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M.l. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTSIN SCIENCE AND
TECHNIQUE. PART 51: ROCKET-SPACE TECHNOLOGY DESIGNER SERGEY
KOROLEV AND HISACCOMPLISHMENTSIN MISSILE DESIGN

Purpose. Preparation of short scientifically-historical essay about one of founders of domestic rocket production and practical
cosmonautics, distinguished Soviet designer of space-rocket technology Sergey Paviovich Korolev. Methodology. Known scientific
methods of collection, analysis and analytical treatment of scientific and technical information, touching becoming and
development in the world of space-rocket technique and resulted in scientific monographs, journals and internet-reports. Results.
A short scientifically-historical essay is presented about the distinguished Soviet designer of space-rocket technique S.P. Korolev,
becoming one of founders of domestic rocket production and practical cosmonautics. The important deposit of former German
people, creating rockets, workings in the USSR after completion of the World War 11 is marked, in development of the first Soviet
ballistic rockets. Basic scientific and technical achievements of talented and purposeful scientist and practical worker, becoming
in 1950 a Chief Designer of the Special Design Bureau No. 1 (SDB-1), S.P. Korolev in area of creation of Soviet strategic rocket
weapon (rocket-nuclear «shield») and modern space-rocket technique for mastering of near and distant space tellurians. It is
pointed out that under the direction of the Chief Designer of SDB-1 S.P. Korolev in the USSR was developed and accepted on the
armament of Soviet Army consisting of two stages intercontinental ballistic rocket (ICBR) of type P-7 (1956, military index 8K71,
by power of thermonuclear war-head in 5 Mt and distance of its flight in 8 thousands km) with the liquid rocket engines (LRE) of
type P/1-107 and P/7-108 of design of distinguished Soviet designer in area of rocket engines V.P. Glushko. It isindicated that the
Chief Designer S.P. Korolev is the «father» of domestic space-rocket technique, providing by powerful launch vehicles, created in
the USSR on the basis of ICBR with LRE of PZ]-7 type (military index 8K71), start of first in the world of Soviet space satellite (on
Octobers, 4, 1957) and start on the circumterrestrial space orbit of the first in history humanity of Soviet cosmonaut Yu.A.
Gagarin (on April, 12, 1961). Originality. Certain systematization is executed of known from mass medias of scientific and
technical materials, touching becoming and development in the USSR of rocket production, at the sources of which the talented
scientist-practical worker and distinguished Soviet designer of space-rocket technique S.P. Korolev. Practical value. Scientific
popularization and deepening for the students of higher school, engineer and technical and scientific workers of physical and
technical knowledge in area of history of becoming and development in the former USSR of modern rocket production, extending
their scientific and technical range of interests and further development of scientific and technical progress in society.
References 25, figures 10.

Key words: space-rocket technology, distinguished Soviet designer of space-rocket technology Sergey Korolev, achievements
in moder n rocket production, cosmonautics, scientifically-historical essay.

Haseoeno kopomkuii HAyKo60-icmopu4HUil HApUcC NPoO 6UOAMHO20 PAOAHCLKO20 KOHCHIPYKMOPA PAKEMHO-KOCMIUHOT mexXHIKU
Cepzin Ilasnosuua Koponvosa, wjo cmae 00HUM 3 OCHOBONOIONCHUKIE GIMYUZHAHO20 PAKEMOOYOyeanHsa i nPaKmuuHoi
Kocmonasmuku. Biomiuenuit éaxcnusuil 6Hecok KonuwHix nimeybKux pakemuuxie, ujo npayioeanu ¢ CPCP nicna 3akinuenus
Jlpyz0i céimoeoi giiinu, 6 po3pooKy nepuiux paoancykux danicmuynux paxem. Onucani 0CHO8HI HAYK080-MEXHIUHI 00CAZHEHHA
C.I1. Koponvosa 6 zanysi cmeopenna padancokoi cmpameziunoi pakemuoi 30poi i cyuyacHnoi pakemno-Kocmiunoi mexniku 01
0CBOEHHA 3EMIAHAMU OIUNHCHBO20 | OATIbHBO20 KOCMIun020 npocmopy. Ilokazano, wio 2onosnuii koncmpykmop C.II1. Koponvos €
«pampKom» GiMUUIHAHOT PAKEMHO-KOCMIYHOI mMeXHIKU, w0 3a0e3neuunda 3anycK nepuiozo 6 ceimi paoancbKo20 WMmMyuHo20
cynymuuka 3emni (1957 p.) i nepedysanns Ha HA6KON03eMHIN KOCMIUHIN opOimi nepuiozo 6 icmopii 1100cmea padsaHcbKO20
kocmonasma F0.0. Iazapina (1961 p.). bi6n. 25, puc. 10.

Kniouogi cnosa:. pakeTHO-KOCMIYHA TexXHiKa, BUAATHMII PagsHCBKHIl KOHCTPYKTOP PpaKeTHO-KOCMiuHOI TexHiku Ceprii
KopoaboB, 1ocsAirHeHHSI y Cy4acHOMY paKeTo0yIyBaHHi, KOCMOHABTHKA, HAYKOBO-iCTOPHYHUI HApHC.

Ilpuseden Kpamkuii HAYYHO-UCHMOPUYECKUII OYEPK O GbLOAIOUWEMCA COGENICKOM KOHCIMPYKIMOpe pPAKemHO-KOCMUYECKOil
mexnuku Cepzee Ilaenoguue Koponeee, cmaguiem 00HUM U3 OCHOBONOJIONCHUKOG OMEUECHIGEHHO20 PAKEMOCHPOEHUS U
npakmuyueckoil Kocmonagmuxku. Ommeuen 6aj)rcHuvlii 6K1A0 OblGUIUX HemeyKux pakemuukos, padomaswiux ¢ CCCP nocne
okonuanua Bmopoit mupogoii 6oiinvi, ¢ paspadomky nepevix cogemckux darnucmuieckux pakem. Onucanvl 0CHOGHbIE HAYUHO-
mexuuueckue docmudicenun C.II. Koponesa 6 odnacmu co30anus co6emckozo cmpameuieckoz0 paKemHozo Opyycus u
CO6PEMEHHOI  PAKEMHO-KOCMUYECKOU MEXHUKU 071 O0CGOCHUA 3eMAAHAMU ONUJICHE20 U  OQ/IbHE20 KOCMUYECKO20
npocmpancmea. Ilokazano, umo 2naenwiit koncmpykmop C.II. Koponee agnaemca «omuyom» omeuecmeeHHOil paKemHo-
KOCMUYECKOU MeXHUKU, obecneuuguiell 3anycK nepeoz0 6 Mupe CO8emcKoz0 UCKyccmeennozo cnymuuxa 3emau (1957 2) u
npeodviganue Ha OKON03EMHOIN KOCMUYECKOU OpOume nepeozo 6 UCHIOPUU Uen06eqecmea c08emckozo kocmonasma F0.A.
Tazapuna (1961 2.). buba. 25, puc. 10.

Knioueguvie cnosa: pakeTHO-KOCMHMYeCKasi TEXHHKA, BbIIAIOIIMIICA COBETCKMII KOHCTPYKTOP PaKeTHO-KOCMUYECKOH TeXHUKHU
Cepreii KopoJieB, 1ocTH:KeHUs B COBPeMEHHOM PaKeTOCTPOEHUH, KOCMOHABTHKA, HAYYHO-HCTOPUYECKHIT 0UepK.

Introduction. When you get acquainted with
biographies of prominent scientists and engineers of the
world from various fields of knowledge, you often
«catch» yourself thinking that what an often difficult fate
these people had for the great deeds, the mysterious
cosmos of people for us. By their years of suffering and
conscious goals, they had to «get through» incredible life

difficulties, including betrayal of cruel and selfish
colleagues, far-fetched accusations of wrecking in the
service, arrests, court sentences and imprisonment in
harsh conditions in prisons and camps. This is especialy
true of such people who were the best representatives of
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the true intelligentsia, whose life fell on the period of
revolutions and rampant political dogmas and repressions
in their homeland. Often, the objective laws of the
development of human society, and sometimes fateful
cases, led these spiritually strong people from life's «dead
ends» to the main paths for the development of scientific
and technological progressin it. Such stoic people include
the outstanding Soviet designer of rocket and space
technology, twice Hero of Labor (1956; 1961),
Academician of the Academy of Sciences of the USSR
(since 1958) Sergey Pavlovich Korolev [1] (Fig. 1), to
whom this essay is dedicated.

The goal of the paper is preparation of a brief
scientific and historical essay about one of the founders of
domestic rocket science and practical cosmonautics, an
outstanding Soviet designer of rocket and space
technology S.P. Korolev.

1. The beginning of the life and career of S.P.
Korolev. He was born on January 12, 1907 in the city of
Zhitomir in the family of Pavel Yakovlevich Korolev, a
teacher of Russian literature [1]. His mother, Maria
Nikolayevna Moskalenko, soon broke up with his father
(because of which Sergey was brought up from his
mother’s parents in the city of Nizhyn, now Chernihiv
Oblast, from two to ten years old) and in 1916 moved to
Odessa to the place of work of the new husband —
mechanical engineer Grigory Mikhailovich Balanin
(Sergey's stepfather). In September 1917, he begins to
study in the first class of the 3rd Odessa Men's
Gymnasium [1]. The turbulent events of the civil war
made adjustments to his studies.

Fig. 1. Outstanding Soviet designer of
Space-rocket technology, twice Hero of Labor,
Lenin Prize Laureate, Academician of the Academy of Sciences
of the USSR Sergey Pavlovich Korolev
(12.01.1907-14.01.1966) [1]

Young Sergey had to take a seven-year school
program at his parents' home. Further, in the period 1922-
1924 his studies at the construction school No. 1 of
Odessa followed, after which he received secondary
education and a mason specialty [2]. At thistime, he «fell
ill» with aviation. In 1924, Sergey entered the Kyiv
Polytechnic Institute in the field of aviation technology.
Here he became a glider athlete. In 1926, he transferred to
the N.E. Bauman Moscow Higher Technica School
(MHTS) at the Aeromechanical Faculty. In February

1930, S.P. Korolev successfully defended his graduation
project at MHTS related to the design of alight aircraft of
the CK-4 type (the diploma project supervisor is a future
outstanding Soviet aircraft designer, three times Hero of
Labor, Academician of the Academy of Sciences the
USSR A.N. Tupolev [3]) [4]. So under the «wing» of
A.N. Tupolev he became an aeromechanical engineer. As
it turned out in the future, this person will fulfill in hislife
an even larger and actually fateful role — he will «pull»
him into the design world in the winter of 1939 to develop
new military aircrafts (even of prison character, but with
clean bed and enhanced nutrition) from the prison camp,
which was murderous in harsh conditions at the distant
gold mine «Maldyak» of the Soviet Kolyma and thereby
actually will save him from the cold and starvation death
of aprisoner [4, 5].

2. The main events of the pre-war and military
periods of the work of SP. Korolev in rocket and
aviation technology (1930-1945). In September 1931,
S.P. Korolev and talented rocket engine enthusiast F.A.
Zander achieved with the help of the Soviet Osoaviahim
the creation in Moscow of a new public organization — the
Jet Propulsion Research Group (JPRG) [6]. In August
1933, the JPRG successfully launched the first in the
USSR small ballistic missile with a liquid rocket engine
(LRE) [6]. In the same 1933, on the basis of the Moscow
JPRG and the Leningrad Gas-Dynamic Laboratory, the
Reactive Scientific Research Institute (RSRI) was created
under the leadership of I.T. Kleimenov, whose deputy
became S.P. Korolev (Fig. 2) [6].

) il i _,=: b
Fig. 2. Young S.P. Korolev while working at the RSRI
(1933, Moscaow) [6]

In the years 1934-1935, he was the Head of the
Departments of cruise missiles and rocket aircrafts at the
RSRI. By 1938, projects of liquid cruise missiles and
long-range ballistic missiles, as well as aviation missiles
for firing at air (ground) targets and anti-aircraft solid-fuel
missiles were developed in these Departments of the
RSRI. We indicate that for the period 1937-1938 there
were arrests of prominent speciadists of the RSRI, which
since 1937 became known as SRI-3 [7, 8]: I.T.
Kleimenov, G.E. Langemak (the Deputy Director of the
Institute for science, the man co-author of the
development of a new type of weapon in the world — the
Soviet «Katyusha» multiple rocket launcher (MRL) [8]),
S.P. Koralev, V.P. Glushko, and other. At present, it is
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believed that these arrests, which caused great harm to
domestic science and rocketry, were directly related to the
Head of the Rocket Engine Development Department
(since 1936) A.G. Kostikov (30.10.1899 — 05.12.1950),
who became on September 15, 1938 (after the arrest of
these employees of the SRI-3) the Chief Engineer of the
leading Institute in the USSR, engaged in the
development and testing of missile shels, and
installations for launching them from the ground and from
airplanes [7-9]. It is known that A.G. Kostikov on June
20, 1938 headed the expert commission of SRI-3, which
gave an opinion to the bodies of the People's
Commissariat of Internal Affairs of the USSR on the
harmful character of the activities of engineers V.P.
Glushko (in the future, an outstanding Soviet specialist in
the field of rocket engine technology, twice Hero of
Labor, Academician of the Academy of Sciences of the
USSR [10]) and S.P. Korolev [7]. Note that A.G.
Kostikov, taking advantage of his official position,
actually appropriated co-authorship (to mask his thieves
plans, he filed it together with the Institute’s designer 1.1.
Gvay, and the Deputy Head of the Main Artillery
Directorate of the Red Army of the country V.V.
Aborenkov) of the development at the SRI-3 of the
«Katyusha» guards rocket mortar (BM-13 combat
vehicle), which they presented in the USSR Copyright
Certificate No. 3338 of February 19, 1940 for the
invention «Mechanized installation for firing rocket shells
of various calibers» [7]. It is aso interesting that on June
17, 1941 (literaly on the eve of the beginning of World
War Il in the USSR [3]) A.G. Kostikov demonstrated the
firepower of the «Katyusha» MRL based on the domestic
three-axle 31 C-6 car to the leadership of the CPSU and
the USSR Government [7, 8]. The success of the
«Katyusha»  demonstration was  overwhelming!
Immediately, on June 21, 1941, persondly I.V. Stalin, as
the Head of the Government of the USSR, made an urgent
decision to deploy mass production of M-13 rocket
missiles and BM-13 launchers for them developed by the
SRI-3, and also to begin the formation of the
corresponding military unitsin the Red Army [7]. Despite
the terrible military events for the USSR at the beginning
of the war, on July 28, 1941, two Decrees of the Supreme
Soviet of the USSR on awarding «For outstanding
services in the invention and design of one of the types of
weapons that enhance the combat power of the Red
Army» were issued: Chief Engineer of SRI-3 A.G.
Kostikov was awarded the title of Hero of Labor by the
first of the Decrees) and 12 employees of this Institute
were awarded by orders by the second Decree [7]. In
addition, the «false father» of the legendary «Katyusha»
was soon awarded the military rank of Major General of
the Engineering and Aviation Service. Career «starfall»
for A.G. Kostikov continued further: from the beginning
of 1942 to February 18, 1944, having a degree of
Candidate of Technical Sciences, was the Director of the
SRI-3, and on September 29, 1943 he was elected a
Corresponding Member of the Academy of Sciences of
the USSR (Department of Mechanics). But, as they say
among our people, «God marks the witchcraft». For
«deceiving the Soviet Government and disrupting its
important task» A.G. Kostikov was dismissed on

February 18, 1944 and arrested on March 15, 1944 (he
was in prison till February 28, 1945) [7]. Suspicions of
his espionage and betrayal were not confirmed. After his
release, he was restored to his rights and from August 1,
1945 until the end of hislife he worked as the Head of the
Bureau of the SRI-24, engaged in the development of
missile shells[7, 8].

The true role of the employees of the RSRI (SRI-3)
illegally repressed in the 1930s in the creation of the
domestic jet weapon of the «Katyusha» MRL (BM-13
combat vehicle) was nevertheless restored [7]: by Decree
of the President of the USSR of June 21, 1991 I.T.
Kleimenov, G.E. Langemak, V.N. Luzhin, B.S.
Petropavliovsky, B.M. Slonimer and N.I. Tikhomirov
were awarded the high title of Hero of Labor
(posthumous), and their names were rehabilitated.

After such quite large in volume, but important for
completeness of the representation of the history of the
creation of rocketry in the USSR by the example of the
legendary» Katyusha» (BM-13 combat rocket launcher,
which did so much for our Victory during the war) retreat,
we return to the pre-war events directly related with the
specified SRI-3 and the person of S.P. Korolev. On June
27, 1938, on the basis of the above conclusion of the SRI-
3 expert commission headed by the notorious A.G.
Kostikov, he was arrested as a member of the Trotskyist
counter-revolutionary  organization [5]. Then, on
September 27, 1938, he was sentenced to 10 years of
imprisonment in labor camps by the Military College of
the Supreme Court of the USSR. He spent a year in
Butyrka prison (Moscow), where he was brutally tortured
and beaten during interrogations [11]. In April 1939, S.P.
Korolev found himself in the distant Kolyma in a prison
camp mining gold at the Maldyak mine. In the first year
of his camp in Kolyma, he miraculously survived scurvy
and half-starved existence. From the «paws» of death,
former Director of the Moscow Aviation Plant No. 156
M.A. Usachev (by the way, a master of sports in boxing,
who had a strong physique), who personally knew S.P.
Korolev and undeservedly sentenced to 15 years for the
death on December 15, 1938 of the legendary pilot V.P.
Chkalov, the new W-180 fighter designed by N.N.
Polikarpov which was being prepared for flight tests just
at the said plant, saved him [12]. M.A. Usachev, as a
«guardian angel», ended up in the camp hut of the
Maldyak mine at a critical moment for the life of S.P.
Korolev near him. It was he who provided him with the
urgently needed camp medical assistance and an
additional food ration, which put the inmate-goner S.P.
Korolev «on hisfeet» [11].

In December 1939, the prisoner S.P. Korolev as a
military specialist, included in the list of 100 people
needed by the aircraft designer A.N. Tupolev, who was
arrested in 1938 to work in prison on a new Soviet
bomber, and was sent from the Kolyma mine «Maldyak»
to Moscow [1, 4]. An interesting fact is that, upon the
arrival of the stage in Magadan (the capital of the Kolyma
region), he was late for the «Indigirka» steamer, bound to
Vladivostok and sunk (as it became known later) during a
storm in the Okhotsk Sea [4]. Well, it's a sign of fate for
our hero! Apparently, he was needed on Earth to do
something important in the near future. Upon arrival on
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March 2, 1940 in Moscow, a camp prisoner S.P. Korolev
by a special meeting was convicted a second time and
sentenced to eight years in prison [11]. After which he
was transferred to a new place of detention — Central
Design Bureau No. 29 (CDB-29) of the People's
Commissariat of Internal Affairs of the USSR, where in
the conditions of the prison «sharashka» under the
guidance of aircraft designer A.N. Tupolev he took an
active part in the creation and production of one of the
best during the period of the Second World War front-line
bomber of the Ty-2 type [3] and a the same time
proactively developed projects of guided aeria torpedo
and a new version of the missile interceptor [4, 6]. The
latter, probably, was the reason for his transfer in 1942 to
another prison-type design bureau — Special Design
Bureau No. 16 (SDB-16) at the Kazan Aircraft Plant No.
16, where work was carried out on new types of rocket
engines with a view to their use in aviation [1]. In this
ingtitution, he, with his characteristic enthusiasm, devotes
himself to the idea of using jet engines in practice to
improve the aircrafts: reducing the take-off run of the
aircraft during take-off and increasing the dynamic
characteristics of the aircraft during air combat. In early
1943, S.P. Korolev in the framework of SDB-16 was
appointed the Chief designer of the group of rocket
installations used on aircraft [1]. According to the results
of work on the development of an aircraft rocket
installation, in July 1944 he was prematurely released
from prison with release a crimina record, but without
rehabilitation. In 1945, S.P. Korolev S.P. awarded for
valiant work by the Order of the Badge of Honor [5].
Until the end of the Second World War, he actively
worked as a civilian in SDB-16 at the Kazan Aircraft
Plant.

3. On the contribution of former German rocket
experts to the creation of the first Soviet ballistic
missiles. For many years, the work of German rocket
expertsin the USSR, invited, as we say, by the voluntary-
forced order by the security services of the victorious
country of World War 1l to transfer their experience in
creating rocket technology to Soviet specialists, was
hushed up. As for the United States, the Americans never
hid the fact that their initial successes in creating ballistic
missiles and in space missions included a «German rocket
foundation» which included 765 leading German rocket
engineers who had been working for the United States
Army from September 1945 [10, 13]. As we know, in
September 1944, Germany created the first-ever combat
ballistic single-stage medium-range missile with a liquid-
propellant rocket engine of the V-2 type (the Chief
Designer of the rocket is the outstanding German designer
of rocket technology Wernher von Braun [10]), capable of
delivering by air at speed of up to 1.5 km/s ordinary
chemical explosives (for example, trinitrotoluene)
weighing up to 1 ton at distance of up to 300 km [10, 14].
In September 1945, S.P. Korolev was sent to Germany,
where he was acquainted with German captured missile
technology as part of the Soviet Technical Commission
for almost a year [13]. It should be noted that due to the
restoration of one of the underground plants for the
production of the V-2 rocket near the city of Nordhausen
[10] in post-war Germany, which ended up in the Soviet

zone of occupation, 10 sets of this rocket were sent to the
USSR [13]. A great contribution to this work was made
by the long-lived missile engineer B.E. Chertok (1912 -
2011), who stood at the «source» of rocket science in the
USSR and later became Deputy to the Chief Designer of
rocket and space technology S.P. Korolev and who left
behind invaluable memoirs of the development of
rocketry in the USSR [14-17]. The wise B.E. Chertok,
while still in Germany as part of the mentioned Technical
Commission, managed to attract the talented assistant and
ally of Wernher von Braun Helmut Gréttrup (1916 -
1981) to work in the field of the formation of Soviet
rocket science. In turn, H. Gréttrup, thanks to his vast
knowledge, talent as a leader, decency, wide views on
technical problems and a benevolent character, managed
to interest many German rocket experts in work on
rocketry in the interests of the USSR. As a result, in the
summer of 1946, about 500 German experts, headed by
H. Gréttrup, were sent to the USSR to raise the Soviet
missile industry [13]. Some of them (up to 150 people)
were placed in complete isolation from people on
Gorodomlya Island in the middle of the picturesque
Seliger Lake (Tver Region) [13].

In the USSR, on May 16, 1946, to manage rocket
development, on the basis of the Artillery Plant No. 88,
the lead SRI-88 (Podlipki station, Moscow Region) was
created under the guidance of a major Soviet military
production organizer, Mgor General L.R. Honor [18, 19].
In the structure of the Soviet SRI-88, which had 25
Departments, the German rocket experts have the modest
role of Branch No. 1. It should be noted that those who
worked in the USSR in excellent living conditions with
high salaries became «Soviet» German rocket engineers,
ahead of the number of achievements of «American»
German experts (Wernher von Braun group [10]), in the
projects of ballistic missiles developed they became world
pioneers. It was they who first proposed for these missiles
[13]: detachable warheads, bearing tanks, intermediate
bottoms, hot pressurization of fuel tanks, flat nozzle heads
of rocket engines, rocket thrust vector control using
engines, etc. They included rocket scientists with world-
famous [13]: Hoh (control systems), Magnus
(gyroscopes), Umpfenbah, Albring, Miller and Rudolf
(Rudolf). They, as part of the creation of the USSR
missile «shield», completed ballistic missile projects for
600, 800, 2500 and 3000 km. They aso proposed a
project for an intercontinental balistic missile (an
analogue of the future famous Soviet strategic missile
P-7) [13]. In 1953, the «exodus» of Russified German
rocket experts from the USSR began. As the saying goes,
«the Moor has done his job, the Moor may retire». As
befits a leader, H. Gréttrup was the last to leave the
USSR. Famous Soviet rocket engineer B.E. Chertok in his
memoirs notes that at the station at farewell of this
German rocket expert «he couldn’t look H. Gréttrup in
the eyes with shame» [13, 14].

4. Key achievements of S.P. Korolev in space and
rocket technology in the post-war period of his work
(1946-1966). To begin with, on May 13, 1946, a secret
Resolution of the Council of Ministers of the USSR No.
1017-419 cc «Issues of Jet Arms» (now declassified) was
issued, aimed at creating a new military industry in the
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USSR for the development and production of strategic
missiles [ 6]. In accordance with this directive document
in August 1946 S.P. Korolev was appointed Head of
Department No. 3 of the Special Design Bureau (SDB) at
the SRI-88 for the development of medium and long-
range ballistic missiles. The initial task for S.P. Korolev,
set for SRI-88 personally by 1.V. Stalin, was the
development and creation of a domestic analogue of the
German ballistic missile V-2, called «Product No. 1» (P-1
rocket) [6]. In October 1948, S.P. Korolev (Fig. 3) begins
flight design tests of the Soviet single-stage ballistic
missile P-1 (analogue of V-2) and in 1950 it was
successfully put into service in the Soviet Army [20].

Fig. 3. Soviet designer of rocket thnol ogy S.P. Korolev
in field tests of a ballistic missile created under his command
(1948, Kapustin Y ar training ground) [4]

This missile with a range of 300 km in comparison
with the German V-2 missile was significantly more
reliable in storage and operation [20]. Further, under the
leadership of S.P. Korolev a balistic missile P-2 was
created with flight range of 600 km [20]. The P-2 rocket
with a liquid-propellant rocket engine had a carrying fuel
tank, a more convenient layout for operation in military
units and a warhead detaching in flight. The new
autonomous control system for the P-2 missile had twice
the accuracy of firing at targets as compared to the P-1
missile [20].

By the beginning of 1950, the framework of
Department No. 3 at the SRI-88 had become tight for the
rapidly growing team of rocket designers led by S.P.
Korolev. On April 30, 1950, an order was issued by the
Minister of Arms of the USSR, Colonel General D.F.
Ustinov on the transformation of the SDB of the SRI-88
into the Special Design Bureau No. 1 (SDB-1) at the SRI-
88 for the development of balistic long-range missiles
with LRE, which since 1956 has become an independent
enterprise, and S.P. Korolev was appointed its Head and
Chief Designer (Kaliningrad, Moscow region, now the
city of Korolev) [6]. Then, in 1953, the implementation of
the P-3A ballistic missile project of an unstabilizing
scheme with a flight range of 1200 km followed [6].
During 1954, SDB-1 of S.P. Korolev on the basis of this
missile completed work on the development of the P-5M
missile with a range of up to 1200 km carrying a nuclear
warhead [6]. Successful flight tests at the Semipalatinsk
test site of the USSR (South-East Kazakhstan) of this
missile gave the foundation of the Ministry of Defense of

the USSR to take it into service in 1956. This was the first
domestic strategic missile, which became the basis of the
nuclear missile «shield» of our country [5]. Based on the
P-11 rocket S.P. Korolev in 1957 developed and put into
service in the Soviet Army a strategic ballistic missile
P-11M with a nuclear warhead, transported in the
refueling form on a tank chassis [20]. After a certain
modification of this missile to the marine conditions of
combat alert of Soviet atomic submarines in SDB-1 of
S.P. Korolev a sea-based ballistic missile P-11dM was
created [20]. This missile was equipped with a new
control and aiming system, which makes it possible to fire
when the sea is quite rough from the surface position of
the atomic submarine. To finalize this combat vehicle, the
documentation for it was transferred to SDB-385 (Miass,
Chelyabinsk Region). Together with the P-11dM missile,
the talented designer V.P. Makeev, who later became its
Chief Designer [20, 21], was sent to this now world-
famous Russian Center for the development of sea-based
ballistic missiles. In this regard, we can say that S.P.
Korolev laid the foundations for the establishment in the
Urals of this unique in the USSR rocket science center.
Soviet liquid balistic missiles lost a number of
parameters to American solid-fuel rockets. Therefore, in
SDB-1 under the leadership of S.P. Korolev experimental
solid-fuel ballistic missiles PT-1 and PT-2 were developed
[5]. Note that modern missile systems are mainly equipped
with solid-fuel intercontinental ballistic missiles (ICBMs),
which are based on the PT-2 ICBM, created by the Chief
Designer of SDB-1 S.P. Korolev [5, 6].

