudti .
aluminum flanges with fiberglass ruction copper wire
pipeis not broken

2.In two other samples No. 1 and No. 3, made
similarly by a continuous winding with a glass banding
tape, a local gap of the frame and the silicone coating
was observed with the arc going out. Scattering of
dangerous fragments was absent. In about 100 ms, the
electric arc reached the surface was completely
extinguished, this can be seen on the freeze frames
received every 33 ms (Fig. 5). For the remaining 5
samples, the observed arc burning pattern was similar,
as for samples No. 1 and No. 3 (Fig. 5).

3. When testing the 8 presented structures, in none of
them the case did not ignite.

arcin 66 ms
Fig. 5. Freeze frames of the arc exit from the SAp case after BAB-206 switching on

arcin 33 ms

Conclusions.

1. Conducted tests of polymer samples of SAp-3.3 kV
under operating conditions on the equipment of the
operating substation, with short circuit currents of 8.3 kA
and current exposure time of 0.02 s, close in value to ones
recommended by |IEC 60099-4:2014 Standard, showed

4. If the tests were carried out on SAp, assembled with
experienced preliminary breakdown varistors
(electrothermal breakdown), the varistors during the tests
broke apart, remaining inside the frame (except sample
No. 3). From the action of the arc in the zone of contact
between aluminum electrodes and varistors, a deep
burnout of the electrodes was observed; in some cases the
burnup was up to 7 mm deep and up to 8 mm wide.

5. If the varistors were shunted with copper wire, they
remained intact, while melting and burning out part of the
aluminum electrodes also occurred in the zone of
connection with the copper wire, but in smaller sizes.

arcin 99 ms sample No. 1 after voltage off

quite satisfactory ability to withstand large pulse short-
circuit currents without scattering fragments dangerous to
personnel and the surrounding equipment.

2. Polymer structures, the frame of which is made of
continuous winding, require strengthening the zone of
connection between the frame and the electrodes. For
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such structures, it is required to introduce an additional
test for mechanical strength in the longitudinal direction
with a predetermined strength limit into the acceptance
test program of the SAp.
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