The main direction in the scientific and technical
activities of the Academician of the Academy of Sciences
of the USSR S.P. Korolev in the field of rocketry was the
development and creation of ICBMs operating on LRE
[1]. A specia place among the achievements of SDB-1
and its Chief Designer S.P. Korolev takes the
development and creation of a two-stage ICBM type P-7
(8K71) with LRE. In 1956, this strategic ICBM was
developed. It had a detachable warhead (5 Mt warhead)
weighing up to 5.5 tons and a flight range of 8,000 km
(Fig. 4) [1, 20].

This rocket was successfully tested in 1957 at the
specially built missile training ground No. 5 (Southwest
Kazakhstan), better known to the general reader as the
southern Baikonur Cosmodrome (near city of Leninsk)
[1, 15]. We dso point out that for combat duty of these
ICBMs in the USSR, a launch station was built (the
«Angara» facility) in the area of the village Plesetsk
(Arkhangelsk region), currently known as the northern
Plesetsk Cosmodrome (Russia) [1, 16]. Note that the
modification of this ICBM called P-7A (8K74) had a
3 Mt warhead with a mass of 3 tons and a flight range of
12,000 km [1, 22]. The P-7A ICBM was in service with
the Strategic Missile Forces of the USSR in the period
1960-1968 [1, 15]. Later on, SDB-1 developed a more
advanced design of a two-stage ICBM with a LRE of the
P-9 type, launched from an open starting position (Chief
Designer — S.P. Korolev) [20]. In this rocket, supercooled
liquid oxygen began to be used as an oxidizing agent. In
1962, the Strategic Missile Forces of the USSR started
service of a modification of this P-9A missile launched
from a closed launch position (a mine version of ICBM)
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[20]. On this, SDB-1, led by S.P. Korolev, ceased to
engage in combat missile-related topics and concentrated
its design forces and creative capabilities on the
development and creation of launch vehicles and systems
designed for the peaceful development of near and deep

space.
|
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Fig. 4. Soviet ICBM P-7 and its main elements [22]

Figures 5, 6 show the general views of liquid
propellant rocket engines of the types P/1-107 and P
108, respectively (Chief Designer — Academician of the
Academy of Sciences of the USSR V.P. Glushko [23]),
installed in an amount of 4 at the first stage (side blocks,
see Fig. 4) and in the amount of 1 (in the center of ICBM)
at the second stage of the Soviet P-7 ICBM (with index
8K71) [20, 22].

Note that the P-7 rocket was made with paralel
division of stages. It consisted of one central and four side
rocket blocks. At its start, propulsion systems — LRES of
all five rocket blocks were launched simultaneously. Such
a scheme was characteristic of the first ICBMs of the
USSR. To control the movement of the P-7 ICBM
(launch weight 280 tons), its design used for the first time
not gas rudders, but rudder rocket engines (RREs). On
each of the four lateral blocks of P-7, two single-chamber
RREs were installed, and on a single centra block — four
similar RREs (see Fig. 5, 6) [20, 22].

In 1955, long before the development and flight tests
of the ICBM P-7, Corresponding Member of the Academy
of Sciences of the USSR (since 1953) S.P. Korolev,
Academician of the Academy of Sciences of the USSR
M.V. Keldysh and Doctor of Technical Sciences M.K.
Tikhonravov «came out» with an offer to the Council of
Ministers of the USSR about the launch into space using
ICBM of the Soviet artificial Earth satdllite (AES) [20].

Fig. 5. Four-chamber LRE of PJI-107 type used at the first stage
of the Soviet P-7 (8K71) ICBM [22]

Fig. 6. Four-chamber LRE of P/T-108 type used at the second
stage of the Soviet P-7 (8K71) ICBM [22]

The Soviet Government, headed by N.S
Khrushchev, supported this proposal, which promised
the USSR, if successful, large political dividends. After
the creation in 1956 of a reliable nuclear missile
«shield» in the USSR (a thermonuclear bomb of the
PJIC-6¢ type [24] and a means of delivering it anywhere
in the world in the form of P-7 ICBM), capable of
teaching wise American wisdom «hawks», it was
possible to do space for a demonstration of Soviet
missile power. To implement these important peaceful
plans, at the SDB-1 in the period 1957-1966 under the
|leadership of the Chief Designer S.P. Korolev a whole
family of new missile carriers based on the P-7 ICBMs
was developed (Fig. 7) [22].

On October 4, 1957, the USSR, using a modified
P-7 ICBM with an index of 8K71PS (see Fig. 7),
launched from the Baikonur Cosmodrome, launched the
first in the world AES with a mass of 83.6 kg to the near-
Earth orbit [20, 25]. The first Soviet AES, flying over the
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planet Earth, continuously emitted electromagnetic
signals into the surrounding space, received by radio
amateurs of all countries of the world. Figure 8 shows a
general view of the Soviet P-7 (8K71PS) ICBM, which
launched the world's first AES in space during its
prelaunch training at the Baikonur Cosmodrome [22].

L
R
)

R-7 (8KT1) KT2K 11A57 11A511
Test vehicla Sputnbk (PS) launcher  Vastok {IKA}l2Unehet  Voskhod (3KV) launcher  Soyuz (TK-OK) launche:
1857 1867 1560 1982 1988

Fig. 7. The family of launch vehicles created at SDB-1 under the
leadership of S.P. Korolev based on the ICBM P-7 (8K71) [22]

Fig. 8. The Soviet ICBM P-7 (8K71PS), which launched the
world's first AES to the Earth’s orbit in 1957, on the launch pad
of the Baikonur Cosmodrome during its preparation for launch
(Chief Designer — S.P. Korolev, 1957) [22]

The launch and flight of the first Soviet AES have a
stunning success in the world. American rocket experts
and the US leadership were in real shock. The whole
world community was delighted with this breakthrough of
the USSR into space. Later, S.P. Korolev, who directed
al the work in the USSR to launch this satellite, said [1]:
«...It was small, this the very first artificial satellite of our
old planet, but its sonorous callsigns spread across all
continents and among all peoples as the embodiment of
the bold dream of mankind». In SDB-1 under the
|leadership of S.P. Korolev in parallel with the preparation
of rocket technology for manned spaceflight, work on
satellites of scientific, economic and defense purposes
was actively continued during this period. In 1958, Soviet
geophysical satellites were designed and launched into
space intended to study the Earth’ s radiation belts.

In 1959, in the USSR under the leadership of S.P.
Korolev three automatic stations (AS) are created and
launched to the Moon. Here [1]: AS Luna-1 flew near the
surface of the Moon; AS Luna-2 symbolically delivered
the pennant of the USSR to the Earth’'s satellite, turning
into a plasma upon impact on its surface; AS Luna-3 was
the first in the world to photograph the back (invisible
from the Earth) side of the Moon. Since 1960, the Soviet
SDB-1 began to develop a new spacecraft designed for
soft landing on the lunar surface and transmitting the
lunar panoramato Earth using it.

On April 12, 1961 S.P. Korolev and the large team
of Soviet rocket designers headed by him again amazes
the world community [1]: in the USSR, using the first
manned spacecraft VVostok-1 and the P-7 (8K72K) launch
vehicle (see Fig. 7), the world's first flight of man in outer
space around the Earth is carried out (the Vostok-1 ship
completed in 108 minutes one revolution around our
planet and returned to Earth). This legendary man-
cosmonaut was a citizen of the USSR Y uriy Alekseevich
Gagarin (Fig. 9).

= | . oo
Fig. 9. Chief Designer of SDB-1 Academician of the Academy
of Sciences of the USSR S.P Korolev and the world's first
cosmonaut Yu.A. Gagarin [4]

In 1962, S.P. Korolev completed training and
conducted a group flight around the Earth of the manned
spacecrafts Vostok-3 and Vostok-4. In the same year, he
and his SDB-1 participated in the launch of the Mars-1
interplanetary station [2]. In 1963, a design of the P-7
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(11A57) type rocket carrier (see Fig. 7) for the Voskhod
manned spacecraft was developed at SDB-1. In 1965, he
directed the space flight of the Voskhod-2 spacecraft,
during which the Soviet cosmonaut A.A. Leonov for the
first time in the history of world cosmonautics went into
open space (for about 12 minutes) [2]. He participated
with his team of scientists and specialists in the rocket
launches of the Soviet ASs Luna5, Luna-6, Luna7,
Luna-8, Venus-2, Venus-3, and the spacecraft «Probe-3»
as well as the communications satellite «Lightning-1» [2].
In 1966, at the SDB-1 under the leadership of S.P.
Korolev aproject of the P-7 (11A511) type rocket carrier
was developed (see Fig. 7) for the Soyuz new-generation
manned spacecraft [2]. Academician of the Academy of
Sciences of the USSR S.P. Korolev took a direct part not
only in the design developments of Soviet rocket and
space technology. He was the author and co-author of
more than 250 scientific papers and inventions [4]. S.P.
Korolev was married twice. The first time he married in
1931, his wife was his classmate Ksenia Vincentini. In
1935, his only daughter Natalia was born in this marriage,
who later became a medical doctor, MD and Professor. In
1948, the S.P. Korolev's family broke up [5]. His second
wife (since 1949) was Nina lvanovna Kotenkova (1920 —
1999), she worked as a trandator in the indicated above
secret RSI-88 [5].

Designer S.P. Korolev since the 1950s «nurtured»
the idea of launching man on the Moon. The
corresponding space program of the USSR was devel oped
with the support of the Head of the Soviet Government
N.S. Khrushchev [1]. Initialy, the USSR’s program for
the development of the Moon was carried out using
unmanned spacecrafts. The first attempts of S.P. Korolev
to create of a new powerful rocket carrier (the H-1 rocket
project) for delivering a manned spacecraft to the Moon
proved unsuccessful [17, 20]. Premature death of the
Chief Designer of the SDB-1 S.P. Korolev interrupted the
creative flight of histhoughtsin the implementation of the
Soviet Lunar Program. His successor V.P. Mishin in a
short time to create a lunar space complex also failed. In
this regard, the Government of the USSR decided to close
this program. As we know, the United States achieved
success in landing on the Moon in 1969 thanks to the
creation of the powerful Saturn-5 rocket carrier under the
leadership of the prominent German-American designer
of rocketry Wernher von Braun [10].

Famous scientist-mathematician and mechanic,
President and Academician of the Academy of Sciences
of the USSR M.V. Keldysh characterizes the «father» of
domestic rocket science and practical cosmonautics,
Academician of the Academy of Sciences of the USSR
S.P. Korolev as follows [5]: «... Dedication, unusual
talent of a scientist and designer, ardent faith in hisideas,
vigorous energy and outstanding organizational skills. He
possessed a tremendous gift and courage of scientific and
technical foresight, and this contributed to the
implementation of the most complicated scientific and
technical ideas». On January 14, 1966 S.P. Korolev died
during a complicated surgical operation on the intestine
(rectal sarcoma was found during the operation). The urn
with its ashes is located in the Kremlin wall on the Red
Square of Moscow (Russia) [4]. After his death, the pace

of development of space programs in the USSR decreased
[5]. And to this day, neither in Russia nor in the USA, as
the most developed «space» countries of the world, the
equa S.P. Korolev has appeared, on the scae of
personality and talent, a person capable of breakthrough
success in space exploration.

5. Awards, distinctions and recognition of merits
of S.P. Korolev. This great designer in the field of
rocket science of the USSR and a practical scientist was
awarded the following Soviet state awards and such
honorary titles [1]:

o two gold medals of the Hero of Labor «Hammer and
Sickle» (1956, 1961);

o three orders of Lenin and the Order of the Badge of
Honor (1956, 1961, 1965, 1945);

o Laureate of the Lenin Prize (1957);

e Academician of the Academy of Sciences of the
USSR (1958);

o K.E. Tsiolkovsky gold medal of the Academy of
Sciences of the USSR (1958);

e medals «For Labor Vaor» and «Vaiant Labor in the
Great Patriotic War of 1941-1945» (1945);

e Honorary Citizen of city of Korolev (city of
Kaliningrad near Moscow renamed in 1996 at the
initiative of the Russian public) and city of Kaluga.

In 1966, the Academy of Sciences of the USSR
ingtituted S.P. Korolev gold medal «For outstanding
services in the field of rocket and space technology».
Monuments were erected for him in Zhitomir and
Moscow, and memorial plagues-reliefs (Fig. 10) on the
building of JISC KMPO (former Aircraft Plant No. 16 and
SDB-16) at the Baikonur Cosmodrome and in Kazan.
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Fig. 10. A memorlal plaque in honor of the outstanding Soviet

designer of rocket and space technology S.P. Korolev installed

on SDB-16 building of the former Kazan Aircraft Plant No. 16

at which he was in the period 1942-1945 worked on improving
the aircrafts (Kazan, Russia) [11]

His name is «carried» by Samara Aerospace
University (formerly Kuybyshev Aviation Institute), the
research ship of Russia, the Russian rocket and space
corporation Energia (successor to the legendary SDB-1),
streets of the cities of the former USSR, including the
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cities of Ukraine: Odessa, Kyiv, Dnipro, Cherkasy,
Uzhgorod [20]. His name is given to the high mountain
peak in the Pamirs («Roof of the World») and the
mountain pass on the transcendent Tien Shan.

Conclusions. The name of the outstanding designer
of space and rocket technology S.P. Korolev is connected
with the creation in the USSR in the late 1950s of
strategic missile weapons, which became the basis of the
Soviet nuclear missile «shield», the launch of the world's
first artificial Earth satellite and the launch of the first
human cosmonaut to Earth orbit. He was a pioneer in the
USSR in the field of many areas of the creation and
development of domestic nuclear missile weapons and
rocket and space technology for the peaceful exploration
of outer space. He, as the Chairman of the Council of
Chief Designers of the USSR (1950-1966), coordinated
al the most important Soviet work in the field of
development and creation of military and civil missile
equipment. He was inherent in the design talent and the
talent of the organizer of scientific and technical works of
large scale.
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I ntroduction.
International Standards suggest that electromechanical

improper operation, and not to structural defects.
Therefore, the vast magority of electromechanical

switching devices can operate in such rated duties. eight-
hour duty, uninterrupted duty, intermittent duty,
temporary duty, and periodic duty. For the coils of such
apparatus, the most hard mode in terms of heating their
windings (the coil may contain one or more windings) is
uninterrupted duty. Therefore, the basic Standard IEC
60947-1:1999, Low-voltage switchgear and controlgear —
Part 1: General rules indicates that «coils and
electromagnets shall be tested ... for a sufficient time for
the temperature-rise to reach a steady-state value» (IEC
60947-1, 8.3.3.3.6). At the same time, that Standard
makes a reservation that «coils and electromagnets of
equipment intended for intermittent duty shall be tested as
prescribed in the relevant product standard».
Manufacturers rarely use this feature, because if the
device is designed to operate in intermittent duty, but
operates, for example, in eight-hour duty or in
uninterrupted duty, then its coil will necessarily overheat
and will be damaged. In this case, it will be difficult for
the manufacturer to prove that the damage is due to

switching devices are oriented to operate in continuous
modes (eight-hour or uninterrupted duty), which means to
ensure operability in these modes, including in steady
state, when the temperature of the windings reaches its
maximum value.

The use of forced electromagnetic systems (FEMS) in
electromechanical switching devices [1] not only alows
to increase their speed, but also to significantly reduce the
size, mass and energy losses in an electromagnet.

When designing a switching devices with FEMS, it is
necessary to take into account the specific features of heat
release in the windings and, possibly, in the magnetic core
of the drive electromagnet associated with the pulsations
of currents in the windings, as well as the features of heat
exchange between the windings and the features of heat
transfer from the windings to the magnetic core and to the
environment.

Although there are a large number of publications
devoted to methods for calculating the heating of
electromagnets, some of which are given in References
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[1-9]. In the authors' opinion, insufficient attention has
been paid to the processes of heating the windings while
taking into account the above features, taking into account
the wide variety of existing FEMS and some peculiarities
of the operation of forced electromagnets in switching
devices. At first glance, the task of calculating the
stationary heating of the electromagnet windings may
seem quite simple, however, for forced systems,
especialy in cases where the control device is supplied
from an AC voltage source through a rectifier, thistask is
greatly complicated, taking into account the complex
harmonic composition of currents in windings and
magnetic core.

The goal of this work is the description of
a mathematical model of the process of stationary heating
of the windings of electromagnets operating in the FEMS.
This model has to take into account the features of heat
exchange between the windings, heat transfer from the
windings to the magnetic core and the environment,
taking into account the ripple currents, and other features
of the operation of electro-magnets in FEMC. The
algorithm for calculating the temperature distribution in
the windings of these electromagnets is focused on using
the Maple computing environment, which greatly
simplifies the programming process.

The geometric model.

The coils of forced electromagnets, in most cases, are
located on cores having a cylindrical shape and are axi-
symmetrical, even when the electromagnet itself does not
have axial symmetry. Thus, the thermal calculation can be
performed in a cylindrical coordinate system. A sketch of
a coil and a fragment of a magnetic core of a forced
electromagnet is shown in Fig. 1. The coil of such an
electromagnet can have one or two windings: booster and
holding ones, and, most often, the booster winding is
wound first, and the holding one is wound on top of it.
The axial size |, of the coil winding space, as arule, far
exceeds its radial size. Therefore, with a high degree of
adequacy, the temperature field in it can be considered as
1D one, which is greatly facilitated by the insulating
cheeks of the coil frame.

Heat transfer from the external surface of the second
(holding) winding into the environment (air) is carried out
through the thickness of the shell from its external surface
(Fig. 2), whose areais S.:

S=2-1re ly, Q)
where r, is the radius of the external surface of the shell of
the cail.

The heat flux P, dissipated into the surrounding air
from the external surface of the coil is equal to:
Pe=ke: S G, ()
where k. is the coefficient of heat transfer to the ambient
air from the externa surface of the shell of the coil; &, is
the temperature rise of the external surface of the shell of
the cail:
0= Ge— s, (€)
Jeis the temperature of the external surface of the shell of
the cail, °C; 4,isthe ambient air temperature.

Expression (2) can be considered as the heat equivalent
of Ohm law, in which the role of the electric current is
played by the heat flux (power), and the role of voltage is

played by the temperature rise. Then the product k- S, is
the thermal conductivity Gy, i.e., the reciproca of the
thermal resistance Rye:

Ree:]-/Gee:l/(ke‘$)- (4)
Thus, expression (2) can be represented as follows:
Pe= e/ Ree. ®)
o AkpThka ]
[ ek [L
o dP o A
FEEH L dc | mmigaas
H A o
- - —>
1] N =
l Kan= ky I'c JT T 1
e
) s R
I'n "
le R

Fig. 1. Sketch of acoil and afragment of a magnetic core
of aforced electromagnet

Heat transfer from the internal surface of the first
(booster) winding to the environment is carried out through
the thickness of the tubular part of the insulating frame to
the core, from it to other parts of the magnetic core, from
the external parts of which to the surrounding air.

The heat flux dissipated into the environment from the
down part of the magnetic core Py, is:

Pan=Kin- Sin* 6 = 6./ Roan - (6)
where kg, is the coefficient of heat transfer to the
surrounding air from the down part of the magnetic core.
Sin is the cooling surface area from the down part of the
magnetic core; &, is the temperature rise of the core and
adjacent parts of the magnetic core — the yoke, the pole
piece and the armature above the temperature 9, of the
ambient air; Rygy, is the thermal resistance to cooling from
the down part of the magnetic core.

Pm ' 6=6b 0i=0b 0w=0n O0n=0s 0s=0e
P+ [ [ 1] Ps=Pe
r 7 N
o | CDIC0) *
Pc I
frame booster holding  shell
winding winding
Roc Roe

9=8a(6=0)

Fig. 2. Equivalent circuit showing the process of heat transfer
from the windings of aforced el ectromagnet to the environment
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In particular, for double-rod electromagnets, as the area
of the cooling surface from the bottom part of the
magnetic core, with a certain margin in the direction of
heating of the windings, we can take:

Sin= by Iyp/2: (7)
where by, |, are the breadth and the length of the yoke
(piece), respectively.

The heat flux dissipated into the environment from the

upper part of the magnetic core Py, is:
Pup= kup' Sjp’ HC: ec/ Reupv (8)
where k,, is the coefficient of heat transfer to the
surrounding air from the upper part of the magnetic core;
Sy is the cooling surface area from the upper part of the
magnetic core; Ry, is the thermal resistance to cooling
from the upper part of the magnetic core.

If the electromagnet operated and its armature is pulled
to the fixed part of the magnetic core, then as S, for two-
rod electromagnets, we can take:

Sp=Da- /2, ©)
where b, , |y are the breadth and the length of the
armature (piece), respectively.

If the electromagnet did not operate and its armature is
in the released position, then the area of the pole tip S,
can be taken as Syp.:

S=n-d, /4,
where dyis the diameter of the pole tip.

The heat flux P, dissipated into the environment from
the entire cooling surface of the magnetic circuit is equal
to the sum of Py, and Py
Pc: ec/ I:Qladn"'ec/ F'zeupz ec' (Redn+ Reup)/(RGdn' Reup) =

= 0./ Ryc=6; -k.-S (11)
where Ry is the resulting thermal resistance to cooling
from the surface of the magnetic core; Sis the area of an
arbitrary surface; k. is the equivalent heat transfer
coefficient from the surface of the magnetic core reduced
tosurface S

k= ((Redn+Reup)/(Redn : Reup))/sz (Kan 'Sdn+kup 'SJp)/S

Heat transfer coefficients.

The heat transfer coefficients k from the solid’s surface
are usualy represented as a sum of the convective (k.) and
radiant (k) heat transfer coefficients. A technique of the
determination of these coefficients used at this problem
solution is considered below.

The radiant heat transfer coefficient may be in principle
determined from the Stefan-Boltzmann law for each point of
the radiating surface if the temperature ¢ of this point, the
temperature 9, of the region to which the energy is radiated,
and the emissivity ¢ of the radiating surface are known:

- koo [[9+3a+273]4_(9a+273j4] |
0 100 100

where k; = kg - 108 = 5.67 W-m?2.K™ is the coefficient of
radiation of the absolutely black body, kg is the Stefan-
Boltzmann constant — kg = 5.67-108 W-m2K™, ¢ is the
emissivity (in the calculations we took & = 0.5) @ is the
temperaturerise (0= 9 — 9,).

Convective heat transfer coefficient depends on many
factors, but its value adapted to the operating conditions of
electrical apparatus can be determined by the formula[2]:

(10)

(12)

(13)

ke =k-(0/1)%%, (14)

where k is the empirical coefficient equal to 1.33 for
vertical surfaces, with 1.33- 1.3 = 1.73 for a flat surface
that radiates heat upward, and 1.33- 0.7 = 0.93 for a flat
surface that radiates heat down; | is the determining size,
for which the vertical size is taken for vertical surfaces,
therefore, for the externa surface of the shell | = |,,; for
horizonta rectangular surfaces, | is taken to be smaller,
and for round surfaces the diameter is taken, therefore, to
calculate the convective heat transfer coefficient from the
yoke surface | = by, from the armature surface | = b, (if the
€electromagnet operated) otherwise | = dy,.

Thus, the heat transfer coefficients can be calculated by
the formulas:

4 4
ke:5(37,5‘{(96-h9a+273j _(9a+273j 1+133 6/1,)°%,(15)

6 100 100

4 4
567-¢ 90 + Lga +273 Lga +273 025 (16
= N - 73‘ / ! )
kan 6. “ 100 j [ 100 j 1“’ (¢/13)**(16)

4 4
e80T, 1
6. 100 100

In expression (17), the value of | is taken equal to b, if
the electromagnet operated, otherwise | =d,.

Thermal conductivity.

Methods for caculating the equivaent therma conductivity
Ay of windings were considered in the works of a number of
authors in the 30s - 60s of the last century [10-12]. In those
works, empirical formulas are presented that were obtained by
processing experimenta data for impregnated windings.
Among them thereisaformulaused in our caculaions:

A=4-05 b,45- (d/A)P™ +(d /A)0’67], (18)

where d isthe diameter of the winding wire, A isthe thickness
of the insulation of the wire. 4; is the thermal conductivity of
internal insulation, depending on the average temperature:
Ai = Aio- A+ a0 9ay) = Aia- (A+ 20 Oy ) » (19)
where A, Aix are the thermal conductivities of the interna
insulation, respectively, a temperature of 0°C and at ambient
temperature 9y, @0, a4 IS the temperature coefficient of
therma conductivity of the interna insulation, assigned
respectively to temperature 0°C and to ambient temperature;
Aia = Ao I+ a0 n); Qg =0/(1+a;0-5) - 19
In this work, when calculating the equivalent thermal
conductivities of the booster and holding windings, the same
insulation characteristics were taken: 1ip=0.32 W/(m-K),
o = 0.0018 UK (a temperature 9, = 35°C we have
Aia=0,33, o, = 0.0017). However, since wires of different
diameters are used in these windings (d, = 0.28 mm,
A, = 0.025 mm, d, = 0.18 mm, 4, = 0.015 mm) and, in
addition, they differ from each other by average
temperatures, the equivalent heat conductivities of these
windings will also differ from each other, for the calculation
of which the following formulas are used:

Ap =235+ (1+0,0017 - 6g,) ,
Ap =198 (1+0,0017 - G ).

(20)
(21)
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Differential equations and density of heat sour ces.

The system of differential equations, which is used to
solve the problem of caculating the stationary
temperature field 9 in an electromagnet, consists of n (in
the number of subdomains) Poisson (for subdomains with
internal heat sources) and Laplace (for subdomains
without internal sources) differential heat transfer
equations. This system looks like this[2, 14, 15]:

—div(4,, -gradd) = q (22)

for subdomains with internal heat sources (windings) with
number k and thermal conductivity Ay, and

div(4, -grad9) =0 (23)

for subdomains without internal heat sources, where q is
the volumetric density of internal heat sources; Ay is the
thermal conductivity of the material of the subdomain
with number k.

In our problem, four subdomains are considered — the
frame and the shell (without internal heat sources) and
two windings — the booster and holding (both with
internal heat sources). In the iterative process of
calculating the stationary thermal field, at each iteration
the rms currents I, I, which pass sequentially through all
the turns of the corresponding windings are determined. It
should be borne in mind that although the current density
in all turnsisthe same the turns will be heated differently,
since the specific resistance
of the conductor material
depends on temperature (in
the temperature range from
0°C to 200°C this depen-
dence has an amost linear
character), in coils with
higher temperature more
energy will be released than
in coils with lower
temperature.

In the general case, the
density of sources is defined
as the derivative in volume of the power loss. This
derivative can be replaced by the ratio of small quantities
— the power losses in the turn AP and the volume
occupied by the turn, taking into account the insulation of
the conductor and the internal insulation of the winding
AV:

dP AP
Tav AV

Since shunt windings contain a large number of turns,
the volume occupied by one turn and the power dissipated
in one turn can be considered with a high degree of
certainty as small quantities:

AP=12.py-(A+ag-9)-11Sy, (25)

AV =1-S=I-S,/k, (26)
where | isthe rms current in the winding (and in the turn); oo
is the specific resistance of the materia of the winding wire
a 0°C (for copper pp = 1.586 - 10° Q-m); o is the
temperature coefficient of resdtivity, referred to the
temperature of 0°C (for copper ap = 0.00423 1/K); | is the
length of the turn; S, is the cross-sectiond area of the

Fig. 3. Tothedetermination
of volumetric density
of heat sources

(24)

winding wire; S, is the cross-sectional area occupied by the
cross-section of the turn, taking into account the insulation of
the conductor and the internal insulation of the winding; k; is
thefill factor of the winding space with copper.

Substituting (14) and (15) into (13), we obtain:

q=J32% K -pp-A+ap- 9 =0y U+ ag-9), 27)
where Jisthe rms current density in the conductor:

J=1/S,, (28)
do=3%k - o, (29)

The density of the heat sources can be expressed not
through the temperature 9, but through the temperature
rise 6 over the ambient temperature 9.

q=0y I+ ay-0), (30)
where

Oa=0o - (I+ag %), (31)
ag=agld+ag-9y) . (32)

The system of equationsin 1D formulation of the

problem of calculating thetemperaturefield.

As noted above, in this problem, four adjacent subdomains
are conddered, the axid section of each of which has a
rectangular shape: the frame, the booster winding, the
holding winding as well as the shell of the coil. The lettersin
bold are used hereinafter as markers dencting the belonging
of a paticular physica quantity to the corresponding
subdomain. The axid dimensions of the cross-sections of
these domains far exceed their radia dimensions, which gives
reeson to solve this problem in 1D formulation. The
corresponding  differentid  equations  describing  the
digtribution of temperature rise in these subdomains in a
cylindrica coordinate system take the following form:

er_92f+%_ddirf:0; (33)
% % %:_I (Lt ay-0p) (39)
%+?1.%:_%(1+aa.eh); (35)
d%0s 1 dos _ (36)
dr2 r dr

The general solutions of these equations have the
following form:

=C +Cy-In(r); (37)
%:%.JO[/%%%J}LQ‘.YO( /%.rj_a_la; (38)
th=Gs- Jo(‘ i rJ+Cg Y, ( /qah/l;]aa -r}—:a; (39)
0s=Cy +Cg-In(r), (40)

where J,, Y, are the zero-order Bessel functions of the
first and second kind.
Calculation of the distribution of temperaturerises,
based on the conditions of uniqueness of the solution.
Equations (33) — (36) are second-order equations, the
general solution of each of them (38) — (40) includes two
arbitrary constants — a total of eight constants. To determine
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them under specific heat transfer conditions, it is necessary to
compose eight equations that determine the uniqueness of
the solution. The joint solution of these equations will make
it possible to determine the values of the indicated arbitrary
constants and to obtain particular solutions, that is, to find the
temperature distribution in the subdomains that correspond
to the formulated uniqueness conditions.

Six of the eight conditions mentioned are the conditions of
continuity — & the points of conjugation of the subdomains
the vaues of the temperature rises and heat fluxes should be
continuous (should not change stepwise):

O (ri) =0p(r;)s (41)
Op(rp) = 0n(rp)s (42)
On () =0s(rm)s (43)
[ do; dé,

P S - B 44
B l_rf (44)
[, 90y _, don| . 45
_ﬂb s l_rb, (45)
[, .40 _, dos] 46
_ﬂh dr S dr l_rh o)

The remaining two conditions are determined from the
boundary conditions — on the external surface of the shell
of the coil and on the interna surface of the tubular part
of the frame. The boundary condition on the external
surface of the shell of the coil is obtained on the basis of
the equality of the heat flux approaching the external
surface of the shell from its thickness and the heat flux
passing into the surrounding air. The first of them is
determined based on the Fourier law:

dé
Fe=—4 (gradngs)‘ r=r, e =/s d_rs r=ry "

where S, is calculated by (1).
Heat flow to ambient air is determined based on
Newton formula:

Re=KeOp - So =Ko Os(re) - Se- (48)
Equating the right sides of (47) and (48), we obtain the

boundary condition on the external surface of the coil
shell:

dés
[_ﬂs'?—ke gslre

The boundary condition on the internal surface of the
tubular part of the frame is determined based on the
balance of heat fluxes on this surface (Fig. 2):

Pm+ P =P, (50)

Heat flux approaching the internal surface of the frame
from its thickness is determined based on the Fourier law:

R =—/% -(grad.& )‘r:rs'sf =4 'C:jirf‘r:re'sfv

where S is the area of the internal surface of the tubular
part of the frame:

S=2-7-r¢ ly, (52)
In expression (51), in contrast to (47), the "—" sign is
missing after the second equal sign, since the direction of

the external normal to the surface S is opposite to the
direction of ther axis.

(47)

(49)

(51)

The heat flux P, dissipated into the environment from
the entire cooling surface of the magnetic circuit can be
calculated based on (11), in which the surface § is taken
as an arbitrary surface S

Pe=6. -ke-S=6(rc) ke-S. (53)
In this case, the equivalent heat transfer coefficient

from the surface of the magnetic core reduced to the

surface § isequal to:

kcz (kdn 'Sin"'kup 'Sjp)/sf- (54)
Substituting (53) and (51) into (50), we obtain the

boundary condition on the internal surface of the tubular

part of the frame:

[%'dﬁ:kc'ef—Pm/Sr} (55)
dr r=rg
RMS currentsin thewindings. Power lossesin the

magnetic core.

The procedure for calculating the currents in the windings
and the losses in the magnetic core is determined by the
connection circuit of the windings to the power source and
its type (DC voltage source or AC voltage source with a
rectifier). In this paper, as an example, we consider the
control device that is most often used in contactors (Fig. 4).
The calculation circuit differs from the circuit diagram by the
presence of scattering inductances L,g and Ly due to fluxes
not passing through the sections of the magnetic core.

In previous works[16, 17], the features of the operation of
this device were andyzed in detail, and a methodology for
calculating the dynamic characteristics of an ectromagnet,
including the currents in its booster and holding windings,
was considered. This technique is based on the joint solution
of the equations of the dectric circuit (Fig. 4b) and the
magnetic circuit (Fig. 5b).

N km:

YN\

a
Fig. 4. Circuit diagram (a) and calculation circuit (b) of the
forced control system, which is used in low and medium voltage
vacuum contactors and in some SF6 medium voltage contactors
[16]; u is the instantaneous value of the nominative voltage of the
control circuit; Uy isthe voltage at the output of the diode bridge

Thiseectrica circuit istoo complicated for programming.
Its description will be much simpler if the parallel connection
of the capacitor C with the auxiliary control contact KM:,
which is closed when the coordinate s of the armature stroke
does not exceed the value of the opening stroke of this
contact s,, isreplaced by one capacitor, whose capacitance is
assumed to be very large — Cy, for s<'s,, and for s> s, the
capacitance of this capacitor becomes equa to its nomina
value Cy:

C, a s<s;
C={ M & S=% (56)
C, a s>s.
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In this case, we obtain the following differentia
equations:
“0:2'Rb'ib+2'Lob'O(|;—:’+2-Nb.d§°+uc; (57)

Uc=2-Ry-ip+2-La -dl—h+ 2-Nj, ~%+Ud(ih); (58)
dt dt
duc . .
C~?C=|b—|h, (59)
where Ny, N, are the number of turns of the booster (b) and
holding (h) windings, respectively.

In [16] various variants of magnetic circuit equivalent
circuits were considered, including a relatively simple
two-contour circuit with a concentrated scattering flux
(Fig. 5b).

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

day 2.,

-y T:H(onlsd)la-‘r AS —(@1—@0)//10fe; (60)
. : do
2-|b-Nb+2.|h-NH—(z.GC+Gy)-?1= )

=H(@/S)) 1y +2-H(P/ &)l + (P~ Do) Agte

The designations of the quantities in (57)«61)
correspond to the designations given in Fig. 4b, 5. Here,
the MMF F, is the sum of the MMFs of the booster and
the holding windings:
szib'Nb—Hh‘Nh' (62)

In addition, in (60), (61) it is indicated: G, G, G, arethe
electrical conductivities in the path of eddy currents in the
core, armature, and yoke. The values of these quantities can
be determined by the following formulas[1]:
Ge=Ic/(8 7 pg); (63)
Gay =lay /(16 pg - (hay/bay +0ay) /hay)) (64)
where . isthe length of the core; pg is the specific resstance
of the material of the magnetic core (stedl); h,isthe height of
the armature part; h, isthe height of the yoke part.

[armature(a) @
As I

T

Fig. 5. Sketch of the double-rod el ectromagnet magnetic
circuit and its ssmplified equivalent circuit used in calculations
of transients

If this device is powered from a source with DC
voltage value U, then the calculation of currents in the
windings in stationary mode does not cause difficulties.
For the circuit shown in Fig. 4a, the corresponding
formulas look like this. If the electromagnet operated,
then all the windings turn on in series and there are also
three diodes in this circuit — two diodes of the rectifier
bridge VD1 and a «locking» diode VD2, therefore:

lb=1n=(U-3-Ug /(2-(Ry + Ry)). (65)

If the electromagnet did not operate and the contact
KM: did not open, then the holding windings remain
shorted by the contact KM: and the current does not flow
in them. The booster windings remain connected in series
and there are two diodes of the rectifier bridge VD1 in
their circuit, therefore:
|b=(U—2Ud)/(2Rb), |h=O (66)

The voltage drop on the diode is small —about 1 V, but
when powered by an ultra-low voltage source, three
diodes give a significant decrease in current in the
windings.

Since there are no current pulsations in the windings
when powered from a DC voltage source in the stationary
mode, there are no pulsations of the magnetic flux in the
magnetic core, and therefore lossesin it:

Pm=0. (67)

If this device is powered by an AC voltage source, for
example, with frequency of 50 Hz, then a two-half-period
rectified voltage is formed at the output of the diode
bridge — a periodic curve with frequency of the
fundamental harmonic of the variable component equal to
100 Hz. The presence of nonlinear elementsin the electric
and magnetic circuits leads to the appearance of higher
harmonics, which greatly complicates the calculation of
such circuits.

In [16] an algorithm focused on the use of the Maple
computing environment was considered, developed to
calculate the dynamics of electromagnets operating in
complex forced control systems, for example, in the
forced control device circuit shown in Fig. 4a
Comparison of the calculation results by this algorithm
with experimental data[16] showed that even asimplified
representation of the magnetic circuit in the form of a
two-contour equivalent circuit provides good agreement
between the results of mathematica and field
experiments. This holds, even when the control device is
powered from an AC voltage source, when complex
shapes of current curves in windings are observed.

Calculations and experiments also show that the stable
shape of currents curves in the booster and holding
windings occurs ailmost immediately after the completion
of the movement of the armature. For an electromagnet,
the dimensions of which are given in [16], the response
time ranges from 50 ms (with supply voltage equa to the
rated voltage of the control circuit 220 V) to 80 ms (with
a supply voltage equal to 180 V). At low voltage (150 V
or less), the electromagnet did not operate, but the shape
of the current curves stabilized no later than after 100 ms.
Figure 6 shows the curves of changes in currents in the
windings during two periods — from 150 ms to 170 ms
after the beginning of the transient.

~ A

0.20¢ i _1 iv/10
0,15 \’\1 in fl'\ | , 0,15 Al
010 —=<T—— —_P<——} 010

0,05 - i >} 005

- in

0 h| |
0246 810121416tms 0 2 4 6 810121416 t,ms
a b

Fig. 6. Curves of current changesin the forced electromagnet
windings: a— at supply voltage in the control circuit of 220 V
(the electromagnet operated); b —at supply voltage of 150 V
(the electromagnet did not operate)
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Apparently, in both modes (the el ectromagnet operated /
did not operate), the transient almost ends quickly enough —
in 150 ms, that is, after seven to eight periods T of voltage
change in the grid of 50 Hz). Consequently, there is no
need to build a specidl iterative technique for calculation of
currents in dtationary mode. It is enough to use a well-
tested methodology for calculating dynamics, setting a
knowingly large finite value of time ty, to record in the
computer memory the instantaneous values i, and i, of
currents in the windings during the last period T and using
one of the known numerical integration methods calculate
therms currents |, and I;;

Lk 05
lph == J.[Ib,h(t)]z'dt
T T

(68)

As aresult of the joint solution of the equations of the
electric and magnetic circuits, it is possible to calculate
the magnetic fluxes in the armature, core and yoke, as
well as their time derivatives. These derivatives can be
considered as EMF in single-turn contours equivalent in
losses in the armature, core and yoke and calculate the
instantaneous values of currents i, ic and iy in these
circuits in transient mode. Having fixed these
instantaneous values during the last period of the
caculation of the transient in the computer memory,
using one of the known numerical integration methods
using a formula similar to (68), it is possible to calculate
the rmscurrents |, I, |, and lossesin the magnetic core:
Pn=12/Ga+ 1571 G+ 1,21 Gy (69)

An iterativealgorithm for calculating thetemperature

distribution in the windings of for ced electromagnets

using the Maple computing environment.

In order to calculate the rms currents in the windings, it is
necessary to know their resistances, which depend on the
average temperature values of the corresponding windings.
In order to calculate the temperatures of the windings, it is
necessary to know the rms currents in the windings. This
problem can be solved using the iteration method:

0) to set arbitrary average vaues of the temperature rises
of thewindings é.ai = Ghavo aNd Gavi = Ghavo;
1) to calculate the winding resistances:

Ri = Roa- (I a-thai) and Ry =Rya-(1+aa-Ghai);  (70)
2) to calculate the rms currents in the windings and the
power losses in the magnetic core according to the
technique described in the corresponding section of this
paper;

3) to calculate the distribution of temperature rises in the
booster and holding windings 4, (r) and 4, (r) according
to the procedure described in the corresponding section of
this paper;

4) to calculate the volumetric average temperature risesin
the booster and holding windings:

4) if the obtained values of temperature rises significantly
differ from the values of 4, and G, that is, the
following conditions are not satisfied:

[(hevi- Ghav ) | i | < & @D |(Ghavi - hav ) | Ghrani | < &, (73)
where ¢ is a small predetermined positive number, then
Gai and G are assigned the values of G, and G,
respectively, and the calculations are repeated starting
from step 1) for new values of @, and Gai-

The described calculation cycle is repeated until
condition (73) is satisfied.

The experience of calculations shows that this iteration
process converges quite quickly (the number of iterations
n usualy does not exceed 12), and the use of the Maple
computing environment significantly simplifies the
programming of this very cumbersome task.

Calculation results and comparison with

experimental data.

In order to verify the operability of the above technique
and agorithm for calculating, the therma field of
electromagnets operating in complex forced control
systems, the authors performed test calculations of
heating of the electromagnet windings of the seria
vacuum contactor KBTu-250/1,14 [16], in which the
forced control system the circuit of which isshownin Fig.
4 is used, intended for operation in control networks with
a nomina voltage of 220V. The caculations are
performed in accordance with the initial data indicated in
[16], with the additions given below (if the corresponding
data are not given in the text of this paper): r. = 13 mm;
rr =15 mm; rp, = 19 mm; ry, = 27.5 mm; re=29.5mm;
lp=75mm; l,=75mm; |,=64mm; b,=50mm;
by=70mm. The designations of the initid data
correspond to the designations that are used in the text of
this paper. The calculation results are presented in Table
1, which also shows the experimental data indicated to the
right of the dashes. As it can be seen, the calculation
results are dlightly different from the experimental data:
the difference does not exceed 10%, which can be
considered acceptable for thermal calculations.

Tablel
Results of calculations and experimental data
u,Vv 220DC 220AC 80DC 80AC
&, K 62,8/61,7 | 55,5/57,9 | 121,9/126 |114,1/122,5
G, K 63,9/66,9 | 56,4/59,6 |117,8/112,7|110,6/105,9
4, K 54,6/57,3 | 48,6/47,0 |111,5/112,3|104,6/103,4
Graxs K 64,2 (h) 56,6 (h) 122 (b) 114,0 (b)
Ry, Q 79/82 77/81 91/99 90/98
R, Q 1115/1047 | 1090/1023 | 1295/1193 | 1271/1171
Ip, A 0,092/0,093|0,097/0,098| 0,49/0,50 |0,463/0,475
In, A 0,092/0,093 | 0,086/0,088 0/0 0,025/0,025
P, W 0 0,10 0 0,15
I, A 0 24,2 0 16,3
n 6 8 12 12
Notes:

1. At U =220V (AC and DC), the ectromagnet clearly operated,
andat U =80V (AC and DC) the electromagnet did not operate.
2. The experimental determination of temperature rise was carried
out using the resistance method (IEC 60947-1, 8.3.3.3.2)
Calculations show that despite significant current ripples
in the booster winding (Fig. 7), the eddy currents in the
magnetic core do not reach such values a which the
magnetic core would be a heat source: as can be seen from
Table 1, the power of lossesinitisat thelevel of 1 -2 W.

2 "
Hbav: ﬁj.eb(r)rdr ll (71)
'~ x ]
= , . -
Hhav: 2 2 J.Hh(r)rdr ' (72)
|"h =T n, |
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This means that the magnetic &
core of the eectromagnet in 49 A4 RNV,
such forced control sysemscan 2o /[ \. ¢
be considered as akind of radia= 0 [\ ]
tor contributing to a decrease in 10| / N/
the heating of the windings or, 5|/
while maintaining the tempera- -49| \/ \
ture of their hesting, to adecrease Moo 155 160 165 s
in the consumption of the win-  Fig. 7. Currentsin the booster
ding wire. Such an effect can be

winding i, and in the magnetic
achieved with certain structural

corei;aU=80V AC

and technological solutions. the coil frame should be made
of insulating material with large thermal conductivity, and its
tubular part should be as smdl as possible in thickness and it
should be tightly pressed on to the core.

Conclusions.

1. The multiphysics model of dationary heating of the
windings presented in the paper alows to take into account
the peculiarities of the operation of eectromagnets in
complex forced control systems, in particular, ripple currents
in the windings and losses in the magnetic core when
powered by arectified voltage source.

2.The agorithm developed by the authors for
calculating the thermal field of electromagnets operating
in forced control systems is a complex iterative cycle. Its
implementation is significantly simplified by using the
Maple computing environment, which allows to speed up
the modeling process, perform cumbersome transfor-
mations, and obtain computer simulation results in
a convenient tabular and/or graphical form.

3. The adequecy of the developed mathematical model and
algorithm for complex shapes of current curves in windings
is confirmed by experimenta data.

4. The magnetic core of an electromagnet in such forced
control systems, not only when powered from DC voltage
sources, but when powered from AC voltage sources through
a rectifier, can be consdered as a kind of radiator that
reduces the heating temperature of the windings or, while
maintaining their heating temperature, allowing to reduce the
consumption of winding wire.
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Peculiarities of calculating stationary heating of windings
operating in complex forced control systems.
General dexcription of the research topic. A technique and an
algorithm for calculating the thermal field of eectromagnets
operating in complex forced systems proposed by authors are
consdered. The widespread use of such devices in
electromechanical switching devices allows not only to increase
their speed but also significantly reduce the size, mass and energy
losses, which indicates the relevance of thistopic. The mathematical
mode of heating the windings of forced €l ectromagnets proposed by
the authors is a system of 1D differential equations of stationary
heat trandfer in a cylindrical coordinate system, supplemented by
equations of eectrical and magnetic circuits. This model allows to
take into account the ripple of the currents in the windings and the
losxes in the magnetic core due to these ripples, contains certain
signs of scientific novelty and represents the goal of the paper. The
algorithm devel oped by the authors for calculating the thermal field
of electromagnets operating in forced control systems is a complex
iterative cycle. Its implementation is greatly simplified by using the
Maple computing environment which allows to realize complicated
and cumbersome mathematical transformations, automates the
process of computations, and obtain results of numerical smulation
in a convenient tabular and/or graphic form, which indicates the
practical significance of this works. The results of comparison of
computation results with experimental data presented in the paper
indicate the adequacy of the model and algorithm proposed.
References 17, tables 1, figures 7.
Key words: electromagnets, thermal field, forced control,
switching devices, Maple computing environment, computer
simulation.
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MOTORSOLVE SOFTWARE PACKAGE: VERIFICATION OF PARAMETERSAND
CHARACTERISTICSOF THE BRUSHLESS PERMANENT MAGNET MOTOR

Purpose. The purpose of this paper is to include comparison of results of the modeling and calculation in the Mentor Siemens
software MotorSolve and experiment of the brushless permanent magnet motor. Methodology. Numerical investigation using
licensed software Motor Solve is performed. Calculations of motor parameters and characteristics are made using Finite Element
Method. The experimental investigations were made on the hysteresis dynamometer AHD-603. Results. The results of the
investigations show that the calculations of the parameters and characteristics of the motor in Motor Solve software almost match
with the results of the experiments. Practical value. The high efficiency of the Motor Solve software for the modeling, calculation
and research of the brushless permanent magnet motors are confirmed. References 4, tables 2, figures 10.

Key words: brushless permanent magnet motor, stator winding data, experimental investigations.

Pozenanymo Oeaki modxcnugocmi npozpamnozo Komniexcy MotorSolve ons moodentosanns i ananizy eeHmuabHUX O6UZYHIE 3
nocmiitnumu maznimamu. Hagedeno pesynomamu po3paxynky napamempie i XapaxmepucmuxK 6eHMUIbHO20 O08UZYHA 3
gidomumu 2eomempuyHumMu po3mipamu i oanumu oomomku cmamopa. Pezynomamu po3paxynky 3icmaeneni 3 pe3yismamamu
eKxcnepumenmanvHux oocniodcens. bion. 4, tabn. 2, puc. 10.

Kniouosi cnosa: BeHTHIbHUI IBUTYH 3 MOCTiiHUMM MarHiTamu, 00MOTKOBI 1aHi cTaTopa, eKclePUMEHTAIbHI N0C/Ii/IsKeHHS .

Paccmompervt nekomopsie 603M0IHCHOCHIU NPOZPAMMHO20 Komniexca Motor Solve dns modenuposanusa u ananuza eenmunbHvix
osuzameneii ¢ nocmoaunvimu maznumamu. Ilpedcmagnenst pesynvmamuvt pacuema napamempos U XapaKmepucmuk
6EHMUIILHO20 0GU2AMENA C UIBECHIHBIMU 2EOMEMPUUECKUMU PA3SMEPAMU U 0OMOMOUHBIMU OaHHbIMU cmamopa. Pesynvmamul
pacuema conocmasiensl ¢ pe3yiomamamu IKCRePUMEeHmanbHovlx ucciedosanuii. bubn. 4, tadn. 2, puc. 10.

Knrouegvie cn06a. BEeHTHIBHBII ABUTATE/]b € MOCTOSHHBIMH MATHUTAMH, 0OMOTOYHbIE JaHHbIE CTATOPA, IKCIIEPUMEHTAIbHBIE
HCCIIeI0BAHUS.

Introduction. One of the advanced computer In this regard, the goal of the paper isto compare

systems for the design and analysis of electric machines
is the Mentor Siemens MotorSolve system, which is a
software package that allows to simulate and calculate
the parameters and characteristics of various types of
electric machines [1]. The use of the MotorSolve system
significantly speeds up the design process due to the
availability of ready-made templates of designs for
stators and rotors of induction machines, DC collector
machines, and brushless permanent magnet machines, as
well as an extensive library of materials used in electric
machines.

Modeling an electric machine in the MotorSolve
code, as well as determining its parameters and
characteristics, is based on a circuit-field model. Magnetic
field of the machine is calculated by the Finite Element
Method, as well as in the well-known FEMM code.
However, the FEMM code is not suitable for the direct
calculation of the parameters and characteristics of the
designed electrica  machines without additional
calculations outside the software.

Currently, brushless permanent magnet motors
(BPMM) are a popular type of electric machine for
special applications. There are a number of publications
devoted to theoretical studies of BPMM in the
MotorSolve software package, for example [2, 3].
However, there are very few publications devoted to
verifying the calculation results of such machines in
MotorSolve with the experimental results, and these are
mainly scattered materials on the Internet. Verification is
also of interest because the models and agorithms
embedded in the MotorSolve code are closed to the user,
which makes it impossible to assess the accuracy of the
results obtained in the calculation.

the calculation results in the licensed software package
MotorSolve of a BPMM which has known geometric
dimensions and winding data with the experimental
results.

Object of study. The object of the study is the
BPMM, which was designed at «Electrical Engineering —
New Technology» Ltd (Odessa) and is currently mass-
produced (Fig. 1).

LA
|3 ‘“‘."_'_'

Fig. 1. External view of BPMM

For operation from a single-phase AC network
220 V 50 Hz, BPMM is equipped with a rotor position
sensor and an electronic converter, which is a controllable
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electronic switch and a rectifier device. The electronic
switch according to the signals of the rotor position sensor
provides BPMM operation in the mode of a brushless DC
motor with 120-degree phase switching.

The geometric dimensions of the active part of the
studied BPMM and its winding data are given in Table 1.

Table1l
BPMM geometric dimensions and winding data
Name Vaue
Outer stator diameter, mm 82
Inner stator diameter, mm 50
Number of phasesm 3
Number of stator slots Z 12
Number of rotor poles 2P 10
Gap between stator and rotor, mm 0,25
Stator package length, mm 42
Magnet height, mm 2,5
Magnet width, mm 12
Brand of magnet N38SH
Winding connection circuit Y
Number of turnsin the coil 80
Wire diameter, mm 0,5

Creating a model of BPMM in the Motor Solve
softwar e package. Figure 2 shows the cross section of
the active part of the studied BPMM obtained in the
MotorSolve software package.

Fig. 2. Cross section of the BPMM active part

To reduce the mass and moment of inertia, the
BPMM rotor is made in the form of a wheel with spokes
and a low yoke height. The BPMM stator has open slots
and a winding with a fractional number of dots per pole

and phase qe—2—=—2 _2  pye divison:
2p-m 10 3 5
T= m-q=3-§=1%. Then the step of the winding is 1

and each of the coils covers one tooth. In this case, the
stator coil winding has short frontal parts, which improves
the temperature regime of the winding and, in addition,
reduces the possihility of its breakdown due to the lack of

phase overlap in the area of the frontal parts. The stator
winding diagram is shown in Fig. 3.

Ta
[l
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8
Fig. 3. BPMM stator winding diagram

The initial data for the procedure for forming a
winding in the MotorSolve code are its type and
connection circuit, wire diameter, number of paralel
branches and the number of turns in the coil of the
winding.

After setting the geometric dimensions, selecting
active and structural materials, as well as forming the
winding, the code alows to visualize the magnetic field in
the form of lines of force for the selected position of the
motor’ srotor (Fig. 4).

Fig. 4. BPMM magnetic field lines

Analysis of the distribution of the magnetic field of
the motor allows to check the model of BPMM for the
absence of errorsin its formation. Figure 4 shows that the
distribution of the magnetic field corresponds to the
physics of the process occurring in electric machines.

After creating the BPMM model, the MotorSolve
code calculates the masses of active materials and the
total mass of the motor, the resistance of its winding, the
moment of inertia of the rotor, as well as a number of
other quantities.

Among the caculation results there is a
recommendation on the advisability of skewing the stator
magnetic core to eliminate cogging torque. For the
considered BPMM, a skew of the stator magnetic core is
recommended at an angle of 0.2 tooth divisions or at 6
mechanical degrees (30 electrical degrees). It should be
noted here that the same skew value was determined on
the basis of field calculations in the FEMM code when
designing a serial BPMM and was incorporated into the

I SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.5 21



design documentation for the electric motor. As practice
has shown, in serially produced electric motors, the
cogging torqueis practically absent.

Verification of parameters, design constants and
characteristics of BPMM. The results of calculating the
parameters and constants of the studied BPMM in the
MotorSolve code are presented in Fig. 5.

Prototype Design
Ke (peak line-line Back-EMF over speed) (V/krpm) |115
Kt (derived from Ke) (N-m/[A) 1.36
Ld (d-axis inductance) (mH) 6.55
Lq (g-axis inductance) (mH) 8.76
Liimin (minimum line-line inductance) (mH) 13.1
Lilmax (maximum line-line inductance) (mH) 17.5
Rs (stator phase resistance) () 3.27
Rll (stator line-line resistance) (Q) 6.54
Phi_m (magnet d-axis flux linkage) (Wb) 0.123

Fig. 5. MotorSolve code output after BPMM parameters
calculation

It is advisable to begin verifying the BPMM
parameters with inductances, the values of which are
necessary in the calculations of transients, the
electromagnetic time constant, and the reactive
component of the electromagnetic torque.

In Fig. 5: Lllin (minimum line-line inductance) is
the stator winding inductance along the longitudinal (d)
axis, and Llla (maximum line-line inductance) is the
stator winding inductance along the transverse (q) axis.
The values of these inductances are twice as large as the
values of the inductances of the stator winding phase,

indicated in Fig. 5 a Ly and Ly respectively
(L”min = 2'Ld, L”max = 2'qu).
Let us compare the calculation results with

experimental data. The inductances of the serial BPMM
were measured using the DCR-9935 LCR-meter and a
mechanical device that allows the motor shaft to be
rotated by a predetermined angle. The results of
comparing inductances are summarized in Table 2.

Table2
BPMM inductances
Value Calculation Experiment
LI in, MH 13,1 138
LIl pex, mH 17,5 18,1

Table 2 shows that the results of calculation and
experiment have good convergence. In addition, as is
known, a feature of BPMM (unlike synchronous motors
with electromagnetic excitation) is that the stator winding
inductance aong the d axis is smaller than the stator
winding inductance along the g axis, which is confirmed
by thedatain Fig. 5 and Table 2.

Consider the correspondence between the calculated
and experimental data of the flux linkage of the stator
winding of the motor, the value of which is included in
the equation for calculating the active (main) component
of the electromagnetic torque of BPMM [4]. As aresult of
calculation in MotorSolve, the value of the flux linkage of
the phase of the winding is obtained at its orientation
along the d axis (Phi_min Fig. 5) % = 0.123 Wb. In this
case, there is a maximum linkage of the winding phase

with the flux created by the permanent magnets of the
rotor. When the winding is connected according to the
«Y» circuit, two winding phases connected in series are
shifted in the magnetic field of the permanent magnets by
an angle of 60 electrical degrees. In this casg, the value of
the flux linkage of the winding is greater than the flux

linkage of the phase at /3 time, i.e. ?’MS:\@% =

=0.213 Wh.

To experimentally determine the flux linkage of the
stator winding, the rotor of the serial BPMM is rotated at
a constant speed from the racing electric motor (generator
mode without connecting the load). Using the
ADDS1062CM digital oscilloscope, an oscillogram of the
change in the linear EMF of the BPMM stator winding in
time e = f(t) isrecorded (Fig. 6).

1 Py

Tun

[T OUHME
i CH1
;o Cur A

CurB

CHI= S8.8UE

Fig. 6. Experimental oscillogram e = )

Scale on the oscillogram: vertica — 50 V/div.,
horizontal — 2.5 ms/div.

As can be seen from Fig. 6, the linear EMF has a
shape close to sinusoidal. Based on the presented
experimental oscillogram, we calculate the flux linkage of
the BPMM stator winding:

Ema AT _1185.1073

Ye = =0,211Wb, Q)
2 2
where Eno is the amplitude EMF value; AT is the EMF
change period.

Thus, a practical coincidence with the result of
calculating the stator winding flux linkage obtained in the
MotorSolve software package ¥us = 0.213 Wb is
confirmed.

Knowing the flux linkage, it is possible to determine
the constant of EMF of the electric motor K. and the
constant of the torque of the electric motor K;. These
constants characterize the electromechanical conversion
of energy in electrical machines. They are numerically
equal to each other when applying a single system of
units.

The constant of EMF K, is equal to the product of
the number of pole pairs p and flux linkage of the stator
winding. According to the experiment, the constant K,
when calculating through flux linkage:

Ke=p % =5-0211=1055V"s, 2
and obtained in the MotorSolve code:
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Ke=p-¥us =5-0,213=1,065 Vs, ©)
On the other hand, according to Fig. 5, the constant

Ke =116 /1000 min™, or K¢ =116~E =1107V-s.
1000

Thus, the discrepancy between the constant of EMF
K obtained in two ways based on the calculated data of
MotorSolve shown in Fig. 5 is 3.9 %. This difference is
most likely due to the calculation error in the MotorSolve
of EMF obtained by differentiating the stator winding flux
linkage. Unfortunately, the MotorSolve code does not
have the ability to evaluate the degree to which the stator
winding flux linkage matches the sine waveform.

The torque constant K;, numerically equal to the
constant of EMF K, which is calculated through the flux
linkage of the winding from the MotorSolve code, is
K;=1.065 N-n/A.

As for the torque constant K; = 1.36 N-m/A shown
in Fig. 5, it is determined artificially from the constant of
EMF K. by dividing by K., and therefore is not a
parameter of BPMM. At the same time, the above other
parameters obtained by calculation in the MotorSolve
program have good agreement with the experiment.

It is of interest to compare the calculated and
experimental mechanical characteristics of the studied
BPMM, as well as the change in the motor current in time
a a given load on the shaft. The mechanica
characteristics were experimentaly determined on a
bench with the AHD-603 hysteresis dynamometer, with
which the BPMM was loaded (Fig. 7).

The calculations and experimental determination of
the characteristics were carried out at a constant
(«smooth») voltage in the DC link of the 270 V electronic
switch to exclude the influence of the rectification circuit
on the characteristics of BPMM. Figure 8 shows the
calculated (in MotorSolve) and experimental «natural»
mechanical characteristics of the studied BPMM obtained
when the motor was running without speed control (filling
the PWM signal is 1).

The presented mechanical characteristics show
acceptable convergence of the calculation with the
experiment. The idle rotation speed of the calculated
characteristic is less than the experimental idle rotation
speed by 3.3 %. At the same time, the stiffness of the
calculated mechanical characteristic is dlightly greater
than the rigidity of the experimental mechanical
characterigtic.

Figures 9, 10 show the calculated and experimental
oscillograms of the phase current of BPMM during its
operation with the opposing load torque on the shaft
of 1N-m.

The calculated characteristic was determined at a
rotational speed of 2270 rpm. The average current value
was1.04 A.

Comparison of the oscillograms in Fig. 9, 10 allows
to conclude that the calculated and experimental values of
the currents correspond to physical representations of
transients during switching of the phases of the stator
winding, are correlated in shape and amplitude, and also
once again confirm the adequacy of the calculation of the
BPMM parameters in the MotorSolve software package.

Fig. 7. General view of the experimental bench

n, rpm
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Fig. 8. BPMM «natural» mechanical characteristics
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Fig. 9. Calculated oscillogram of the BPMM phase current at
BPMM operation with load of 1 N-m

at

Fig. 10. Experimental oscillogram of the phase current
BPMM operation with load of 1 N-m
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Experimenta oscillogram of the phase current was
obtained using an ADS1062CM digital oscilloscope using
a current sensor on a resistor with a resistance of 0.1 Q.
Scale on the experimental oscillogram: vertical — 0.5
Aldiv., horizontal — 0.5 mg/div. In the experiment, the
BPMM rotation frequency was 2330 rpm, and the average
current valuewas 1.1 A.

Conclusions.

1.Using the MotorSolve software package, the
parameters and characteristics of the mass-produced
BPMM were caculated. The calculation results have a
dlight difference from the data obtained experimentally,
which confirms the high efficiency of the MotorSolve
software package.

2. Unlike well-known codes for calculating the
magnetic field, such as FEMM, the MotorSolve software
package fully provides the calculation of parameters,
transients and characteristics of the eectric machine
without the use of additional software.
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ENERGY EFFICIENCY OF THE SUBWAY ELECTRICAL SUPPLY SYSTEM WITH
ELECTRICAL ENERGY RECOVERY AT BRAKING

Purpose. The purpose of the paper is to assess the efficiency of the subway power supply system, which uses a four-quadrant DC
drive with energy recovery in the supply network in the braking mode. Methodology. We have applied the theory of electrical
circuits and mathematical simulation in Matlab package. Results. The theoretical dependence of the efficiency of the electrical
supply system with a bidirectional flow of energy on the coefficient of resistive short circuit at the load terminals has been
obtained. The theoretical result is verified by modeling. Originality. The equivalent circuit of the subway power supply system
with a four-quadrant DC drive and the possibility of energy recovery to the supply network in braking mode is developed, its
parameters are determined, and the schedule of the eectric train movement was set. Practical value. The use of the obtained
dependencies and simulation results will allow to determine the direction of the future development of the subway power supply
system and optimize its energy efficiency. References 8, tables 1, figures 5.

Key words: power supply system, energy, energy return coefficient, efficiency, energy recovery.

Mema. Memow cmammi ¢ ouinka KKJ/I cucmemu enexmponocmauannusa memponoinimeny, 6 AKill GUKOPUCHIOGYEMbCA
YOMUPLOXKEAOPAHMHUI NPUBIO NOCMITIHO20 CIMPYMY 3 PEKYREPAYyiclo eHepzii 6 Mepexcy HCUGNEHHA 8 PeHCUMI 2anbMyBaAHHS.
Memoouka. /Ina npoeedenHs 00CiOICEHb GUKOPUCHMOBYBANACA MEOPIA eIeKMPUYHUX Kil, MamemMamuine MoOen08aHHs 6
naxemi Matlab. Pesyaiomamu. Ompumana meopemuuna sanexncnicme KK/ CE 3 Osonanpasienum nomoxom emepeii 6id
Koegiyicnma pe3ucmuenoz0 KOPOMKO20 3aMUKAHHA HA Klemax Haeanmadxcenna. Teopemuunuii pezynvmam nepegipenuii
mooeniosannam. Haykoea nosusna. Pospobnena exgieanenmna cxema cucmemu eneKmponoCmayaHHA Memponoiimeny 3
YOMUPLOXKEAOPAHMHUM RPUEOOOM NOCHINHO20 CIPYMY | MOMNCIUGICMIO PeKynepauii enepeii 6 Mepexcy HCUGNEHHA 6 Pedcumi
2anbmyeanua, eusnaueni i napamempu, 3aoaunuii zpagixk pyxy enekmponoizoa. Ilpaxmuune 3nauenna. Buxopucmanns
ompumanux 3anexdcHocmeii i pe3yibmamic MoOeNl06aHHA 00360NUMb GUIHAYUMU HANPAMOK NEPCHEKMUGHO20 PO3GUMKY
cucmemu eneKmponoCmaiants Memponoaimeny, onmumizyeamu iv enepzoegpexkmuenicms. bion. 8, tabmn. 1, puc. 5.

Kniouogi cnosa: cucTemMa eJeKTPOIIOCTAYAHHS, €Hepris, Koe(ilieHT NoBepHeHHs eHeprii, koediumieHT kopucHoI Aii,
pexkynepauis eHeprii.

Ieny. Ilenvio cmamovu aensemca oyenka KIIJ[ cucmemovl 31eKmpocHadHcenun Memponoiumena, ¢ KOmopoi Ucnoab3yemcsa
4embIpEXKEAOPAHMHBLIL NPUEOO NOCHIOAHHO20 MOKA C PeKynepayueil IHEP2UU 6 NUMAIOWYIO CEMb 8 PENCUME MOPMOIHICEHUSA.
Memoouxa. Jlna npogedenus uccne006aHuil UCHONB308ANACy MEOPUA INEKMPUYECKUX Uenell, MamemamuiecKoe
moodenuposanue ¢ naxkeme Matlab. Pesyrvmamor. Ilonyuena meopemuueckan sasucumocme KIII C3 ¢ odsynanpasnennvim
nOmMoOKOM JHepeuu om KoIpuuyuenma peaucmugnozo KOPOMKO20 3AMbIKAHUA Ha Kiemmax nazpysxku. Teopemuueckui
pesyibmam  nposepen  moodenupoeanuem. Hayunas wnoeusna. Paspabomana xeueanenmnas cxema — cucmembl
INEKMPOCHADIHCEHUA MEMPONOIUMEHA C HEeMbIPEXKEAOPAHMHBIM NPUBOOOM NOCHMOAHHO20 MOKA U  603MONCHOCHIBIO
PeKynepavuu Hepeuu 6 NUMAIOWYIo Cemby 6 PeHcumMe MOoPMONCEHUA, ONPEOeieHbl eé napamempsl, 3a0aH 2PAPUK 0BUICEHU
anekmponoesoa. Ilpakmuueckoe 3nauenue. Hcnonv3oeanue nonyueHHwlX 3asucumocmeit u pe3yibmamos MOOeIUpo6anus
no3eonum onpedenumsv HANPAGNEHUE NEPCHEKMUGHO20 PA3GUMUA CUCHIEMbL INEKMPOCHADICEHUA MEMPONONUmend,
onmumuzuposams eé Inepeorhpexmuenocms. bubin. 8, rabdn. 1, puc. 5.

Kniouesvie crosa: cucremMa 3j1eKTPOCHAOKeHHs, dHeprusi, Ko3puuUHeHT BO3BpaTa JHepru, Ko3GpQUIMEHT M0JIe3HOro
JeiicTBHUsSA, peKynepanusi SJHeprum.

Introduction. The functioning of the transport
system of a modern large city is impossible without the
use of the subway, which provides a significant part of
passenger traffic. Its high reliability is combined with not
the highest energy efficiency, which is due to the use of a
DC collector electric drive of sequential excitation
without the possibility of returning energy to the supply
network. Many scientific works have been devoted to
improving the efficiency of the subway power supply
system [1-3]. One of the solutions to the problem of
energy conservation is the use of a four-quadrant DC
electric drive, which makes it possible to organize a bi-
directional flow of electrical energy between the source
and the load. This will allow the energy stored in the
moving train to be return to the industria network of
three-phase alternating current, which, in turn, should
increase the efficiency of the entire supply power supply
system. However, as shown in [3], the effect of energy
saving from the use of regenerative braking is not always
obvious. It depends on the configuration of the used

power supply system and the operating modes of the
electric drive. Under certain conditions, the effect of
reducing the total efficiency of the system due to the
occurrence of additional losses during the return of energy
to the network is possible.

The goal of the work is the assessment of the
efficiency of the subway power supply system, which
uses a four-quadrant DC drive with energy recovery to the
supply network in the braking mode.

Traction substation structure. A traditiona
traction substation uses uncontrolled diode rectifiers to
convert AC voltage to DC, which does not alow the
return of energy to the supply network. To implement a
possible increase in the efficiency of the circuit, instead of
diode bridges, it is necessary to use a four-quadrant
thyristor rectifier, shownin Fig. 1.

The network 6(10) kV is represented by a three-
phase symmetric system of sinusoidal voltages Usy, Usg,
Usc. The network parameters are taken into account by the
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active resistance R, The parameters of the line
connecting the traction substation and the three-phase
converter transformer 6(10) KV / 0.71 kV are determined
by the active resistance R;. The network windings of the
transformer T, are connected to the network 6(10) kV, and
the valve windings are connected to the six-pulse four-
quadrant bridge rectifier VS1 — VS12. Losses in the
thyristor bridge are represented by an equivalent source of
counter-EMF of level of 1V in the forward and reverse
directions and transferred to the DC circuit.

parameters from transformer T, to rectifier bridges
correspond to the active resistance R,. The load is
represented by a DC motor with independent excitation.
The line parameters from the controlled rectifier (CR) to
the DC motor are taken into account by the resistance of
the contact rail R¢g. The inductances in the power line,
which are present there in fact, do not participate in the
formation of losses during energy transfer, therefore they
are transferred to the load and they are not shown in the

Linel | Transformer | Line2

Network |

Line equivalent circuit.
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Fig. 1. Equivalent circuit of SPSS with four-quadrant CR

To adequately assess the energy efficiency of the
subway power supply system (SPSS), it is necessary to
know the train schedule, which, according to [1-3],
contains the following intervals: the acceleration interval
from zero to nominal speed (time t,;) averages 20-30 s
braking time from nominal to zero speed (t,) is on
average 40-50 s; the train stop interval (time tg) is usually
25 s; the interval of movement with nominal speed (tio)
is 110-130 s. Taking into account that the time of
movement of rolling stock between two stations is on
average three minutes [1], in accordance with [3] we
accept the following values of traffic intervals: t,c = 25's,
tmov =115, t,, =455, t4 =25 S.

The graph of changes in current, voltage, and load
power for the indicated intervals of movement of the train
in the considered SPSS can be of the form shownin Fig. 2.

In the interva of the train acceleration t,, the
automatic control system linearly changes the speed of the
train from zero to nominal, which, with independent
excitation of the DC machine, corresponds to a linear
increase in the load voltage from zero to nominal. The
load current is limited at the nominal level. The power
developed at this stage also linearly rises to the nominal
value. In the interval of movement t,,,, at nominal speed,
the nominal voltage will be applied to the load, and the
train will overcome the drag and friction, developing up
to 30-50 % of the nominal power. The current consumed
by the load will be at the same level. In braking mode, the
automatic control system provides a smooth linear
decrease in speed to zero level during ty,,. The load voltage
will also decrease linearly to zero. In order to ensure the
return of kinetic energy stored by the train to the supply
network, it is necessary to change the polarity of the load
current with its limitation at a level not exceeding the
nominal value. With the beginning of recovery, the load
current passes to the reversible valve group and is
maintained negative until the energies returned and
consumed by the train are equal at the braking stage.
After that, the linearly changing load power becomes
positive again, and the load current transfers to the
positive valve group as a result of switching the rectifier
bridges. In the stop interva ty the electric drive of the
train does not consume energy. At al stages of
movement, the train consumes energy of its own needs,
which is spent on heating, lighting and ventilation of cars,
its value can reach 10 % of the nominal one. Thisistaken
into account in the graphs presented in Fig. 2.

The power developed at the stages of movement
depends on the physical parameters of the train, on its
speed and mass. The mass of rolling stock is determined
by the number of cars and the number of passengers in
each car. According to [4], the train consists of five cars
with amass of 33 t each. The car accommodates from 200
to 300 passengers with an average weight of 60-70 kg.
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Fig. 2. Schedule of trains between stations
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Thus, we can assume that the mass of the train is 200-250
t. The nominal speed is 25 nvVs or 90 kmmvh. According to
[4], trains operating on the subway lines are equipped
with an electric drive with nominal power of up to 2 MW.
In an equivalent circuit for further calculations and
modeling, an NP80OKS motor with a nominal power of
2.013 MW and a nomina current of 3053 A was chosen.
Moments of resistance and inertia of the train are reduced
toitsrotor.

To calculate the energy of losses in a bidirectiona
flow, it is necessary to set the parameters of the SPSS
circuit shown in Fig. 1. The characteristics of the supply
network are determined by the parameters of the three-
phase transformer of the supply substation type TMH
4000/35/6 [1], for which the phase resistance Ry = 0.1 Q
[1]. The parameters of line 1 (see Fig. 1) are determined
by the distance between the traction substation and the
converter transformer, which, on average, is from 1 to 3
km [1]. The aluminum three-wire cable used in line 1 has
a phase resistance value R; of 0.3 Q/km, and its cross
section is selected according to the current that the
considered drive can consume, and is equal to 95 mn? [1].
The TC3II-2500/10Y3 6(10)/0.71 kV series converter
transformer has a nominal power of 2.509 MW and short
circuit losses of 20 kW. The total equivalent resistance of
his phase Rry will be 2 mQ. The parameters of line 2 are
determined by the distance between the converter
transformer T, and the rectifier, which is assumed to be
50 m. In this case, the cross section of the copper cable
will be equal to 1000 mn?, the value of the phase
resistance R, is 0.9 mQ. The Rqr steel contact rail has a
standard cross-section of 6600 mm? and a resistance of 9
mQ/km. Its length can vary from 1 to 3 km, depending on
the location of the train on the run between stations. The
active resistance of the previously selected DC machineis
8 mQ.

Efficiency of SPSS with bidirectional energy flow.
Let us evaluate the efficiency of the power supply system
shown in Fig. 1. According to [3], the maximum possible
efficiency of SPSS with a bi-directional energy flow is
determined by the formula:

_ 77max—>(2_77r?1%ax<—)_kE 1
Tmaxe> = , 1)
1-kg

where 7jmax_s and 7Jmax are the maximum possible values
of the efficiency of three-phase SPSS in the forward and
reverse energy flows, respectively; ke is the coefficient of
energy return from the load to the source, determined by
the expression from [3]:

0skE=PS+ <1, 2
PS—)

where Ps_ and Ps_, are the source powers in forward and

reverse energy flows, respectively.

The value of the maximum possible efficiency of the
SPSS in a direct energy flow 7ma_, iS determined by the
expression [3]:

1 1 1

==+ [=——, 3
Tmax— 2 4 ke 3)

where kg is the short circuit coefficient, determined by
the ratio of the short circuit power at the load terminals to
the net active load power:

ke =T, @
F)usf
where P« is the power of the resistive short circuit of
SPSS with the load off; Py is the average value of the
effective active load power in the repeatability interval of
the train schedule according to Fig. 2.

The values of Py and kg depend on the train
schedule, task intervals, acceleration and braking speeds
of the train. The power of the resistive short circuit Py
depends on the configuration of SPSS and can be
determined from the relation:

WV
S ®)
where Ug,, is the amplitude of the sinusoidal phase voltage
of the power source; R; is the equivalent active resistance
of SPSSshownin Fig. 1.

The value of the active equivalent resistance of the
power supply system, according to Fig. 1 includes the
following components:

Ry =Ry +R +Rpy +Ro +Rge +Rr +Ry,  (6)
where PO is the phase resistance of the AC voltage source
6(10) kV, reduced to the secondary winding of the

converter transformer (CT); Rl is the resistance of the

section phase of line 1, reduced to the secondary winding
of the CT; Ryy isthetotal resistance of the CT phase; R; is
the resistance of the section phase of line 2 from the
transformer to the rectifier; Rge is the resistance of the
controlled rectifier; Rqg is the resistance of the contact
rail; Ry is the resistance of the armature circuit of the DC
motor.

The value of the maximum possible efficiency of the
SPSS in the reverse energy flow 7max. Can be determined
by the following expression [3]:

1
1+ kZkgt

We find the value of the maximum possible
efficiency of SPSS with a bi-directional energy flow and
determine the possible range of its changes using the
above expressions.

To determine the coefficient of energy return from
the load to the source kg, according to (2), it is necessary
to know Ps_ and Ps,. Their values can be determined
from the train schedule shown in Fig. 2. Having
calculated the area under the curve of the graph of power
changes for the forward and reverse energy flows, we
obtain the values Ps_, = 50.3 MW, Ps_ = 108.7 MW and,
in accordance with (2), ke = 0.5.

We find the average value of the effective load
active power by integrating the instantaneous power
graph in the interval of train repeatability. The vaue
P.s = 1.44 MW was obtained.

To find the power of the resistive short circuit P,
we determine the components of the equivaent active

()

Tmaxe =
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resistance of the power supply system R; and the possible
range of their changes.

According to the above data, the reduced phase
resistance of the source phase RO can be calculated by the
expression:

Ro =kRy, )
where k = Uk, is the coefficient of reduction of the

parameters of the elements of the primary winding of the
converter transformer to the secondary, equal to 0.014.

The resistance RO valueis 1.4 mQ.

Similarly, the reduced phase resistance of line 1 Ry

is calculated:
Ry =kR; . )
The remaining components of expression (6) and the
possible range of their changes were determined above,
the parameter values are summarized in Table 1,
according to which the resistance Rl lies in the range

from 4.2 mQ to 12.6 mQ. Active equivalent resistance of
SPSS Ry, shown in Fig. 1 will have values ranging from
27 mQ to 44 mQ2.

Resistances of the SPSS circuit and the range of their ch;nagleil
Parameter Value
Ro. mQ 1.4
1000 m 492
R, mQ 2000 m 8.4
3000 m 126
Rpy, MQ 3
Ry, MO 1
Rer, MmQ 1
1000 m 9
Rer, MO 2000m 135
3000m 18
Ry, mQ 8

The short-circuit power P calculated according to
(5), depending on the circuit parameters, has a value from
34 to 56 MW. The short circuit coefficient calculated
according to (4), depending on the active equivalent
resistance, liesin the range from 25 to 40.

In area power supply system, additional losses of
electricity may be present, which can be taken into
account in theoretical calculations by introducing the
coefficient of additional losses kyyq. In this case, the
efficiency of the SPSS can be calculated from [3] by the
expression:

2 —
1- kEkgtKadde

-1
1+ [(o.5+ J0.25- kg j —1]kadd_>

1-ke

_kE

(10)

Mheale =

A graph of the rea efficiency of SPSS with a bi-
directional energy flow on the short-circuit coefficient at
the load terminals kg, is shown in Fig. 3 by dashed line.

100 o

90 = —

80 f——t——

70
60
50
40
30
20 - — ——theory

10 —expefiment
0 ksc
25 275 30 32,5 35 37.5 40

Fig. 3. Efficiency of SPSS

Modeling of SPSS with bidirectional energy flow.
For experimental verification of theoretical results, the
MatLab model of SPSS with a four-quadrant controlled
rectifier, simulating the circuit shown in Fig. 1 was
developed. MatLab model is shown in Fig. 4. It consists
of the following blocks:

e power circuit —blocks 1, 3, 4, 5, 7, 8, 10;

o thyristor CR control system —block 6;

o torque, current and speed controllers —blocks 9, 13;
e current and voltage sensor — block 2;

o calculator —block 11;

e multipath oscilloscope — block 12.

Purpose of power circuit blocks: 1 — industrial
network; 3 — cables connecting the traction substation and
the three-phase conversion transformer 6(10) kV / 0.71
kV, which isindicated by block 4; 5 — cables coming from
the transformer 4 to the rectifier bridges 7; 8 — steel
contact rail connecting the CR with a DC motor 10.

The parameters of the power circuit elements in the
model were set in strict accordance with SPSS data given
above. Data of the DC motor model correspond to those
for a NP80OKS type machine. The mechanical part of the
electric drive was reduced to the rotor of a DC machine,
and the kinetic energy stored by the train during
movement was reduced to the energy of an equivalent
flywheel. The DC machine load specified in block 9 takes
into account both the losses of own needs and the friction
and drag of the air to the moving train.

The rectifier control system is built on a vertica
principle and has an arccosinusoidal characteristic of a
phase-shifting device. The bridge switching logic
monitors the reference signal from the controller output
and the instantaneous value of the load current, making a
decision to transfer pulses depending on their
superposition.

The autoregulation system is made in a closed
manner using a dual-circuit slave current-speed controller
tuned to atechnical optimum. This ensured the qualitative
maintenance of the set speed in accordance with the train
schedule.
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Fig. 4. MatLab model of SPSS

As a result of the simulation, the following were
obtained: oscillograms of changesin current, voltage, and
energy flow rate for the train motion intervals in the
considered SPSS, shown in Fig. 5. A graph of the real
efficiency of SPSS with a bi-directional energy flow
versus short-circuit coefficient at the load terminas is
built, which, for clarity, is shown in Fig. 3, together with
atheoretical graph.
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Fig. 5. Oscillograms of the circuit operation

Conclusions.

1. An equivalent circuit of the subway power supply
system with a four-quadrant DC drive and the ability to
recover energy to the supply network in the braking mode
is developed, its parameters are determined, and the train
scheduleis set.

2. Using well-known formulas for the developed power
supply system, a theoretical dependence of the efficiency
of SPSS with a bi-directional energy flow on the
coefficient of resistive short circuit at the load terminalsis
obtained.

3. A MatLab model of SPSS with a four-quadrant DC
electric drive based on the base of a six-pulse controlled
bridge rectifier with the possibility of realizing a bi-
directional flow of electrica energy between the source
and load is built.

4. Using the MatLab model, the real dependence of
the efficiency of SPSS with a bi-directional energy
flow on the short-circuit coefficient at the load
terminals, which repeats the dynamics of the
theoretical curve, is taken. Some discrepancy between
the theoretical curve and the data of the obtained model
can be explained by taking into account additional
energy losses in the model, such as friction, air
resistance, switching losses, etc.

REFERENCES
1. Zhemerov G.G., llyina N.A., Tugay D.V., Kholod OL.I.
Subway power systems with modern semiconductor converters
and energy sStorage devices. Electrical engineering &
eectromechanics, 2013, no.l, pp. 41-49. (Rus) doi:
10.20998/2074-272X.2013.1.10.
2. Zhemerov G.G., Tugay D.V., Kholod O.l. Energy efficiency
of power supple systems for a subway. Technical
electrodynamics, 2014, no.1, pp. 67-74. (Rus).
3. Zhemerov G.G., llina N.A., Mashura A.V., Tugay D.V.
Efficiency of regenerative braking in energy supply systems
with electric regulated drives. Technical electrodynamics, 2018,
no.8, pp. 73-76. (Ukr). doi: 10.15407/techned2018.06.073.
4. Electric carriage types 81-718/719, 81-718.0/719.0 and 81-
718.2/719.2. Available at: http://vagon.metro.ru/passenger/81-
718.html (Accessed 12 May 2016). (Rus).
5. Kostin N.A., Nikitenko A.V. Autonomy of recuperative
braking — the basis of reliable energy-efficient recovery on the
electromotive force constant current. Railway Transport of
Ukraine, 2014, no.3, pp. 15-23. (Rus).

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

29



6. Shcherbak YaV., Nerubatsky V.P. Analysis of the use of
recuperative inhibition on the railways of Ukraine. Railway
Transport of Ukraine, 2011, no.2, pp. 30-34. (Ukr).

7. Sablin O.. Analysis of the quality of the recovered
electricity in the electric transport system. Bulletin of NTU
«KhPl», 2013, no.38, pp. 187-190. (Rus).

8. Posokhov I.M. Research of the car-building market of
Ukraine and competitiveness of the industrial enterprises of
railway transport in the world market and CIS markets. Bulletin
of NTU «KhPl», 2015, no.60, pp. 115-118. (Ukr).

Received 05.06.2019

How to cite this article:

G.G. Zhemerov?, Doctor of Technical Science, Professor,

D.S. Krylovt, Candidate of Technical Science, Associate
Professor,

AV. Mashura!, Postgraduate Sudent,

! National Technical University «Kharkiv Polytechnic Institute»,
2, Kyrpychova Str., Kharkiv, 61002, Ukraine,

phone +380 577076312,

e-mail: zhemerov@gmail.com

Zhemerov G.G., Krylov D.S,, Mashura A.V. Energy efficiency of the subway electrical supply system with electrical
energy recovery at braking. Electrical engineering & electromechanics, 2019, no.5, pp. 25-30. doi: 10.20998/2074-

272X.2019.5.04.

30 I SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.5



Theoretical Electrical Engineering and Electrophysics
UDC 621.315
M.M. Rezinkina

CALCULATION OF ELECTROMAGNETIC FIELDSIN INHOMOGENEOUSMEDIA
FOR SELECTION OF PROTECTIVE COATINGS

The aim of the work is to develop a method for high-frequency EMFs calculation in terms of the modified vector potential and to
use it for choice of the parameters of the layered absorbing coatings that provide effective absorption of radio wave radiation.
Methodology. A method for calculation of electromagnetic fields in inhomogeneous media is described. It is performed in terms
of the modified magnetic potential at presented a plane electromagnetic wave as an incident and reflected one. To reduce the
computational domain size, additional uniaxially perfectly matched layers ensuring fast and non-reflective attenuation of
electromagnetic field (EMF) strengths are used at its boundaries. It is supposed that electrical parameters of such layers have not
only resistive, but also magnetic losses. Results. Modification of the known methods for dividing the wave into the incident and
reflected, as well as introducing uniaxially perfectly matched layers at the domain boundaries and formulation of the problem in
terms of the modified vector potential, provide a possibility to solve the problem of the electromagnetic wave incidence onto
heterogeneous media at reduced memory and counting time compared to the formulation tasks through the EMF strengths.
Practical value. The described method was used to select parameters of radio-absorbing coatings, application of which on
conductive bodies reduces the reflections from them of the incident electromagnetic waves. This provides a possibility to choose
the electrical parameters of layered coatings with active losses, as well as magnetic losses, which provide a decrease of the
reflected waves amplitude by an order of magnitude or more. Originality. For the first time, the problem of calculating the
incidence of an electromagnetic wave on an inhomogeneous medium with active electrical and magnetic losses was formulated in
terms of the modified vector potential. The parameters of a multilayer lossy coating, which ensures decrease of the reflected EMF
wave strengths by an order of magnitude or more are determined. References 11, figures 3.

Key words: electromagnetic field, inhomogeneous media, modified vector magnetic potential, finite integration method,
uniaxially perfectly matched layers.

doi: 10.20998/2074-272X.2019.5.05

Onucanuii Memoo pO3PAXYHKY €NeKMPOMAZHIMHUX NOJII6 6 HEOOHOPIOHUX Cepedosuulax, GUKOHAHUIL 6 mepminax
MOoOuQhikoeanozo mazHimnozo nomenyiany npu nooini na0cKkoi enekmpomazuimnoi xeuni na naoawuy i 6iooumy. /na
3MeHUIeHHA 2abapumie po3paxynkoeoi odonacmi na it 2paHuyAxX 66edeni 000amKosi 00HOGICHe I0eanbHO NOZIUHAIOYL WaApU, W0
3abe3neuyroms weuoKe i 0e3eiobusne 3azacanns nanpyycenocmeil enekmpomaznimnux nonie (EMII). Ocobnugicmio maxux
wapie € eudip ix el1eKmMpuUUHUX napamempie maxkumu, w00 3ade3neuumu HAAGHICMbL 6 HUX He MINLKU Pe3UCMUGHUX, aie i
Mmaznimnux empam. Mamemamuune moodentosannsn npouecie npu nadinni EMII na npoeione cepedosuuie, nepeo aKum
nomiwgeni nOKpummsa 3 NOOIOHUMU 61ACHMUGOCMAMU NOKA3A0 MOMCIUGICMb ehekmuenozo 3azacanna e Hux EMII
paodiouacmommnozo Odianasony. B pesynomami npoeedenux 0ocniddcenv odpani napamempu noKpummie, uio 3abezneuyromo
Minimansne gi0dummsa nadarouux erekmpomazuimnux xeuns. bion. 11, puc. 3.

Kniouosi cnosa. enekmpomaznimue none, HeoOHOPIOHI cepedosuuia, mMoOUpiKosanuii 6eKmMOPHUI MazHIMHUNL nomenyian,
Menoo Kinyeeozo inmezpysanns, i0eanvHo y3200#ceHi nOIUHAIOYL 2PAHUYHI Wapu.

Onucan memoo pacuema INEKMPOMAZHUMHBIX NOJIEl 6 HEOOHOPOOHBIX Cpedax, 6bINOJHEHHbIL 6 MmepPMUHAX
MOOUPUUUPOBAHHO020 MAZHUMHOZ0 NOMEHUUANA RPU pPA30eNenul HI0CKOU IJIeKMPOMAZHUNHON 60THbI HA NAOAIOWYIO U
ompadxicennyro. [na ymenvuienusa 2adapumos pacuyemuoil odnacmu Ha ee ZPAHUUAX 66€0eHbl OONOIHUMENbHbIE 00OHOOCHO
udeansno nocnowjalowue CcAou, oOecneyusairouue Ovicmpoe U OezompadxcamensHoe 3AMyXAHUE HARPANCEHHOCHell
anekmpomazhumnoix noneii (IMII). Ocobennocmvl0 mMaKux cioee AGNAEMCA MO, YMO UX IJeKmpudecKue napamempol
6bIOpanbl MaKumu, 4moovl obecneuumsy HAAUYUE 6 HUX HeE MMONLKO PE3UCMUGHBIX, HO U MAZHUMHBIX HOMEPS.
Mamemamuueckoe modenuposanue npoyeccoé npu nadenuu IMII na npoeooawyio cpedy, neped KOmopoii nomeuieHvl
ROKpBIMUA ¢ NOOOOHBIMU CEOUICMEAMU, NOKA3AL0 803MONCHOCHY Ihhekmuenozo 3amyxanua ¢ nux IMII paouoyacmommnozo
ouanazona. B pesynomame nposeedenHbIx uccne0osanuii 6bl0pansl napamempsvl ROKPuIMUil, 00ecnevyusaouux MUHUMA1bHOE
ompadicenue nadaowux 3nekmpomazuumnsix 6oan. butn. 11, puc. 3.

Kniouesvie cnosa: 31eKTPOMATHMTHOe II0J1e, HEOJAHOPOAHBbIC CpeAbl, MOAW(UUUPOBAHHBbIH BeKTOPHbI MATHMTHBIH
NOTeHIUAJI, METOJ KOHEYHOI'0 HHTErPHPOBAHMSA, HAEATbHO COIVIACOBAHHBIE NOIVIOLIAIONIHEe TPAHHYHBIE CJI0HU.

I ntroduction. When solving a number of problems of
theoretical electrical engineering and electrophysics, the
problems of calculating electromagnetic fields (EMF) arise,
including when awave is incident on inhomogeneous media
with flat interfaces. Such problems have to be solved, for
example, when choosing the parameters of protective radar
absorbing coatings of extended conductive objects from
high-frequency radiation. Sincein this case the application of
analytical methods [1] is impossible, the development of
numerical methods is necessary. Taking into account the flat
geometry of the systems under consideration, the use of
finite-difference methods seems most effective (see, for
example, [2, 3]). To reduce the order of the system of
equations being solved, the problem formulation in terms of
the modified vector magnetic potential can be used [4]. In
contrast to the traditional formulation of eectromagnetic
fields through EMF strengths, this approach dlows to reduce
the required computer resources due to the fact that in the
caculaion 3 components of the modified vector magnetic

potential are unknown, rather than 3 components of the
dectric field strength and 3 components of the magnetic field
strength [4].

If there are several mediainterfaces with flat interfaces,
it seems efficient to use the numerical finite integration
method (FIM) [5]. The essence of this method is to impose a
rectangular computationad mesh on the considered region
and integrate Maxwell equations over the volumes or faces
of its cdls. Thus, equations to be solved are obtained using
conservetion laws. Moreover, the formulation of the
calculation problem using the finite integration method in
terms of a modified vector magnetic potential with a special
choice of the computational mesh ensures the automatic
fulfillment of conditions a the media interfaces for the
vectors of strengths and the flux density of the EMF [6, 7].

To limit the cdculation region when determining the
EMF in open areas when formulating the problem using
EMF drengths, the so-called UPML (uniaxidly perfectly
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matched layers) are used [8]. To solve the problems
asociated  with  the propagation of  high-frequency
oscillations in inhomogeneous media with losses, it seems
important to develop UPML in relation to the formulation of
problemsin terms of amodified vector magnetic potentid.

The goal of the work is to develop a method for
calculating high-frequency EMFs in lossy media using
modified vector potential and UPML.

Definition of the problem of calculating the
process of incidence of a plane electromagnetic wave on
layered media. In order to reduce the number of equations
in solving the problem of calculating EMF, we use the so-
called modified vector magnetic potential A [4].

In the absence of externa sources of electric charge,
an additional condition when using the scalar electric (¢)
and the vector magnetic (A) potentias, instead of eectric
(E) and magnetic (H) field strengths, the gauging condition
¢ = 0 can be chosen (see, for example, [1]). Then vectors of
the magnetic flux density B and the electric field strength E
are expressed through A in the form:

B =rot A= uugH ; Q)
oA

=——, 2

ot @)

In order for the reflectionless EMF attenuation to
occur upon falling onto the radar absorbing coating, it is
necessary to ensure the presence of losses not only related
to the active conductivity of the medium, but also
magnetic |osses.

The second Maxwell equation, taking into account
magnetic losses, has the form [9, p. 69]:

oB
rote :—(E‘f‘yﬂH), (3)

where y, are the equivalent magnetic losses [Q/m].
Taking into account (1), rewrite the right-hand side
of (3) intheform:

§+7/IUH 1ot T oA |
ot o g
Then write (3) as
rotE = —rota—A—y—”rotA,
Hig

whence, for piecewise homogeneous media, E can be
expressed in terms of A asfollows:

E=——"--—"=—A. 4
ot uug
Here, the first Maxwell equation
oD
rotH =)E + o
where D is the electric field induction; y is the electrica
conductance takes the form:
2
rotm:_7%_5056 A_u A—y”gog%.
Hitto ot ot?  mug Hprg Ot
To obtain a numerical solution for the vector
potential, the considered region was divided into
paralelepiped cells (Fig. 1) so that the nodes of the
computational mesh (i, j, k) lay at the interfaces of the
media. It was assumed that the electrical properties of the
medium within each of the cells are homogeneous.
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Fig. 1. Cell of the calculation scheme

The equation to be solved was obtained by
integrating (5) over sections perpendicular to the
coordinate axes. Then the equations for the components
of the vector A can be written as a result of integration of
(5) over the sections S,, S, S, (see Fig. 1) and using the
Stokes theorem. So for A, — the y-th component of the
vector A —we obtain:

rotA oA, A
i;—dl = j (—}/E—gog p

>~

L
1,70, ©6)
M u _ Yubof aAy)dS

o Hug Ot

where |, is the contour covering the area S,

As a result of integration of (5) over the
corresponding areas: S, for A and S, for A, (see Fig. 1),
similar expressions are written for the remaining
components of the vector potential. Passing to the
difference form of writing, we obtain a system of
equationsto be solved.

Features of the numerical calculation of EMF using
a modified vector magnetic potential. When calculating
eectromagnetic processes when a plane electromagnetic
wave having a finite length and harmonic filling is incident
on objects, the problem arises of setting conditions for the
strengths and potential of the EMP at the boundaries of the
computational domain. To limit the computationa domain
when applying finite-difference methods of numerica
computation, the introduction of so-called uniaxial perfectly
matched layers (UPML) at the external boundaries of the
computational domain is usualy used, which ensure fast
and reflectionless attenuation of the EMF. However, in this
case, for the problem formulation under consideration, it is
impossible to specify zero boundary conditions for the EMF
potentials and strengths at the externa UPML boundaries.
The fact is that in addition to the reflected wave, which can
really be assumed to be equal to zero at a sufficient distance
from the object causing it, there is also an incident wave,
which over time can be non-equal to zero and at a sufficient
distance from the object. To solve this problem, a
representation of the electromagnetic wave in the form of
the sum of the incident and reflected waves is used. The
propagation of both of these waves is described by the same
Maxwdll equations. In this case, the computational domain
is also divided into two zones: the first (1), the inner, in
which the studied object is located, and the second (11), the
outer, located between the boundaries of the 1<t region and
the UPML inner borders. Here, in zone |, the propagation of
the total wave is calculated, which contains both the
incident and reflected waves. In zone Il, only the
propagation of the reflected wave is caculated. At the
boundaries of zones | and |1, the transition from calculating
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only the reflected and total waves is taken into account. At
the outer boundaries of UPML, zero conditions can be used
for the potentials and strengths of the EMF, since they relate
only to the reflected wave.

In [9], the solution of the problem of propagation and
reflection of electromagnetic waves is presented using the
described approach when using the Yee agorithm to
calculate the components of the eectric and magnetic fied
strengths. This approach was applied to solve the problem
formulated in terms of a modified vector potential using the
finite integration method. In this case, terms appearing in
difference schemes containing the known values of the
vector potentia corresponding to the incident wave. The
addition or subtraction of these terms when writing the
equations to be solved for the nodes adjacent to the interface
of subregions | and Il allowed to implement the approach
described above. Since the values of the incident wave at
each moment of time and for each node of the calculation
scheme are known, they are transferred to the right side of
the equations. Such terms are added to the right sides of the
difference equations written for nodes lying on the
boundaries of subregions | and I, and are subtracted from
the right sides of difference equations written for nodes
located in Il in planes in front of the boundaries of
subregions| and I1.

The introduction of UPML in caculating the
propagation of an electromagnetic wave in terms of a
modified vector magnetic potential requires a different
approach than when solving through electric and
magnetic field strengths. This is due to the fact that the
parameter s,

Sy =1+- Tu_ @
Joug
which is chosen equal to s,
8 =1+ ——, (8)
Jweegy

when formulating the problem through A appears in the
denominator of the equation to be solved. Therefore, its
conversion during the transition from the frequency domain
to the time domain is impossible. To use UPML in such a
formulation, it is proposed to use a medium in which ¢-o and
weo ae much smaler than y and y,, respectively, as
absorbing layers. To ensure the constancy of the propagation
speed of eectromagnetic waves and the absence of
reflections when the EMF falls on the UPML layers, it is

necessary s, = s.. At u-w <<y, and e-w<<y:
s v ——, (9)
Jweeg
s, vt (10)
Jorg
Then from (9, 10) we obtain:
T _ 7
Hig &89

Hence the relation between y and y,:

0 ~0.142.10%, £ = 1a/m).
2]

We obtain expressions for EMF in UPML layers by
writing (6) through complexes (indicated by an
underscore of the corresponding value) and taking into
account (7), (8):

Yu= y (11)
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Dividir?gy; both parts of the resulting expression into
S, , wewrite:
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Inview of (9), (10), we transform the last expression
to the form:

§ jo-rotA

—dl = j joyA,dS

S,
Then, in the Iast expression, we move from the
complex form of writing to the functions of time:

OA
Iy Yu ;

A numerical solution was obtained by writing
equations of the form (6), (12) for nodes of the
computational mesh and replacing the differential
operators in them by difference analogues. To solve the
obtained system of equations, the sweep method was used
(for more details see [6, 7]).

To evaluate the effectiveness of the proposed
method of introducing UPML, numerical experiments
were carried out to calculate electromagnetic processes in
the case of a plane electromagnetic wave incident on a
perfectly conducting sheet. It was assumed that the EMF
with |E[=1 V/m from timet = O fallsin the direction of the
Oz axis onto a conductive sheet whose thickness is
d = 3-A (where A is the spatial step). It is believed that
this sheet is located in the z = const plane and has
dimensions in the x and y coordinates many orders of
magnitude greater than the wavelength of the incident
EMF. When caculating a the boundaries of the
computational domain in the directions of the Ox, Oy, and
Oz axes zero conditions were used for the vector potential
of the reflected waves. The frequency of the incident
EMF was assumed to be 10 GHz. In the calculations, the
time step was set equal to A, = T/200, A = ¢-T/200
(¢ = 3-10° m/s). The UPML parameters were as follows:
the number of layers N = 10, y varied according to the
exponential law with an exponent of 3 [8] from 35 S/m at
the inner UPML boundary, y, varied depending on y in
accordance with (11). The dimensions of the
computational domain in the direction of the Oz axis are
Znax = 0.5:1 (where 1 is the wavelength), and the number
of stepsin reflection zone Il is 10.

Figure 2 shows the calculated time sweeps of the
reflected (scattered) electric field strength |Eg4| When a
plane electromagnetic wave falls on a conductive sheet.
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As can be seen from the Figure, due to the fact that
UPML layers with the parameters described above are
located at the boundaries of the computational domain,
the relative error in calculating the strength |Es4| does not
exceed 3%, despite a significant truncation of the length
of the computational domain.

Thus, a technique for calculating the propagation of
an electromagnetic wave in media with magnetic lossesin
terms of a modified vector magnetic potentia is
described. This ensures the introduction of UPML at the
boundaries of the computational domain, which was
previously possible only when formulating the problem
through EMF strengths.
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Fig. 2. Calculated dependencies |[E«4|(t) for nodes located at

different distances (2) from the conducting sheet: z= 1 (—),

~2=054 (——-), 2= 0(= —- = )

Mathematical modelling of EMF fall on layered
coatings with didlectric and magnetic losses. In some
cases, various didectrics with low values of the reflection
coefficient and high values of the absorption coefficient of
radio waves are used as protective coatings from high-
frequency radiation. Scopes of radar absorbing coatings are
various. So, they are used to create screens for radio
receivers, to protect biological objects from eectromagnetic
radiation, to equip specia research chambers, etc. A large
number of works have been devoted to this issue (see, for
example, [10, 11]), but the problem of choosing coating
parameters remains relevant, since the question of a
significant decrease in the amplitude of waves reflected from
conductive objects has not been completely resolved.

Figure 3 shows the calculated time sweeps of the
electric field strength when a plane electromagnetic wave
fals on a conductive sheet, before which a radar
absorbing coating is placed with the following
parameters: the 1st layer (closest to the conductive sheet)
—&=u =300, y = 315 S§/m, the next layer — ¢ = u = 100,
y = 275 Sm, the last layer —e = 4 = 60, y = 17.5 Sm (y,
changed depending on y in accordance with (11)). As can
be seen from the Figure, due to the attenuation of the
electromagnetic wave in the coating layers, the reflection
from the conducting sheet in the steady state does not
exceed 10% of theinitial reflection level.

Conclusions.

1. A method for calculating the propagation of an
electromagnetic wave in lossy media located in open
areas at formulating the problem in terms of a modified
vector magnetic potential and using UPML the
implementation of which alows to reduce the memory
and calculation time compared to formulation of the
problem through EMF strengths is proposed and tested by
comparison with an analytical solution.

&
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2. The proposed calculation method is the theoretical
basis for developing a method for selecting parameters of
radar absorbing coatings with electric and magnetic
losses, the application of which to conductive objects
provides a significant reduction in the amplitude of the
reflected radio waves.
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M.1. Baranov

A CHOICE OF CRITICAL SECTIONSOF ELECTRIC WIRESAND CABLESIN POWER
CIRCUITSOF ELECTRICAL EQUIPMENT OF POWER INDUSTRY

Purpose. mplementation of close calculation determination of critical sections of S and critical amplitudes of density of alternating
current d¢; of frequency 50 Hz in wires and cables of power circuits of electrical equipment of power industry, characterized flowing
in it at malfunctions of operation current i (t) of short circuit (SC) with set amplitude-temporal parameters (ATP). Methodol ogy.
Scientific and technical bases of power engineering, electrophysics bases of technique of high-voltage and large pulsed currents,
theoretical bases of the electrical engineering. Results. The results of the developed electrical engineering approach are resulted in a
calculation choice on the condition of eectric explosion (EE) of current-carrying parts of cable and conductor products (CCP) of
critical sections of S; for the copper (aluminum) cores of the uninsulated wires, and also for the insulated wires and cables with a
polyinilkhloride (PVC), rubber (R) and polyethylene (PET) insulation with copper (aluminum) cores (shells) on which in the power
circuits of electrical equipment of the general industrial equipment in malfunction the current of SC iy(t) flows with set ATP. On the
basis of determination of sizes of thereal critical sections S;; for theindicated wires and cables the calculation numeral estimation of
critical amplitudes of density d; of SC current i(t) is executed with set ATP in current-carrying parts of investigated CCP of power
circuits of the examined electrical equipment. It is determined that in the power circuits of electric equipment of the general
industrial installations (for permanent time of slump of T,=50 ms of aperiodic to the congtituent of current of SC) critical amplitudes
of density d¢; of SC current iy(t) at time of his disconnecting t,=100 ms in copper (@luminum) cores for the uninsulated wires and
insulated wires (cables) with copper (aluminum) cores (shells), PVH, R and PET it is numeral made an insulation according to
approximately 1,57 (1,18) kA/mm?. At time of disconnecting =160 ms of SC current i(t) in the power circuits of the examined
electrical equipment (T,=50 ms) critical amplitudes of density dg of SC current iy (t) for the copper (aluminum) cores (shells) of
indicated CCP become accordingly numeral equal approximately 1,33 (0,99) kA/mm?. Originality. First by a calculation way taking
into account information for ATP of SC current i(t) and quantitative values of time of his disconnecting t, in the power circuits of
electrical equipment of the general industrial installations the numerical values of critical sections S and critical amplitudes of
density d¢; of AC SC current iy(t) are certain for the uninsulated wires, and also insulated wires and cables with copper (aluminum)
cores (shells), PVH, R and PET insulation. Practical value. Obtained results for the critical sections Sg; and amplitudes of density o
of AC SC current i(t) of frequency 50 Hz (at the period of oscillations of T,=20 msfor of periodic constituent of emergency current
of SC) can be utilized in power industry in practice at a choice thermally by a bar to the action of large SC currentsi(t) of CCP with
copper (aluminum) bars (shells), intended for reliable operation in the power circuits of eectrical equipment of industrial power
industry. References 8, tables 5.

Key words: power industrial, electrical equipment, electric wires and cables of circuits of electrical equipment, calculation
choice of critical sections of wiresand cablesin the circuits of electrical equipment.

Haoani pesynomamu po3poonenozo en1eKmpomexniunozo nioxooy 00 po3paxyHKo6020 uGopy no ymoei elneKmpuunozo euoyxy
(EB) cmpymonpogionux uacmun KabeabHo-nposiOHUKOBOI HPOOYKYIi KpumuuHux nepepizie Sci Hei3onbosanux opomie, a
makodc iz01v08anux opomie i Kaovenie 3 nonigininxiopuonoio (IIBX), zymoeoto (I') i noniemunenosoro (IIET) izonauicio 3
Mionumu (anrominiceumu) sncunamu (00010HKAMU), RO AKUX 6 CUIOGUX KONAX €/IeKMPOOOIAOHAHHA 3A2AIbHORPOMUCI08020
npusHauenHs ¢ asapiunomy pexcumi npomixkae cmpym i (t) kopomxozo 3amuxanua (K3) iz 3adanumu amniimyono-uacosumu
napamempamu (AYIT). Ha niocmagi 0anozo nioxody 30ilichHeHuil peanvHuil ubip KpumuuHux nepepizié Sci 011 6KA3AHUX
Opomie (Kkabenie) cunoeux Kin eneKmpoodiadHanus, w0 posisdacmocsi. Buxonana pospaxynkoea uucenvna ouinka
Kpumuyunux amnaimyo wginohocmei oc; cmpymy i(t) K3 i3 3a0anumu AYII ¢ opomax i kabensx cunoeux Kil 6KA3aHozo
enekmpooonaonanua. Ompumani O0ani cnpuamumyms 3a0e3nedyeHnHio mepmiunoi cmiiikocmi eneKmpuyHux Hei301b08aAHUX
opomie, a maxoxc Opomie i kabenie¢ 3 IIBX, I' i IIET i3onayiclo, AKi wupoKo 3acmocosylomycs 6 CUI08UX KOJIAX
eNeKmpoo0Ia0OHARHSA 3A2AbHORPOMUCTI06020 npu3HayueHHa. bion. 8, Tabm. 5.

Knrouosi cnosa: npoMuciioBa ejieKTpOeHEPreTHKA, eJ1eKTPO00/IaIHAHHSA, eJIEKTPUYHI IPOTH i KadeJi Kij e1eKTpoodIaHAHHS,
PO3paxyHKOBHii BUOip KPUTHYHHX Nepepi3iB ApPOTiB i kaleliB B K0JI1aX eJICKTP000IaHAHHS.

Ilpugedenvt pesynromamovl  paspadpomanno20 INEKMPOMEXHUUECKO20 NO0X00a K PAcCYemHOMYy 6bl00py HNo  yCl06ur
nekmpuueckozo e3pviea (IB) mokonecywux uacmeii KabenbHO-NPOBOOHUKOGOU NPOOYKUUU KPUMUYECKUX cedeHull Sgi
Heu30aUpOBAHHDIX NPOEOO0E, A MAKIHCE UIOAUPOBAHHBIX NPO60006 U Kabeneil ¢ nonusunuaxiopuonou (IIBX), pezunosoii (P) u
nonwymunenosoii (ITAT) uzonayuei ¢ mednvimu (ariomunuesvimu) sxcunamu (060104Kamu), HO KOMOPBLIM 6 CUNOGHIX UEHAX
INEKMPOOOOPYOOSAHUSL OOULENPOMBIUIIEHHO20 HASHAYECHUA 6 ABAPUIIHOM Pedcume npomexaem mok i (t) kopomrozo 3amvikanus
(K3) ¢ 3aoannvimu amnaumyono-¢pemennvimu napamempamu (ABIT). Ha ocnosanuu 0amnno20 nooxooa ocyuwiecmeneH
Peanvnblil 6b160p Kpumuyveckux ceuenuil Sci 013 YKA3AHHLIX NP060006 (Kabeneit) cunogvix uyeneii paccmampueaemozo
271eKmpoooopydosanus. Betnonnena pacuemnan yuciennas oyenKa Kpumudeckux amnaunyo niomuocmei oc; moka i (t) K3 ¢
3a0annvimu ABII ¢ nposodax u kabenax cunogvlx uyeneil yKazannoz2o rnekmpoodopyoosanus. Ilonyuennvie dannvie 6yoym
cnocoécmeosams odecneueHu0 mepMuiecKoll CImoUKOCmuU 31eKMpUecKux Heu30aupoeannbvix nPoeoo0os, a MaKice npoeooos u
kaobeneit ¢ IIBX, P u II3T u3onayueil, miupoko npUMeHAEMbIX 8 CUL08bIX UENAX INEKMPOOOOPYO0aAHU 0OULEenDOMBIUIIEHHO20
Haznayenus. butGin. 8, Tabn. 5.

Kniouesvie cnosa: mpoMbllLIeHHAs] JIEKTPO3HEPreTHKA, 3JeKTP0O0OOpYy/I0BaHUeE, dIeKTPUYEeCKHe NTPoBoAa U Kalesm Lemnei
3JIEKTPOOOOPYI0BAHMSI, PACUETHBbIN BHIOOP KPUTHYECKUX CeYeHH i POBOIOB U KaleJieil B LensiX 3IeKTPooOOPy/10BaAHMS.

Introduction. In [1] the results of a calculation and  (i=1) and shells (i=2) and used in discharge circuits of
experimental determination of critical sections S; and  high-voltage high-current pulse technology are presented.
critical amplitudes of current densities d¢; for non- and  The basis for this choice of S cross-sectional values of

insulated electric wires (cables) containing metal cores © M.I. Baranov
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conductive wires (shells) and current density amplitudes
d¢i for cable-conductor products (CCP) with pulsed axial
current varying in the nano-, micro-, and millisecond time
ranges was known in electrophysics the electric explosion
(EE) condition [2, 3] of metal cores (shells) of the indicated
wires and cables, leading to the sublimation of their
current-carrying parts and the CCP failure. In the field of
power industry in emergency operation of the power
circuits of its electrica equipment, accompanied by the
flow of short-circuit (SC) current i(t) through the current-
carrying parts of the CCP with frequency f = 50 Hz and
amplitude of up to (40-125) kA [4], at unreasonable usein
the power circuits of the electric equipment of the CCP,
cases of the occurrence of the EE phenomenon of copper
(aluminum) cores and shells (reverse conductors) of their
wires and cables are aso possible. Insufficient attention
was paid by electrical engineers and power engineers to
such emergency conditions in power circuits of electrical
equipment of general industrial use with similar dire
consequences for their CCP. In thisregard, the calculation
determination of the critical cross-sections S of electric
wires (cables) used in power circuits of electrical
equipment of general industrial use is an urgent applied
problem in the field of power engineering.

The goal of the paper isto perform an approximate
calculation determination of critical sections & and
critical amplitudes of densities d¢; of AC current with
frequency f = 50 Hz in the wires and cables of power
circuits of electrical equipment of power industry,
characterized by flowing in them in emergency modes of
SC current i(t) with specified amplitude-temporal
parameters (ATPs).

1. Problem definition. Let us consider widely used
in power circuits of electrica equipment of general
industrial use uninsulated copper and aluminum wires, as
well as insulated wires and cables with copper
(@uminum) inner cores and outer shells-current
conductors with the initial specific conductivity yo of
their non-magnetic material, having polyvinyl chloride
(PVC), rubber (R) and polyethylene (PET) belt insulation
[4, 5]. We assume that along round continuous or split
copper (aluminum) cores (shells) of the indicated wires
and cables of power electric circuits of the considered
electrical equipment in emergency mode in ther
longitudinal direction current iy(t) of the three-phase SC
with specified ATPs flows. We indicate that this
particular type of SC current is the calculated emergency
current for the electrical equipment under study [4]. We
believe that the wires and cables under consideration are
located in an ambient air environment, the temperature of
which corresponds to room temperature and is equal to
0=20 °C [2, 4]. The above value of the specific
conductivity yo of the core (shell) material of the CCP
corresponds to this temperature. We believe that the wires
(cables) under consideration, before exposure to their
current-carrying parts of the SC current i(t) with
specified ATPs, can be both de-energized and under
nominal current load. In this regard, the initial
temperature 6y of the material of the current-carrying
parts of the CCP, depending on the current mode of
operation of the power circuits of the electrica

equipment, can correspond to 6,=20 °C or the value of the
long-term alowable heating temperature 6; of their
material. It is known that for non- and insulated wires and
cables with PVC, R and PET insulation, the temperature
6, does not numerically exceed the levels of 70 and 65 °C
regulated by current requirements, respectively [4, 6]. We
use the assumption that the axial SC current i,(t) is almost
uniformly distributed over the cross-section S of the core
(shell) of the wire (cable) of the electrica equipment
considered. The justification for this assumption is that
the minimum penetration depth A; of the magnetic field
(skin layer thickness) from the SC current (t) in the
quasi-stationary approximation into the considered non-
magnetic conductive materials, determined from the
caculated relation of the form AR[U(xfugyo)]* [2],
where yg; is the electrical conductance of the core (shell)
material of the CCP at 6,=20 °C, and u=47-10~" H/m is
the magnetic constant, numerically for copper is
approximately 9.3 mm, and for aluminum is 11.8 mm. It
can be seen that the presented numerical values of A; are
comparable with the real radii (thicknesses) of the
current-carrying conductors (shells) of wires and cables
used in electrical equipment circuits of general industrial
use. We use the condition of the adiabatic nature of the
occurring at times of action of the SC current i, (t) in the
power circuits of the specified electrical equipment of no
more than 1000 ms in the materials of the conductors
(shells) of the investigated CCP of the electrothermal
processes under which heat transfer from surfaces of
current-carrying parts having the current temperature
0ci>00i, and the therma conductivity of the layers of its
conductive materials of the core (shell) and insulation on
the Joule heating of the current-carrying parts of the
checkpoint are neglected. It is required by calculation to
determine in approximate form the critical sections &; of
current-carrying parts for uninsulated copper (aluminum)
wires, as well as for insulated wires and cables with
copper (aluminum) cores (shells), PVC, R and PET
insulation used in power circuits of electrical equipment
of general industria applications and experiencing in
emergency operation mode the direct effect of the axial
SC current i iy(t) with specified ATPs. In addition, based
on the calculation of the values of the critical sections &,
it is necessary to determine the values of the critical
amplitudes of the densities d of AC current with
frequency f = 50 Hz in the current-carrying parts of wires
and cables of power circuits of electrical equipment of
power industry, through which SC current i(t) can flow.

The electrical engineering approach to the
calculation of critical sections S and current densities
dci in wires and cables of circuits of €lectrical
equipment for general industrial purposes. To find
critical cross-sections & of conductive cores (shells) of
considered non-insulated and insulated with PVC, R and
PET insulation electrical wires and cables in power
circuits of electrical equipment with axial SC current iy(t)
of specified ATPs, from the equation of their heat balance
in the adiabatic Joule mode heating of the current-
carrying parts of the CCP the following calculation
relation follows[3]:

S =(Icia)Y?1Dg; s )
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where Jgia= I if(t)dt—the Joule (action) integral for the
0
SC current i(t) with duration t, of its flow through the
cores (shells) of the CCP, A%s, Dg = (Jo—Jdi)Y3
A-s¥¥m? J; is the critical value of the current integral for
the material of cores (shells) of wires and cables of
electrical equipment circuits [2], A%2s/m* J; is the value
of the current integral for the materia of conductors
(shells) of wires and cables of electrical equipment
circuits, the long-term permissible heating temperature of
which with the rated current corresponds to the known
value 6; [4], A>sm®,
In (1), the value of the current integra J; is
calculated from the following analytical expression [3]:

3i = roiBoi Inlcai B (i —60)+1,
where ¢, fo are accordingly, the specific heat attributed
to the unit volume of the material of the core (shell) of the
wire (cable) and the thermal coefficient of the specific
conductivity of this CCP material before the SC current
i(t) flowsthrough it at 6,=20 °C.

It can be seen from (2) that at 6,;=0, (the power-off
mode of the CCP), the desired current integral is zeroed
(Ji=0).

In Table 1 at §,=20 °C, numerical values are given
for such basic characteristics of copper and aluminum
conductors (shells) of wires (cables) of the studied power
ci rCUitsaSy()i, Cois ﬁOi and Jgi [2]

Tablel
Thermophysical characteristics of copper (aluminum) cores
(shells) of considered wires and cables of power circuits of
electrical equipment before action on them of SC current
i(t) (at 65=20 °C) [2]

Material of the Numerical value of the characteristic
core (shell) of | ;. 107 | ¢, 10°0 | B, 20° | I, 20V
the wire (cable) @m)yt | (m*ec) m/J A.sm

Copper 5.81 3.92 1.31 1.95

Aluminum 3.61 2.70 214 1.09

Table 2, taking into account the use of data of (1),

(2) and Table 1, shows the numerica values of the

coefficient D¢; necessary for calculating, according to (1),

the critical cross-section &; of the conductive core

(sheath) of the considered wire (cable) in the power
circuit of electrical equipment used in power industry.

Table 2

Numerical values of the coefficient D¢; for non- and insulated
wires (cables) with copper (aluminum) cores (shells) in general-
purpose electrical equipment circuits

) o . Numerical
Typeof insulationin | Material of thecore | yaueof Dy,
the wire (cable) of the| (shell) of the wire 108 A-s¥2/m?
electrical installation cable

( ) Ji#0 | J;=0
. . . Copper 4.299 | 4.415

Without lat
tthodtinsuation Aluminum 3.236 | 3.301
Copper 4.299 | 4.415

PVC,R

' Aluminum 3.236 | 3.301
PET Copper 4.299 | 4.415
Aluminum 3.236 | 3.301

From the data of Table 2 it can be seen that the
current mode of operation of the CCP under consideration
(wires and cables of electrica circuits are fully loaded
with rated current (J;#0) or at J;=0 are completely de-
energized) dightly affects the numerical vaues of the
calculated coefficient D¢ (up to 3 %). Its quantitative
values are determined mainly by the type of conductive
material of the core (shell) of the considered CCP. For
copper and aluminum, the difference in the numerical
values of Dg; is approximately 25 %.

It follows from (1) that, for the numerical values of
the coefficient D¢ found (see Table 2), the determination
of the critical cross-sections &;; of the copper (aluminum)
cores (shells) of the investigated CCP is reduced to the
quantitative determination of the action integral Jgia Of the
SC current iy (t) flowing during time t, over the current-
carrying parts of the selected wires and cables.

2.1Approximate calculation at SC integral of the
action integral Jga of the emergency current. As in
[7, 8], we assume that the SC current i, (t) in the circuits
with the considered CCP is described by the following
temporal dependence:

ik (t) = I mic[exp(—t/T,) —cos(22 /Tp)] , (©)
where | . is the amplitude of the steady SC current iy(t) in
the power circuit of the electrical equipment; Ty, T, are,
respectively, the decay time constant of the aperiodic
component and the period of oscillations of the periodic
component of the emergency SC current iy(t) in the circuit
with the CCP.

Then, based on (1) and (3), the calculated expression
for the integral of the action of the SC current i(t) in
power circuits with the CCP takes the following analytical
form [7]:

Joia =12k {o,stk +0,257 T sin(2aty / Tp) x

x Cos(2aty / Tp) = 21T 5 (T + 47 °T2) Hexp(-ty/ Ta) 4y
x[27Tytsin(2aty I T,) ~ Tyt cos(2aty I Ty) +To ] |+
+0,5T,[1- exp(-2ty / T)]}-

In Table 3, for the case T,=50 ms (T,=20 ms), the
numerical values of the action integral Jcia calculated by
(4) for the SC current i (t) are given for the steady SC
current amplitudes I, and its durations (shutdown times)
te in power circuits of electrical equipment for genera
industrial use according to the requirements of [4, §].
Knowing the numerical values of the coefficient D¢ (see
Table 2) and the action integral Jg;a of the SC current iy(t)
(see Table 3), from (1) the numerical values of the critical
sections &;; of the current-carrying parts of the considered
CCP in power electrical installations circuits for general
industrial use can be relatively easy determined. Taking
into account the assumptions made, from the relation of
the form dci=lnd/, the critical amplitudes of the AC
current densities d¢; in the cores (shells) materials of the
studied wires (cables) for the SC emergency fault mode
can be quantified.

2.2. Theresults of the calculated choice of critical
sections S and current densities g in wires and
cables of electrical equipment circuits for general
industrial purposes. Table 4 shows the results of
approximate calculation according to (1), taking into
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Table3
Numerical values of the action integral Jgia for the SC current
i(t) flowing in power circuits of general-purpose electrical
equipment (T,=20 ms; T,=50 ms) calculated by the relation (4)

The value of the amplitude Iy of | r?t/:gllr:ﬁ J(;f. At ?Srﬁtéogc
the steady SC current i\(t) in the current i (t) by (4)
K ’
power circuit of an industrial 10"-A2.s
electrical installation, kA =100 ms | =160 ms
30 6.75 9.45
50 18.75 26.25
70 36.75 51.45
100 75.00 105.00
125 117.18 164.06

account the datain Table 2, 3 of critical cross-sections &
of copper (aluminum) cores (shells) of uninsulated (bare)
wires and insulated wires (cables) of power circuits of
general industrial electrical equipment (T,=20 ms) for the
case when J#0, t,=100 ms and T,=50 ms, and the
amplitude | of the steady SC current ig(t) varies
discretely in the range (30-100) kA. From the data of
Table 4 it follows that the critica amplitudes of the
densities dgi=lmid i of the SC current iy(t) at the time of
its flow (switch off) in the power circuits of electrica
installations egual to t,=100 ms for uninsulated wires and
insulated wires (cables) with PVC, R and PET insulation
with copper (aluminum) cores (shells) in the circuits of
electrical equipment for general industrial use (T,=20 ms;,
T.=50 ms) are numerically approximately 1.57 kA/mm?
and 1.18 kA/mm?, respectively. It isimportant to note that
these values of the critical amplitudes of the densities d;
of the SC current i (t) in the materials of the current-
carrying parts of the wires (cables) of the power circuits
of the electrical equipment do not depend on the level of
the amplitude | of the steady SC emergency fault
current of the power frequency of 50 Hz.

Table 5 presents the results of the calculated
determination according to (1), taking into account the data
in Table 2, 3, of critical cross-sections &; of copper
(aluminum) cores (shells) of bare wires and insulated wires
(cables) of power circuits of electrica equipment of genera
industrial use (T,=20 ms) for the case when J;#0, t,=160
ms and T,=50 ms, and the amplitude |, of the steady SC
current iy(t) varies discretely in the range (30-100) kA.

Table4
Numerical values of critical cross-sections & for bare wires and
insulated wires (cables) with copper and aluminum cores
(shells) in power circuits of general industrial electrical
equipment with amplitude |y of SC current iy(t) varying from
30 to 100 kKA (for t,=100 ms and T,=50 ms)

Type of insulation

Values of section S, mm?

in the wire (cable) | Material of the i
of the dlectrical | core (shell) of | Amplitudely of the
installation  |the wire (cable) |__Steady SC current, kA
30 | 50 | 70 | 100
. . . Copper  [19.11|31.85[44.59 63.70
Without insulation =y i 25,38 42.31| 50,24 |84.63
PVC R Copper 19.11|31.85{44.5963.70
' Aluminum |25.38|42.31(59.24|84.63
PET Copper  [19.11(31.85[44.59 63.70
Aluminum |25.38(42.31(59.24|84.63

Table5
Numerical values of critical cross-sections & for bare wires and
insulated wires (cables) with copper and auminum cores
(shells) in power circuits of general industrial electrical
equipment with amplitude I of SC current iy(t) varying from
30to 100 KA (for t,=160 ms and T,=50 ms)

Type of insulation Values of section S, mm?
in the wire (cable) | Materia of the _

of the electrical | core (shell) of |AMplitude I of the steady
installation  |the wire (cable) SC current, kKA

30 | 50 | 70 | 100

Without Copper  |22.61]37.68|52.76 | 75.37

insulation Aluminum |30.04]50.06|70.09]100.13

PVC. R Copper 22.61|37.68|52.76 | 75.37

’ Aluminum |30.04]50.06|70.09]100.13

PET Copper  |22.61]37.68[52.76 | 75.37

Aluminum |30.04]50.06|70.09]100.13

From the data of Table 5 it follows that the critical
amplitudes of the densities dci=l /S of the SC current
i(t) at time t,=160 ms of its flow (switch off) in the power
circuits of the electrical equipment under consideration
for uninsulated wires and insulated wires (cables) with
PVC, R and PET insulation with copper (aluminum) cores
(shells) in the circuits of electrical equipment for general
industrial use (T,=20 ms; T,=50 ms) numerically are
approximately 1.33 kA/mm? and 0.99 KA/mm?,
respectively. Here, the numerical values of the critical
amplitudes of the densities d¢; of the SC current i (t) in
the copper (aluminum) cores (shells) of the CCP of the
industrial electric power equipment under consideration,
indicated for the calculation case (=160 ms; T,=50 ms),
aswell asfor the previous case (=100 ms; T,=50 ms), do
not depend on the quantitative values of the amplitude I,
of the steady SC current. In addition, from the data of
Table 4, 5 it follows that the quantitative values of the
critical cross-sections &; and critical amplitudes of
densities dc; of AC SC current i(t) for the current-
carrying parts of the investigated CCP, which is widely
used in power circuits of electrical equipment of general
industrial use, do not depend on any type of insulation (air
or solid) used in the considered electric wires and cables
of electric power devices.

Conclusions.

1. The proposed electrical engineering approach
allows, according to the condition of the EE in the
atmospheric air of the current-carrying parts of the CCP,
to approximate the critical cross-sections &; and the
amplitudes of the densities J¢; of the AC axial current for
uninsulated wires with copper (aluminum) cores, as well
as for insulated wires and cables with copper (aluminum)
cores (shells), PVC, R and PET insulation, through which
AC SC current i(t) with given ATPs flows during
emergency operation of power electrical equipment for
general industrial use.

2. The used approximate calculation relations (1)-(4)
made it possible for two real cases (=100 ms; t,=160 ms)
at T,=50 ms to establish for a discrete change in the
amplitude 1. of the steady SC current i(t) in the range
(30-100) KA gspecific capabilities of the proposed
electrical engineering approach for the selection of critical
sections &; and density amplitudes J¢; of AC current in
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the indicated wires and cables of power circuits of
electrical equipment of general industrial use, in the
current-carrying parts of which in emergency operating
modes of the considered power electrical equipment large
axial SC currentsi(t) flow.

3.1t was established by calculation that the critical
amplitudes of the densities Jc=lmdS of the axial SC
current ig(t) in copper (aluminum) cores of uninsulated
wires and insulated wires (cables) with copper (aluminum)
cores (shells), PVC, R and PET insulation at T,=50 ms for
the case of switch off time t,=100 ms of the SC current i(t)
in the power circuits of eectrica equipment numericaly
equal approximately 1.57 (1.18) kA/mm?, and for a case of
=160 ms— 1.33 (0.99) kKA/mn.

4. The results obtained for critical cross-sections
and density amplitudes Jc of AC axia current with
frequency f = 50 Hz (T,=20 ms) can be used in electric
power practice to choice thermally resistant to large SC
axial currentsi(t) the CCP with copper (aluminum) cores
(shells), designed to operate in power circuits of electrical
equipment of power industry.
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NUMERICAL ESTIMATES OF CURRENTSAND FORCESIN LINEAR TOOLSOF THE
MAGNETIC-PULSE ATTRACTION OF METALS. PART 1: LOW ELECTRICAL
CONDUCTANCE METALS

Purpose. The electrodynamics processes study in the linear tools of magnetic-pulsed attraction, the final result of which should be
the physicsmathematical dependencies for the characteristics of the flowing processes, under the conditions of intensive
penetration in metal of acting electromagnetic fields, as well as numerical estimates of these processes main characteristics.
Methodology. To carry out research, we used the fundamental statements of the electromagnetic field theory and the
mathematical simulation with help of the standard codes from the Wolfram Mathematica package. Results. The functional
dependencies for the space-temporal distributions of the currents and forces excited in the linear tools of magnetic-pulsed
attraction under intensive penetration of the acting electromagnetic fields through the tool's conducting construction elements
are used for the numerical estimates. From the calculation results it follows that from a physical point of view, the cause of the
increase in attractive forces while decreasing the operating frequencies can be considered the intensification of penetration
processes of the excited fields, which leads to increasing the magnetic pressure from the outside. Thus, the transition to low
operating frequencies of the exciting currents can significantly increase the efficiency of the magnetic-pulsed attraction of the
sheet metals with the linear tools. Originality. It was firstly determined that from the physical point of view, the reason for the
increase in attractive forces with a decrease in operating frequencies can be considered the intensification of penetration
processes of the excited fields, which leads to increasing the forces of magnetic pressure on the conductors from side of their
external surfaces. Practical value. A usage of the obtained results will allow creating new, more efficient linear tools of magnetic-
pulsed attraction of the low-electrical conduction sheet metals operating under conditions of intensive penetration of the
electromagnetic fields being excited. References 10, figures 9.

Key worlds: linear tool for eliminating dents in sheet conductors, intensive penetration of the field into metals with low
electrical conductance, magnetic-pulse attraction of conductorswith unidirectional currents.

Memorwo cmammi € npoedeHHA HUCEAbHUX OUIHOK OCHOGHUX XAPAKMEPUCMUK e1eKMPOOUHAMIYHUX npouecie 6 NIHINHUX
IHCmpyMenmax MazHimHo-IMRYbCHO20 NPUMALAHHA NPOGIOHUKIE 3 0OHOCHPAMOGAHUMU CIMPYMAMU 8 YM0OBAX IHMEHCUBHO20
NPOHUKHEHHA Oil0YUX el1eKMmPOMAZHIMHUX NOJII6 6 Memanu 3 HU3LKOIO RUMOMON elleKmponpogionicmio. Memoouka. /[na
npoeedeHHA O00YUCTEHb GUKOPUCMOGYBANUCA NOJIOMHCEHHA Meopii eNeKmpOMAzZHIMHOZ0 RONA, WO 6UMIKAIOMb 3 PIGHAHb
Maxceenna, i cmandoapmnui mamemamuuni npozpamu 3 naxema Wolfram Mathematica. Pesyrvmamu. 3a odonomozoro
aHanimuyHuX 6upaszie pPo3Paxoeani aAMNIIMYOHO-YACO6] 3ANEHCHOCHI CMPYMIE | eNeKMmpPOOUHAMIYHUX 3YCUNb 6 JUHIHUX
MAZHIMHO-IMAYIbCHUX [HCIMPYMEHmMax, Oi€gicmy AKUX 3ACHOGAHA HA 30Y0XHCEHHI CUNl 63AEMHO20 NPUMAZAHHA NPOBIOHUKIE 3
oonocnpamosanumu cmpymamu. Bnepwe ecmanoeneno, wio 30invuienna cun RPUmMAZAHHA, € NEPULy uepy, MOMCIUBO 34
PAXYHOK inmencugikayii npoyecie NPOHUKHERHA ROJIIG, W0 3A0e3neuycmycs nepexo0om 00 00CUmsb HU3LKUX POOOUUX YaCHom
30y0acyrouux cmpymie. Ilpakmuuna 3nauumicms. Bukopucmanus ompumanux pesyivomamie 003601ums Cmeoprosamu HoGi
Oinbuwt epekmueni NiHIGHI IHCMPYMEHMU MAZHIMHO-IMRYIbCHOZ0 NPUMACAHHA 3A0AHUX OUIAHOK JIUCMOBUX Memanis, w0
npayiooms 6 ymosax iHmencueHo2o NPOHUKHENHA 30y0xcenux enekmpomaznimnux nonaie. 6. 10, puc. 9.

Kniouosi cnosa. yiHiiHUMHA iHCTPYMEHT yCYHeHHsI BM'SITMH B JIMCTOBMX NPOBiIHMKaX, iHTeHCHBHe NPOHHUKHEHHSI MOJS B
MeTaJIl 3 HU3bKOI0 MHTOMOI0 €JeKTPONPOBIIHICTIO, MATHITHO-IMITYJIbCHe NMPHUTATAHHA NPOBITHUKIB 3 OAHOCHPSMOBAHHUM
CTPYMaMHu.

Ilenvio cmamou asénaemca nposedeHue YUCIAEHHBIX OUEHOK OCHOBHBIX XAPAKMEPUCMUK ITIEKMPOOUHAMUYECKUX RPOUECCOE 6
JIUHETIHBIX UHCIPYMEHMAX MAZHUMHO-UMNYIbCHO20 RPUMANCEHUA NPOGOOHUKO8 ¢ 0OHOHANDPAGIEHHBIMU MOKAMU 6 YC108UAX
UHMEHCUBHO20 NPOHUKHOGEHUA  OelCMEYIOWUX  IIEKMPOMAHUMHBIX NONell 6 MEemaiivl ¢ HU3KOU  YOeabHOll
anekmponposoonocmoto.  Memoouka. /[Ina  npoeedenus  GuIMUCIIEHUN  UCHOIb30OGATIUCDH nonodcenus  meopuu
INNEKMPOMAZHUMHO20 RO, GblmeKawujue u3 ypasuenuit Maxceenna, u cmanoapmuvle mamemamuiecKkue npoZpammsl U3
naxema «\Wolfram Mathematica». Pesyabmamor. C nomouipro ananumuueckKux 6bpax@ceHuil paccuumansl aAmMniumyoHo-
8pPEMEHHble 3A6UCUMOCIU MOKO8 U IJIEKMPOOUHAMUYECKUX YCUNULL 8 JAUHEUHLIX MAZHUMHO-UMNYIbCHLIX UHCMPYMEHmax,
0elicmeeHHOCmb KOMOPbIX OCHOBAHA HA 6030YHCOCHUU CUNL 63AUMHO20 NPUMANCEHUA NPOEGOOHUKOE C 0OHOHANPAGIEHHbIMU
mokamu. Bnepevie ycmanoeneno, umo ygenuuenue Cuil RPUMANCEHUA, 6 NEPEYI0 0Uepedb, 603MONCHO 3a4 cuem
UHMEHCUPUKAUUU NPOUECco8 NPOHUKHOGEHUA Rnojell, Ymo odecneuusaemcsa nepexoooM K O0OCHAmoO4YHO HU3KUM padoyum
uacmomam 6030yxcoaromux mokog. Ilpakmuueckasa 3nauumocmy. HMcnonvzoeanue noyuyeHHbIX pPe3yabmMAamos NO3601UM
co30asams HoBble Donee IhhekmueHvie NUNElIHbIE UHCIMPYMEHNbL MAZHUMHO-UMAYIbCHOZ0 RPUMANCEHUA 3A0AHHBIX YUACIKO8
JIUCMOBIX Memanlos, pabomaroujue 8 ycio6uax UHMeHCU6HO20 NPOHUKHOBEHUS 030YHCOAEMBIX ITIEKMPOMAZHUMHBIX NOJIEl.
Bbu6. 10, puc. 9.

Kniouesvle cnosa. nMHelHbIII HHCTPYMEHT YCTPAHEHHsI BMATHH B JIMCTOBBIX MPOBOAHUKAX, HHTEHCHBHOE NMPOHNKHOBEHHE
noJisi B MeTA/JJIbl € HU3KOH YyIeJIbHOH 3J1€KTPONPOBOJAHOCTHIO, MATHHTHO-UMIIYJIbCHOE NPUTSKEHHEe MPOBOJHUKOB C
OTHOHANIPABJEHHBIMH TOKAMH.

Introduction. The methods of attraction of specified development of technologies for removing dents and
sections of sheet metals using the energy of pulsed leveling sheet metal surfaces during the restoration of
magnetic fields for various kinds of processing aircraft and care bodies[4].
technologies are becoming increasingly relevant in
various industries [1-3]. Particular attention is paid to the © Yu.V. Batygin, E.A. Chaplygin, S.A. Shinderuk, V.A. Strelnikova
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As practice shows, more than 50 % of damages are
dents in areas with difficult or completely closed reverse
access [4]. In this regard, a very attractive method of
magnetic-pulse attraction of thin-walled sheet metals,
which can be the basis for creating an effective tool for
external straightening of car bodies, is the attraction by
linear tools. The physical essence of this method
consists in the force interaction of unidirectional parallel
currents (Ampere law [10]). The first is the current in
the main current lead of a linear instrument (an analog
of an inductor, in the generally accepted terminology
[1]). The second is the current in the metal being
processed. Both currents are excited by direct seria or
parallel point connection to a power source. The main
conductor is the linear tool firmly fixed. The metal being
processed is deformed by attraction. An obvious
obstacle to the effective excitation of electrodynamic
forces can be induction effects, respectively to which the
current in the main current lead induces a countercurrent
in the sheet workpiece, and the current in its meta
induces a countercurrent in the main current lead of a
linear tool.

In general, the attractiveness of this method is due to
the simplicity of technical implementation and fairly high
energy performance [5, 6]. An analysis of electrodynamic
processes in such a scheme will establish the
requirements, the fulfillment of which will provide not
only ability, but also the effectiveness of the tool of the
proposed principle of action.

In fairness, it should be noted that a similar problem
has aready been considered previously by the authors
[7, 8]. However, the direct use of the obtained formulas
and relations obtained in the cited works for practical
calculations is not possible, due to the limited results
found by the conditions for the formulation and solution
of this problem.

The goal of the work is an analysis of the temporal
characteristics of electrodynamic processes in linear
instruments of magnetic-pulse attraction of sheet metals,
the final result of which should be physica and
mathematical dependencies for the excited currents and
forces under conditions of intensive penetration of
electromagnetic fields into the conducting elements of
tools.

Physico-mathematical model, assumptions and
problem definition. For the analysis of electromagnetic
processes in the considered metal processing scheme, we
adopt a calculation model (Fig. 1) corresponding to the
cross section of the studied electromagnetic system with
currents J; and J, [9].

7
Main current lead *

X 2a ,
| | |
|

Fig 1. Calculation models (J; , — flowing currents)

The workpiece being processed is a rather thin sheet
metal of thickness d with rather large transverse
dimensions and electrical conductance of the material y.

The main current lead is also «transparent» to the
existing fields, so that its metal does not affect the
flowing electromagnetic processes. There is a geometric
symmetry of the system relative to the ZOX coordinate
plane. Along the abscissa axis OX, the system has a
sufficiently large extent, so that the differentiation
operator 0/0x = 0. In the main current lead in the direction
of the OX axis, an exciting current uniformly distributed
along OY with linear density j(t)=jmiji(t) flows, where
m= I/2a is the amplitude of the current density (I, isthe
maximum of the current), and j,(t) is the time dependence
of the current.

The frequency characteristics of the exciting current
are such that the condition of quasistationarity according

to Landau — %-b«l [10], where w is the cyclic

frequency of the process, ¢ is the speed of light in
vacuum; b is the arbitrary characteristic size of the
considered electromagnetic  system. Let an
electromagnetic field with nonzero strength components
Ex # O; Hy, # O be excited in the system. It is required to
estimate the currents and forces in the electromagnetic
system under consideration.

Calculation relations. For further calculations, we
use the analytical expressions obtained by the authors of
[9]. According to the cited publication, on the assumption
that the main current lead and the given section of the
deformed metal are parallel, the excited currents taking
into account induction effects can be described by the
following relationship. Total current in the main lead:

(3]
d )

Pk (d][(t) .

1Owy=1, i
h
_h
d

o0

Pkt
Z5km p e )a@a
k=0

xe

where
G(f.a)= {1 cos +( ﬂ-sinﬂk;

@(ﬁk,a)zcosﬂk~la +2a—ﬂkJ+2,Bksin,Bk~[a+1];
& is the Kronecker symbol; f are the roots of the
equation:

b @ 1 2, 2
ctg fx =05- (——— Pk =— B +a”),
b 1oy

k

k=0+1 2..; (djéf) epktJ is the convolution of
functions.

The integral force of attraction, excited by the
interaction of identical unidirectional parallel currents for
the same conductors — the main current lead and the given
section of sheet metal, iswritten in the form [5]:
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where 1 is the magnetic constant; | is the conductor
length; h is the distance between the main current lead
and sheet metal.

We carry out numerical estimates for the following
initial data. Sheet metal —d = 0.001 m, y = 0.4-10" (Q-m)™
(stedl). The main current lead is made of the same metal and
the same thickness as the object being processed (the
electrodynamic system «steel —steel» is considered). The
geometry of the systemis| = 0.06 mm, 2a=0.01 ... 0.06 m,
h = 0.002 m, the working area of the tool is the region
Ix(2a). The main current lead and the given section of the
metal being processed are parallel and identical, so that
the currents flowing in the circuit of each of them are the
same.

The parameters of current pulses are determined by
the characteristics of the power source — magnetic pulse
installation MUYC-2 [2], developed and created at the
Laboratory of Electromagnetic Technologies of Kharkiv
National Automobile and Highway University.

The maximum voltage at the capacitive storage is
U = 2000 V. The maximum operating frequency when
connected directly to the MUYC-2 electrical output is
fmax = 7000 Hz (relative attenuation coefficient is é/w =
= 0.3). The operating frequency in the discharge circuit of
the instalation is f, = 1000 .. 1500 Hz (relative
attenuation coefficient is 6/w = 0.3) when it is connected
through a matching device with a coefficient of energy
transfer to the instrument working area K =~ 4. Magnetic-
pulse installation MY C-2 alows to operate in 2 modes.
Thefirst mode is the generation of exponentially decaying
(oscillating) current pulses. The second mode is the
generation of current pulses of an aperiodic (unipolar)
time shape. It should be noted that the latter mode is more
preferable for practice, since the operation of thyristor
switches of this instalation with unipolar signals is
characterized by alonger term of their operation.

The calculations were carried out using the standard
Wolfram  Mathematica  software  package. The
approximate interval of variation of the integration
variable a € [0; ama] is determined by the functional
form of the Fourier image of the transverse distribution of
the exciting current. For values a € [0; ama] the modulus
of the distribution function must be nonzero. As shown by
numerical estimates for the maximum a € [0; 1]. In the
general case, the calculated dependence Sy = Si(a) can be
approximated by the totality of the sequence of linear
functions. Numerical estimates showed that for the
adopted geometry of the main current lead (inductor), the
approximation of p(a) by the analytical dependence
ﬂkz@+k-7z, k = 0, £1, £2... seems to be quite
satisfactory. The found dependence fx = pu(a) is
substituted into the integrand expression of the
dependence (1).

The improper integrals and the sums of the series in
them are calculated using the standard Nlintegrate and
NSum programs. Summation in rows is performed for
different numbers of higher harmonics. Their number taken
into account is considered sufficient if an increase in the

limiting value of «k» per unit does not lead to a result
different from the previous one by more than 5 ... 10 %.
Correction of the integration interval a €[0; ams] is Mmade
for the condition a < amas accepted a priori by comparing
the final results of the calculations. Their discrepancy is
allowed ~5 ... 10 %.

The graphs of the characteristic calculated
dependencies are grouped below by the type of current
pulses generated by the magnetic pulse installation.

Graphic illustrations. In accordance with the
capabilities of the power source in terms of generating
current signals of various time shapes, numerical estimates
of the parameters under consideration were performed
initialy for oscillating current pulses (Fig. 2-5).

Option No. 1. Operating frequency isf = 7000 Hz, voltage
isU =2000V, working area: 1%(2a) = 0.06 m x 0.06 m.

From the results of calculations for high operating
frequencies (f = 7000 Hz) it follows that in the mode of
oscillating pulses of the exciting current, the maximum
potential of the power source corresponds to a maximum
of the attractive force of ~ 1000 N. The transition to the
unipolar pulse of the exciting current leads to a decrease
in the amplitude of the attractive force by amost
~ 2times, i.e. up to ~ 500 N.
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Fig. 2. Exciting current
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Fig. 4. Total current in the circuit of each of the interacting
conductors
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Fig. 5. Excited attractive force

From a physical point of view, as the reason for a
decrease in the attractive force with an aperiodic shape of
the exciting current, a decrease in its tempora duration in
comparison with an oscillating and exponentially
decaying harmonic signal can be considered (see Fig. 2,
where ¢ € [0, (4x)]). This, obvioudy, leads to a
reduction in the development time of electrodynamic
processes in the processed object. All further calculations
were performed for the unipolar shape of the exciting
current, as more preferable for practice (increase in the
operating life of the thyristor switches of the installation)
(Fig. 6-9).

Option No. 2. Working frequency is f = 1500 Hz,
voltage is U = 2000 V, working area: 1x(2a) = 0.06 m x
x 0.06 m.
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Fig. 9. Excited attractive force

From the results of calculations for low operating
frequencies (f = 1500 Hz) it follows that:

e the maximum potential of the power source
corresponds to the maximum of the attractive force
~ 1800 N, which is approximately 2 times higher than the
similar maximum for high frequencies (f = 7000 Hz) of
the exciting current;

o from a physical point of view, as the reason for the
increase in attractive forces with a decrease in working
frequencies, the intensification of the processes of
penetration of excited fields into the workpiece metal and
tool can be considered, which leads to an increase in
magnetic field strengths from the outside of the system
conductors and, accordingly, to an increase in magnetic
pressure forces them from the outside.

Conclusions.

1. The amplitude-tempora dependencies of the
characteristics of electromagnetic processes in linear
instruments of magnetic-pulse attraction of sheet metals
with low electrical conductance at the intense penetration
of the excited magnetic fields into the conductive
elements of the tools and the processed objects are
calculated.

2.1t has been established that the transition to low
operating frequencies of exciting currents can
significantly increase the amplitudes of the attractive
forces of metal (for example, a f = 1.5 kHz, the force
indicators for the steel being processed increase by about
2 times compared with the case when f =7 kHz) .

3.1t is shown that as the physical reason for the
increase in attractive forces with a decrease in working
frequencies, the intensification of the processes of
penetration of the excited fields through the metal of the
tool and the workpiece can be considered, which leads to
an increase in the magnetic pressure forces on the
conductors from the outside.
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A.G. Gurin, |.A. Kostiukov

THE EFFECT OF THE ACTIVE RESISTANCE OF THE PULSE TRANSFORMER
WINDINGSON THE PARAMETERS OF VOLTAGE PULSES GENERATED ON A
CAPACITIVE LOAD

Goal. Analysis of the influence of the active resistance of the primary and secondary windings of a pulse transformer on the
voltage at the load capacitance based on the developed methodology for the analysis of transients caused by the discharge of the
storage capacitance in the primary winding. Methodology. A model for calculating transients is developed using the Laplace
transform. Transient modeling is carried out in the MATLAB software package. The results of transient calculations are
compared with experimental results. Results. A method for calculating transientsin test installations with pulse transformers has
been developed, which allows taking into account the effect of power lossesin the primary and secondary windings on the voltage
at the load capacitance. The calculated relations are obtained, allowing to take into account the influence of the active resistance
of the primary and secondary windings of the transformer on the voltage at the load capacitance, the currentsin the primary and
secondary windings of the transformer, as well as on the voltage drop on the inductance of the primary winding of the
transformer. Scientific novelty. A mathematical model is developed for calculating transients in the primary and secondary
windings of a pulse transformer, taking into account the influence of the active resistance of the windings when it changes over a
wide range of possible values. Practical value. Using the proposed technique, it is possible to determine the parameters of the
discharge circuit at which test voltage pulses are formed on the load capacitance without distorting the shape of the pulse front.
References 14, figures. 5.

Key words: pulse transformer, capacitive load, winding active resistance, test voltage pulse, electrical insulation test.

Mema. Ananiz énaugy akmueHozo onopy nepeuUHHOI ma 6MOPUHHOT 0OMOMOK IMIYIbCHO20 MPAHCHOPMaAmopy Ha HAnRPY2y HA
HABAHMANCYBANBbHIN EMHOCHI HA OCHOGI PO3POOIEHOT MEMOOUKU AHANI3Y NePexXiOHUX Npouecie, uio 00ymoeneHi po3paoom
HaKonuuyeanvhoi emnocmi ¢ nepeunniii 0omomuyi. Memoouka. Mooenv 0n1sa po3paxyHKy nepexioHux npouecie po3poonena i3
euxkopucmannam nepemeopennsa Jlannaca. Moodenioeannsa nepexioHux npouecie Npo6edeHO 6 NPOPAMHOMY HaxKemi
MATLAB. Pesyromamu po3paxyHKy nepexiOoHux npouyecié RNoOpieHAHO 13 eKCHEePUMEHMAIbHUMU DPe3YIbmamamu.
Pesynomamu. Po3pobneno memoouxky po3paxyHKy nepexionux npouecie y eunpodyeanbHux yYCMAaHO08KAX 3 IMRYbCHUMU
mpaucghopmamopamu, wio 0a€ MOMHCIUBICHb 6PAXOBYBAMU 6MPAMU ROMYMNCHOCHE 8 REPBUHHII MA 6MOPUHHIL 00MOMKAX HA
Hanpyzy Ha HABAHMANCYSANbHIN eMHOCHI. Ompumani po3paxynKosi cnie6iOHOUWIEHHA, W0 003601A10Mb 6PDAX0BYEANU GNIUE
AKMueHO20 ONOPY NEPEUHHOI Ma 6MOPUHHOI OOMOMOK MPAHCHOPMAMOPY HA HARPY2Yy HA HACAHMANCYEATbHIN EMHOCHI,
CMpyMU y nepeunHiii ma émoOpuHHill 00MOMKAX mpancgopmamopy, a maKoxc Ha HaAnpyzy Ha iHOYKMUBHOCHMI nepeUHHOT
oOomomku mpauncghopmamopy. Haykosea nosusna. Po3poonena mamemamuyuna mooens 011 po3paxyHKy nepexionux npouecie ¢
nepeunHill ma 6mMOPUHHIll 0OMOmKax mpanchopmamopy i3 6paxysanHAM 6nauUy AKMUEHOZ0 ONOPY 00MOMOK NPU 11020 3MIHI
6 wupoxomy oianazoni moxycaueux 3uauens. Ilpaxmuune 3unauenns. Bukopucmanusn pospobnenoi memoouku 003601s¢
susnauamu napamempu po3pAaoH02o Konda, npu AKUX Ha HAGAHMANCYBANbHIN EMHOCHI 8i00y8acmbca PopMysanHns iMnyivcie
Hanpyzu 6e3 3minu popmu pponmy imnyascy. bion. 14, puc. 5.

Knouosi cnosa: imnyiabcHuii TpancopMaTop, EMHiCHe HABAHTAKEHHA, AKTUBHUI onip 00MOTOK, iMIyJIb¢ BUNPOOYBAIBLHOL
HANPYrd, BUNIPOOYBAHHS €JIEKTPUYHOI i30.1s11ii.

Iens. Ananu3 enuanua aKmMuUEHO20 CONPOMUGTECHUA NEPEULHON U GIMOPUUHOU 0OMOMOK UMRYTbCHOZ0 MPAHCHOpmamopa Ha
HanpsajceHue HA HAZPY304YHOU eMKOCMU HA OCHOGAHUW pAa3padoOmMaHHON MEMOOUKU GHANU3A NEPeXOOHbLIX NPOUeccos,
6bI36AHHBIX PA3PAOOM HAKORUMENbHOU eMKOCMmU 6 nepeuunoi oomomke. Memoouka. Moodens 0na pacuema nepexooHblx
npoueccog paspabomana c npumenenuem npeoodpazosanusn Jlannaca. Modenuposanue nepexooHblX nPOUECco8 NPOGOOUNOCH 6
npozpammnom naxeme MATLAB. Pesynvmamol pacuemog nepexoOHbiX RPOYecco8 CPAGHUBANIUCL C IKCREPUMEHMAIbHbIMU
pesyriomamamu. Pesynomamoi. Paspadbomana memoouxka paciema nepexoOHsix npoueccos ¢ uCnblimamenbHblX yCmaHoeKax ¢
UMNRYJIbCHBIMU MPAHCHOPMAMOpamu, no3eoNAI0uaa YHUMbIEAMb 6IUAHUE NOMEPL MOUWHOCINU 6 NEPEUHHON U GMOPUUHOIL
oOmomxkax Ha HanpadceHue Ha Hazpy3ounoit emkxocmu. Ilonyuenvl pacuemmuvie coomuowienus, no3eonaouue y4umsléams
6IUAHUE AKMUGHO20 CONPOMUGTICHUA NEPEULHOIL U MOPUUHOI 00MOMOK MPAHCHOPMAMOPa HA HANPAIICEHUE HA HAZPY3OUHOIL
eMKOCHmU, MOKU 6 NEPEUYHOI U GMOPUYHON 00MOmMKAX mpanchopmamopa, a makdxice HA nAOEHUE HANPANCEHUA HA
UHOYKMUGHOCMU NepeuuHoll 0omomku mpancopmamopa. Hayunas noeusna. Paspabomana mamemamuyeckas mMooeny 0ns
pacuema nepexooHbIX RPOUECCO8 6 NEPEUUHON U GMOPUUHOI OOMOMKAX UMRYAbCHOZ0 MPAHCHOPMAmMOpa ¢ yuemom @nUAHUA
AKMUEHO20 CONPOMUBTIEHUA 0OMOMOK NPU €20 USMEHEHUU 6 WUPOKOM OUana3one 603mModxcHbvlX 3Hauenuil. Ilpakmuueckoe
3nauenue. Hcnonv3osanue npeonoyicennoll MemoouKu no3eonsiem onpeoenams napamempsl pa3pAOHoll yenu, npu KOmopsix Ha
HA2PY304HOIl EMKOCIMU NPOUCXO00Um (POPMUPOEAHUE MECMOEbIX UMNYILCO8 HANPANCCHUA De3 uckaycenuit gopmel pponma
umnynvcog. butn. 14, puc. 5.

Kniouesvie cnosa. MMIYJIbLCHBIN TpaHcopMaTop, eMKOCTHasi HAIPY3Ka, aKTHBHOE CONPOTHBJICHHE O0MOTOK, MMIIYJIhC
HCIBITATEJbHOI0 HANPS2KEHU S, HCIBITAHUS 3JIEKTPHYeCKOil H30JIsILHH.

Introduction. The problem of controlling the scheme [1], which, when applied, implies the charge of
stability of insulation of eectric power equipment in  electric capacitors when they are connected in paralel,
relation to overvoltages due to various causes is usualy  followed by discharge when connected in series. An
solved by using pulse voltage generators. Such generators  example of the practical application of the mentioned
can be developed using the widespread Arkadyev-Marx
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method for generating test pulses is given in [2], which
describes a generator with stored energy up to 0.48 MJ,
for generating voltage pulses with amplitude of up to
3 MV. This approach alows to simulate overvoltage
pulses that occur as aresult of lightning strikes, as well as
switching overvoltages. A detailed description of the
metrological equipment used in the practice of forming
high-voltage voltage pulses is given in [3]. Although the
use of Marx generators alows the generation of voltage
pulses with sufficient amplitude levels and time
characteristics that are satisfactory for practical purposes,
the practical implementation of such schemes leads to
certain difficulties, primarily due to the need to use a
significant number of arresters[4].

Another widespread approach that is used in the
practice of generating high-voltage pulses is based on
the implementation of various circuits, which involve
amplifying voltage pulses to the required level using
pulse transformers. A typical example is the pulse
transformer with a magnetic core consisting of 68 ferrite
rods described in [5]. In some technical applications,
certain advantages can be obtained by using air
transformers, since transformers of this type do not
require additional demagnetization circuits, which are
usually used to ensure maximum magnitude of magnetic
flux density in the core [6].

One of the most common problems for high-voltage
installations with pulse transformers is the need to
determine the voltage at the load capacitance in a wide
range of its values. In the case of using pulse transformers
with magnetic cores, relatively small values of the open
circuit current in some cases allow mathematical analysis
of the discharge of the storage capacitor, neglecting the
value of the magnetization inductance. The results of
mathematical modelling of discharge processes of a
storage capacitor on the primary circuit of a pulse
transformer with a magnetic core, performed in [4],
showed that an increase in the load capacitance leads to a
decrease in the voltage across it. In the case of using an
air transformer, its analysis is often carried out without
taking into account the active resistance of the primary
and secondary windings. A detailed analysis of the
transient in a pulse transformer, taking into account the
influence of energy losses in the primary and secondary
windings on the voltage value at the load capacitance, was
performed in [8]. However, the solution of a differential
equation of the 4™ order, which determines the shape of
the current in the primary and secondary windings, was
obtained in the form in which the existence of only
complex conjugate roots of the characteristic equation is
implied. These types of roots usually occur in the case of
analysis of circuits with a sufficiently high quality factor.
Therefore, the scope of the mentioned analysis is limited
by the range of problems that occur in the case of rather
insignificant losses in the primary and secondary
windings. Although such an analysis is sufficient for the
vast majority of practical cases, an increase in losses in
the primary and secondary windings can lead to other
solutions of the characteristic equation. Obviously, such
pulse transformers will have degraded technical
characteristics compared to transformers with reduced

losses. Nevertheless, if it is necessary to generate voltage
pulses with certain requirements for the duration of the
front and the cutoff of the pulse, for example, when
forming voltage pulses in a shape close to aperiodic,
circuits with a reduced quality factor may be of some
interest. The increase in active resistance allows to reduce
or completely eliminate the distortion of voltage pulses,
which are caused by oscillatory processes in electrical
circuits with high quality factor. Therefore, for some
cases, it is preferable to develop a more universal solution
that allows to analyze transients in the primary and
secondary windings of a pulse transformer for a wider
range of power losses in the windings. Such a problem
was aso considered in [9]; however, the presented
solutions, similarly to the results of [8], describe the case
of weakly damped oscillations, which usually occur in the
case of relatively insignificant losses in the primary and
secondary windings. In addition, issues related to
determining the voltage across the capacitance of the
tested object are not addressed in [9]. The expression for
the voltage at the load capacitance in operator form and
general form is given in [10]. However, the original of
this expression was determined for its simplified form, in
which the value of the active resistance of the windings
was not taken into account. The solutions given in [11]
take into account the influence of the secondary active
resistance on the voltage on the capacitance of the
secondary circuit, but the analysis was carried out for the
case of primary circuit excitation by harmonic voltage. In
this paper, attention is focused on the case of primary
circuit excitation by discharging the storage capacitance.
A detailed analysis of the conditions for obtaining
maximum voltages on the capacitance of the secondary
circuit without taking into account the influence of the
active resistance of the windings of the primary and
secondary circuits on the tempora characteristics of the
voltage was performed in [12]. There are no publications
that take into account the attenuation of the voltage at the
load capacitance associated with the parameters of the
primary and secondary circuits [13]. The relations given
in [13] for the voltage on the electric capacitance of the
secondary winding obtained after such an anaysis are
also based on the consideration of the oscillation voltage
on it. Thus, the issues of the formation of test voltage
pulses at the load capacitance close to the aperiodic shape
are closely related to the results given in [8, 13].
Nevertheless, if it is necessary to form such pulses, the
analysis should be carried out for the case of more
significant values of the active resistance of the windings,
which lead to a different type of roots of the characteristic
equation.

The goal of thework is an analysis of the influence
of the active resistance of the primary and secondary
windings of a pulse transformer on the voltage at the load
capacitance based on the developed technique for the
analysis of transients caused by the discharge of the
storage capacitance in the primary winding.

Analysis of the equivalent circuit of a pulse
transformer. Transient analysis is performed for the
transformer’ s equivalent circuit shown in Fig. 1.
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Fig. 1. Equivalent circuit for determining effect of
the test object on the voltage pulse parameters
at the load capacitance [8]

In the equivalent circuit in Fig. 1, C;, C, represent
the capacitances of the capacitor in the primary winding
(storage capacitor) and the load capacitance of the test
object in the secondary winding, respectively; R;, R, are
the resistances of the primary and secondary circuit,
respectively; M is the mutua induction coefficient
between the primary and secondary windings; L,, L, are
the inductances of the primary and secondary windings,
respectively.

The analysis is carried out under the assumption of
an insignificant parasitic capacitance of the primary and
secondary windings (see Fig. 1). In resonance mode, the
equality holds

L1C1 = L2C2 . (1)

In this case, the equivalent circuit (Fig. 1) is actually
a Teda transformer’s equivalent circuit. For the case of
negligibly small active resistances of the primary and
secondary windings and the previously given equality (1),
which determines the relationships between the
inductances L;, L, and capacitances C;, C,, the voltage at
the load capacitance C, can be determined using the

following expression [14]:
Ui |G @o @o
=—= |—=[cod | —= |t |-cod | ——=1t[], (@
2\VGC, {(\/1— JJ {(\/hk
where k is the coupling coefficient between primary and
secondary windings, wq is the natural frequency of

oscillations of the primary and secondary windings [14]:

s—_—=— 3)
° VLG LG

Applying the Laplace transform to the expressions
for the voltage drop across the elements of the equivalent
circuit (Fig. 1), we can obtain relations for determining
the current in the secondary winding in the operator form:

(PLy + Ry +— )iy — pMi, = @)
1 \ pQ]_ 1 2 p ’

1 .. .
Ly + Ry +—)i, — pMi; =0, 5
(pL2 + Ry pC2)2 pMiy 5)

where U is the voltage across the storage capacitor at the
beginning of the transient.

Taking the expressions (4), (5), we can write the
expressions for the current in the secondary winding:

pZMuCClCZ 6
4 3 2 ’ (6)
ap” +bp +cp”+dp+1

where constants a, b, ¢, d can be determined using the
following expressions:

i2(p) =

a=L,Col4C - M%CC,, )
b=L,CoRCy + RCoL1Cy, ()
C=LpCo + RCoRGCy + 4Gy, 9
d= R2C2 + R]_C_I_ (10)

In accordance with the usual scheme of applying the
Laplace transform, the expression for the dependence of
the current in the secondary circuit on time can be written
in the general form:

N( pn) pit
io(t nt|
2(t)= Z 1M "(Pn)
where all N(p,) are the numerator valuesin formula (6) at
the points that correspond to the roots of the polynomial
in the denominator of (6), and al M’(p,) are the values of
the derivative of the polynomial in the denominator of the
expression (6) at the points corresponding to the zeros of
this denominator.
Thus, assuming that the load capacitance at the
beginning of the transient is not charged, the voltage on it
can be found usi ng thefollowing expression:;

N(pn) ePr!

io(t)dt = (—-—).(12
jz() Cznle(pn) = ) (12)
Since the transfer of energy from the primary circuit
to the secondary one is made by inductive coupling, the
analysis of transients must be performed taking into
account the time dependence of the voltage on the
inductance of the primary winding. Taking into account
relations (4), (5), the expression for the current in the

primary circuit can be written in the form:

|1(p) _ UCC.I.(p L2C2 + pRZCZ +1)
ap +bp +cp +dp+1

The currents in the primary and secondary circuits

are determined by expressions in which the denominator

is the same (compare (6) and (13)). This circumstance

makes it possible to simplify the simulation of transients

caused by the discharge of capacitor C,. Taking into

account (13), the expression for the dependence of the

current in the primary winding on time can be written in
the form:

(11)

Ug, (V) =

(13)

(1) = ZW("”) Pt (14)

M '(Pn)
where W(p,) represent the val ues of the numerator from
(13) at the points that correspond to the roots of the
polynomial from the denominator (6) and (13).
Taking into account the expression (14), the
voltage drop across the inductance of the primary winding
L; can be determined usi ng the following expression:

uLl( )= le g((pn ) nt.

Taking into account (11), (14), as well as (4), (5),
the expressions for the voltages on the load capacitance
(12) and the inductance of the primary winding (15) can
be written in the form:

(15
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di, _
— L, —~4+Riyr (1),
274t 2(t)

dip(t)
dt

Expressions (16), (17) can also be used to partially
verify the previously given formulas for the voltage at the
load capacitance and inductance of the primary winding.

Simulation results of transients in the primary
and secondary windings caused by the dischar ge of the
storage capacitor. Figures 2-5 show the results of
transient calculations in the described model of the pulse
transformer during its operation on the capacitive load.
All calculations and measurements were carried out with
the mutual induction between the primary and secondary
windings M = 1.133:10* H. The inductance of the
primary winding is taken equal to L; = 186-10° H.
Secondary winding inductance: L, = 126-10° H. Despite
the fact that in practical applications such circuit
parameters do not provide certain advantages from the
point of view of technical characteristics, they can be used
both to verify the described solutions and to determine the
general trends of transients in the primary and secondary
windings.

diy

&t (16)

UC2 (t) = M

uLl(t) =Ug+M

t
~hOR - = [t @7
0

1.5 T T T T

Calculated
dependence

Measured dependence

Current, A

ts x10°*
Fig. 2. Results of simulation and measurement of the current
in the primary winding for
C;=6.12810°F, C, =4.510°F,
R,=157Q, R =279Q
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Fig. 3. Currentsin the primary winding for C, = 6,128-10° F,
C, = 4.5:10° F and charge voltage 1000 V
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Fig. 4. Voltage at the load capacitance with the active resistance
of the primary winding 20.79 Q and the resistance of the
secondary winding 100.57 Q
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Fig. 5. Voltage at the load capacitance with the active resistance
of the primary winding 20.79 Q and the resistance of the
secondary winding 20.57 Q

It can be seen from the above results that even in the
case of the aperiodic discharge mode of the storage
capacitor C; (calculation results in Fig. 3), which can be
achieved by increasing the primary active resistance, the
mathematical simulation does not allow the aperiodic
shape of the voltage across the load capacitance to be
obtained (results calculation in Fig. 4). In this case, at the
aperiodic discharge mode of the storage capacitor, the
absence of jumps that distort the shape of the voltage at
the load capacity of the test object, which are clearly
visible in Fig. 5 is not provided. Elimination of the
illustrated distortions can be achieved by increasing the
time constant of the RC circuit in the secondary circuit of
the transformer, whose action on the shape of the voltage
pulseisseenin Fig. 4.

Conclusions.

1. The described solutions obtained using the Laplace
transform can be used if it is necessary to generate voltage
pulses on the capacitive load that are close in shape to
aperiodic by adjusting the active resistance values of the
primary and secondary transformer windings.

2. An increase in the active resistance of the primary
winding allows achieving an aperiodic discharge mode of
the storage capacitor. However, even with such a
discharge mode, it is not possible to provide an aperiodic
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shape of voltage at the load capacitance. One of the
possible ways to obtain voltage pulses at a capacitive load
that is as close as possible to the aperiodic shape is to
increase the active resistance of the primary winding to
values providing an aperiodic discharge of the storage
capacitance, followed by an increase in the active
resistance of the secondary winding, to eliminate jumps
that distort the shape of the voltage.

3. A negative consequence of the described approach
to the formation of voltage pulses is the fact that the
elimination of jumps that distort the shape of the voltage
due to an increase in the active resistance of the windings
is accompanied by an inevitable decrease in the amplitude
of the voltage pulse at the capacitive load.

4.Using the above methodology for calculating
transients alows controlling the active resistance of the
windings in order to eliminate distortion of the front of
the voltage pulse, generated at the capacitive load, by
high-frequency oscillations.
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APPLICATION OF MAGNETORHEOLOGICAL ELASTOMERS FOR PERFORMANCE
CONTROL OF CUSHIONING SYSTEMSFOR WHEELED VEHICLES

The purpose of the work is to study the influence of the control of the elastic and damping characteristics of the cushioning
system based on the use of magnetorheological elastomers on the smoothness of the course of wheeled transport vehicles. The
technique. The research used the methods of: magnetic field theory, the theory of vehicle suspension, experiment theory
planning, and the FEMM code for studying magnetic field characteristics and mathematical modeling of wheeled vehicle
movement along roughness in the Delphi environment. Results. Designed, researched and patented designs of elastic hinges of
the suspension arms with magnetorheological elastomers. The relative boundaries of changesin the elastic modules and losses of
these hinges are determined when controlling the characteristics of the suspension in order to improve the smoothness of the
wheeled vehicle. Scientific novelty. For the first time, the feasibility of using magnetorheological elastomers to control the elastic
and damping characteristics of the cushioning system of wheeled vehicles has been investigated, and the requirements for control
laws have been determined, which make it possible to increase smoothness by more than 40 %; it is established that the control of
the loss modulus has a greater effect on the improvement of smoothness of motion than the control of the elastic modulus.
Practical value. The design has been developed and the relative boundaries of changes in the modules of elasticity and loss of
hinges with magnetorheological elastomers during their control have been determined, which will make it possible to formulate
requirements for elastomers when devel oping promising hinge designs for vehicle suspension systems. References 21, figures 18.
Key words: magnetorheological elastomer, control magnetic field, modulus of elasticity, loss modulus, wheeled vehicle,
cushioning system, elastic hinges, suspension perfor mance control.

Memoio pobomu € 00CHiONCEHHs GNIUGY KEPYSAHHS RPYICHUMU MA OeMRQIPyIOUUMU XaAPAKMEPUCMUKAMU CUCHEMU
niopecopio6anna HaA OCHOGI 6UKOPUCMAHHA MAZHIMOPEOI02IYHUX eaCmOMepi6é HA NAAGHICHb X00Y KOJIICHUX MPAHCHOPHMHUX
3acobie. Memoouka. Ilpu 00cniodyceHHAX 6UKOPUCMAHO MemOOU. meopii MAazHIMHO20 nONA, MmMeopii nidpecopréaHHsA
MPAHCROPMHUX 3AC00i8, Meopii NIAHYBAHHS eKCHEPUMEHNY, a maxodxc nakem Femm ons Odocnidscennsa xapaxmepucmux
MAZHIMHO20 RO Ma Mamemamuine MoO0eal06aHHA PYXY KOJICHUX MPAHCROPMHUX 3AC00i8 NO HEPIBHOCHAM Y cepedosuuyi
Delphi. Pesynomamu. Po3pobneno, docnidsiceno ma 3anamenmosano KOHCHIPYKUIE RPYICHUX WAPHIPIG eadcenie nidgicKu 3
Maznimopeonoziunumu enracmomepamu. Buznaueno ionocni mesici sminu mooynie npysxcnocmi ma empam 0anHux wiapHipie npu
30ilicHeHHI KepyeaHHA Xapakmepucmukamu niogicku 011 3ade3nevyenHs RNiOGUU4EHHA NIAGHOCHMI X00y KOJIICHOZ20
mpancnopmnozo 3acoby. Haykosea nosusna. Bnepwe 0o0cnidiceno Ooyinbricms 3acCmMOCy8anHs MAZHIMOPEON02iuHUX
enacmomepie 0713 KepyBaHnHs RPYHCHUMU MaA OeMRQIpylouumu Xapakmepucmukamu cucmem niopecoproGants KoaiCHUx
MPAHCROPMHUX 3AC00I6 Ma BUHAYUEHO 3AKOHU KePYSAHHA, AKI 003601:10Mb NIOGUWUMU NAAGHICMb X00Y Oinbuie Hixe Ha 40 %;
6CMAHOBIICHO, WO KEPYBAHHA MOOYeM empam 6 Oinbwiiil Mipi 6naueac Ha RIOBUWEHHA NAAGHOCMI X00Y, HINC Kepy6aHH:A
Mmooynem npysucnocmi. Ilpakmuuna yinnicmo. Po3pobdnaeno xoucmpykuyii ma eu3naueno GiOHOCHI Mmedci 3MiH MOOYTi6
npyycHocmi ma empam WApHIpie i3 MAzHIMoOpeonoziunux enacmomepie npu 30ilCHeHHI IX KepyeanHs, w0 003601Umb
dopmynioeamu eumozu 0o enacmomepie npu po3pooyi nepcneKMUGHUX KOHCMPYKYIl WapHipie ona cucmem niopecoproGanHs
mpancnopmuux 3acobie. bioin. 21, puc. 17.

Kniouogi cnosa: mMarHitopeoJioriyHuii ejacroMep, Kepyruye MarHiTHe moJjie, MOAYJb NPY:KHOCTi, MOAYJb BTPAT, KOJiCHUMH
TpaHCHOPTHUI 3acif, cucTemMa NmiipecoOprOBaHHs, NPY:KHi IIAPHIPH, KEPYBAHHA XapaKTePHUCTHKAMM MiIBiCKH.

Llenvio pabomut aénsemca uccie0o6anue 6JIUAHUA YRPAGTIEHUA YAPYZUMU U OEMAPUPYIOWUMIU XAPAKMEPUCMUKAMU CUCINEMDbL
NnOOpecoplo6aHHA HA OCHOGe UCHOIb306AHUA MAZHUMOPEONOZUHECKUX IJIACHIOMEPOS HA NIAAGHOCHb X00A4 KOJIECHbIX
mpaucnopmuuvix cpeocmg. Memoouka. Ilpu uccnedo8anusx UCnOIL306AHLI MEMOObL: MEOPUU MAZHUMHOZ0 NONA, MeOpuu
noopeccopueaHus MPAHCHOPMHBIX CPEOCME, Meopuu NIAHUPOGAHUA IKChepuMenma, a makxyce nakem Femm onsa
UCCNe006aHUA XAPAKMEPUCIMUK MAZHUNHOZ0 NOJIA U MAMEMAMUYECKOE MOOETUPOBAHUE OBUMNCCHUA KOJIECHBIX MPAHCHOPIMHBIX
cpedcme no neposnocmam ¢ cpede Delphi. Pesynvmamout. Paspaéomansl, ucciedoeanst u 3anameHmo8ansl KOHCMPYKUUU
YRpy2uUX WApHUPOS puluazoé no06ecKu ¢ MAzHUMOpeonozudecKumu rnacmomepamu. Onpedenenst OmHoCUmenbHovle ZPaAHULbL
U3MeHeHUsn MOOyIell yRpy20Cmu U ROMepb OARHBIX WAPHUPOE NPU OCYU{ECMEIEHUN YRPABIEHUA XAPAKMEPUCIMUKAMU NOOBECKU
0N obecneuenus NOGLUUEHUA NIAAGHOCHMU X004 KONECHO020 mpancnopmnozo cpeocmea. Hayunas noeusna. Bnepevie
uccneo06ansl  UenecoofpasHoCmy NPUMEHEHUA MAZHUIMOPEOSIOZUNECKUX ITIACHOMEPOE ONA  YNPAGNEeHUA YRPY2UMU U
oemngpupyowiumu XapaKmepucmuKamu cucmem noOPecCOPUBAHUA KONECHLIX MPAHCHOPMHBIX CPeOCmE U Onpedenenbl
mpeboeanus K 3aKOHaM YnpasieHus, KOmopule no3601:110M NOGLICUMY NIAGHOCHb X00a bonee wem na 40 %; ycmanoeneno, umo
ynpaenenue mooyiem nomepv € 00buiell CMeneHu eausem HA NOGbluieHUe NIAGHOCHMU X004, YeM YnpagieHue mooyiem
ynpyeocmu. Ilpakmuueckan yennocmy. Pazpabomana KoHcmpyKuyua u onpeodenenvl OMHOCUMENbHbIE PAHUWLL UMEHEHUN
MOOynell ynpy2ocmu u nomeps WAPHUPOE ¢ MAZHUMOPEON0ZUYECKUMU INACIOMEPAMU NPU OCYU{ECIMEIEeHUN UX YRPABIEHUA,
YUMo NO3601UM CHOPMYTUPOSAmMb MPEOOBAHUA K INACIMOMEPAM RPU PA3PAOONIKe NEPCHEKMUGHBIX KOHCMPYKUUIL WAPHUPOE
0N cucmem noOOpeccopusanusi MPaHcrROpmHusIX cpedcme. budn. 21, puc. 17.

Kniouesvie ciosa: MarHUTOPEOI0THYeCKHIi 1acTOMep, yNpaBJsioliee MATHUTHOE 10J1e, MOAY/JIb YIPYTOCTH, MOAYJIb NOTEPh,
KOJIECHOe TPAHCIIOPTHOE CPEJCTBO, CHCTEMAa IO/PeCCOPHUBAHNS, YNPyrHe HIAPHUPHI, YNpaBJeHHe XaPaKTePUCTHKAMH
MO/ABECKH.

Problem definition. One of the promising directions  characteristics of their cushioning systems (CS).
for further enhancing the smoothness of vehicles when  However, well-known traditional solutions of controlled

driving on rough terrain at high speeds is to control the © V.V. Dushchenko, V.G. Masliev, R.A. Nanivskyi, A.O. Masliev
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CS joints are characterized by complexity, high cost and
unreliability, which significantly impedes their
implementation on serial models of vehicles. One of the
main reasons for this is the invariance of the
physicochemical properties and characteristics of the
traditional materials used at the CS joints as a working
body. A possible solution to this problem is to apply new,
aternative, so-called smart materials, which can change
their properties under the influence of external control
influences. In particular, these include magnetoreological
elastomers (MRES), the modulus of elasticity and loss
modulus of which may change under the influence of a
control magnetic field. The development of new technical
solutions for the controlled CS joints with the aim of
improving the smooth running of the vehicle, ssimplifying
their design, providing the required speed of control at
moderate power consumption is an urgent scientific
problem to which the presented research is directed.

Analysis of scientific publications. In [1-3], the
technology of MRE production is presented: to the matrix
(of ordinary or silicone rubber, polyurethane, etc.), they
add a certain amount (up to 40 % by volume) of the filler
— ferromagnetic particles, for example, carbonyl iron, of
size from 5 to 40 microns. The mixture is polymerized at
temperature of about 150 °C. If this process occurs under
the action of a magnetic field, then a MRE with
anisotropic properties is obtained. Without field an
isotropic MRE is obtained.

In[4], it was experimentally proved that at harmonic
deformations of samples of MRE with frequencies of
1 ... 50 Hz, the application of the magnetic field increases
their damping propertiesin times.

In [5], the influence of the magnetic field on samples
of MRE at a drain rate of 10 Hz is investigated. The
damping propertiesincreased from 4 to 18 times, depending
on the size and concentration of the magnetic particles and
the value of the flux density of the imposed magnetic field.
Saturation of MRE occurred at 600...800 mT.

The work [6] investigates a damper created on the
basis of MRE and intended for vibration protection of
precision equipment. It is proved that the damper
performance, which was 0.5 s, depends on the time of
transients in MRE. The speed can be adjusted by
changing the current in the control coil.

In [7], a comparative evaluation of different types of
dampers for precision equipment, including ones on the
basis of MRE, was carried out and its advantages were
proved. The damping efficiency increases with the
increase in the volume concentration in the MRE of the
magnetic particles.

In [8], samples of MRE were investigated, a matrix
of which made of natural rubber, and carbonyl iron (11 %
by volume) with 3.5 pm particles was selected as the
filler. The matrix was polymerized under the action of an
external magnetic field up to 1 T to obtain the anisotropic
properties of MRE. A sample with isotropic properties
was also investigated. In samples with more anisotropic
properties, the increase of the shear modulus when
applying a control magnetic field (0... 600 mT) increased
faster.

In [9], an increase of the shear modulus in natural-
rubber-based MRE samples was found to be up to 130 %,
and much more on silicone rubber.

In [10], samples of IRE with carbonyl iron content
up to 40 % (by volume) with a particle size of 1... 10 um
were investigated. It is proved that with increasing
volume concentration of filler particles the absorption
efficiency of vibration energy by the damper increases.
The control of the damper stiffness of MRE by means of
control current is confirmed.

The analysis of the presented works shows that the
range of changes in the modulus of éasticity and loss
modulus of MRE under the action of a magnetic field
gives the prospect of their application in the control
systems of characteristics of CS wheeled vehicles, but
studies of the magnetic and mechanical properties of
MRE are till in their infancy:

e samples of mainly small sizes and their small
deformations were investigated: since a magnetic field of
about 1 T is required to obtain the desired effect, samples
of the MRE were executed with a size in the direction of
the magnetic flux density vector not exceeding 1 mm.
Accordingly, characteristics studies are consistent with
samples with such parameters;

o the performance of control processes is poorly
researched and depends on the correlation of the viscosity
and elastic properties of the MRE;

¢ the relationship of the growth of the modulus of
elasticity and the loss modulus on the action of the
magnetic field has not been sufficiently investigated.

Therefore, the goal of the work is to study the
influence of the control of the elastic and damping
characteristics of the CS based on the use of MRE on the
smooth running of wheeled vehicles.

Tasks that need to be accomplished to achieve this
goal:

o to produce samples of the MRE with parameters that
are suitable for research and use in the CS;

e to develop and create a stand for magnetic field
influence studies on elastic and damping characteristics of
IRE specimens,

e to develop and create up-to-date measuring
instruments for research;

e to carry out experimental researches in the
conditions of the stand of influence of the magnetic field
on the static and dynamic characteristics of the samples of
MRE, including on the control speed and the ratio of the
modulus of elasticity and loss modulus during the action
of the control magnetic field;

o to develop the design of the joint with the control
device on the basis of MRE for the hinge of the CS lever;

e to carry out, by computer simulation, comparative
studies of the smooth running of a serial wheeled vehicle
with one equipped with a control system based on the use
of MRE inthe CS;

e to develop recommendations for the use of MRE to
control the elastic and damping characteristics of CS of
wheeled vehicles.

Research methodology. In the general case, the CS
of wheeled vehicles is composed of eastic elements,
damping devices (shock absorbers) and guidesin the form
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of levers that connect the wheds through the elastic
rubber hinges with the body of the vehicle. The rigidity
and damping properties of these hinges affect the
suspension characteristics, and therefore the smooth
running of the vehicle.

Thus, by replacing in the hinges of rubber with
MRE, it is possible to implement control of the elastic and
damping characteristics of the suspension as awhole.

The scheme of two-lever suspension of wheeled
vehicleis shown in Fig. 1, where the elastic hinges 4 of
levers are made of MRE. In order to control their
elastic and damping properties, electromagnets are
placed at the ends of the hinges, which create a control
magnetic field.

O

L]

Fig. 1. Scheme of two-lever suspension of the vehicle:
1 —wheel; 2 —lower lever; 3 —upper lever; 4 — elastic hinges of
MRE with control electromagnets; 5 — damping device
(shock absorber); 6 — elastic element (torsion)

To calculate the magnetic flux density, to study the
uniform distribution of the magnetic field in the sleeves of
MRE of hinges 4, and to choose their rational design, a
software package FEMM was used. The finite element
mesh was created in automatic mode, with the possibility
of adjusting it to refine the results of the studies.

Theinitial data for the research were the drawings of
the elastic deeve, the physical characteristics of the
materials of the components of the magnetic circuit, and
the magnetomotive force created by the current that feeds
the coil. The magnetization curves for selected
commercialy available grades of steel and MRE are
shown in Fig. 2, 3 according to [11, 12].

To prevent overheating, a current density in the cail
wire of < 10 A/mm? was limited, with action time of <10s.

Severa variants of the design of an elastic hinge of
MRE have been considered and investigated [10, 13-15].
The most rational in terms of manufacturing technology,
placement and maintainability option was chosen [15],
whichisshownin Fig. 4.
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Fig. 2. Magnetization curves. 1 — cast steel; 2 — electrical
steel E11; 3 — sheet steel, 4 —perm
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Fig. 3. Magnetization curves. 1 — MRE with a content of 20 %
carbonyl iron by volume; 2 — MRE containing 40 % by volume
of carbonyl iron; 3 — pure carbonyl iron powder
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Fig. 4. Design of the hinge of MRE: 1 — bracket; 2 - bolts of

fastening to the case of the vehicle; 3 —coil; 4 —end elastic

element of MRE; 5 — suspension lever; 6 —radial elastic element
of MRE; 7 —torsion

The results of the study using the FEMM software
package proved that in order to ensure the most uniform
distribution of magnetic flux density in the end 4 and
radial 6 elastic elements made of MRE (Fig. 4), one of the
surfaces in each of them must be made in the shape of a
cone.

Variation of the angle of inclination of the cones to
the axis of the torsion 7 alowed to obtain their rational
values, in which the magnetic flux density in the end 1
and radial 2 elastic elements of MRE was distributed
fairly uniformly, and the deviation from the average
within 10 % (Fig. 5).
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Fig. 5. Results of magnetic field distribution studies:
4 — end elastic element of MRE, 6 —radia elastic element of
MRE; 7 —torsion (numbering of positions according to Fig. 4)

According to the acceptable overall parameters of
the hinge and its coil 3 (Fig. 4), the vaue of the allowable
(by heating) magnetomotive force was F = 1500 A. This
allowed to obtain magnetic flux density in the elastic
elements 4 and 6 within B = 05...06 T (Fig. 5).
According to [18], the modulus of elagticity and the
coefficient of rigidity should increase by 25 % and the
damping factor by 18 %, which is insufficient to achieve
the stated research objective. However, other sources
claim that this increase can be significantly higher [4, 9].
The reason for this contradiction is that the relative
magnetic permesability of MRE is small: a 40 % of
carbonyl iron by volumeand B=0...05 T, & = 10, and at
B=05...1Titisdtill decreasesto u; ~ 4 (Fig. 3).

In turn, in [19] it is recommended to increase the
magnetic permeability for practical use of MRE. Thus,
this contradiction requires careful  experimental
verification, which was carried out at a specially designed
stand, shown in Fig. 6 [16, 17].

This stand allows to carry out a wide range of
studies of the influence of the magnetic field on the
modulus of elasticity, displacement and loss of samples of
MRE. The influence of such externa factors as gravity
and pull force of electromagnets is practically excluded,
and the closed magnetic circuit of ferromagnetics
increases the magnetic flux density (Fig. 7).
Electrotensometry method was used for research,
measuring devices were created on the basis of modern
microprocessor technologies (Fig. 8).

Fig. 6. Stand for investigation of mechanical characteristics of
samples of MRE (a) and the joint where samples of MRE are
installed (b): 1 —ammeter; 2 — strain gauge with anal og-to-
digital converter (ADC); 3 — coils for excitation of magnetic
flux; 4 — cores of the coils; 5 — elastic samples of |RE under
study; 6 — deflection meter with strain gauges; 7 — magnetic
core; 8 —rigid range; 9 — flexible plate made of non-magnetic
material; 10 — hour indicator

|
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Fig. 7. Scheme of stand for research of samples of MRE:

1 —mechanical eccentric vibrator (frequency range0... 20 Hz;
oscillation amplitude 1 mm); 2 — oscillating mass; 3 — coils for
excitation of magnetic flux; 4 — cores of the coils; 5 —€elastic
samples of MRE under study; 6 — deflection meter with strain
gauges (w —working, ¢ — compensation); 7 — magnetic core;

8 —rigid range; 9 — flexible plate made of non-magnetic material
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1 2 3 4 5

Fig. 8. Measuring device: 1 —analog current amplifiers from

strain gauges; 2 — calculator; 3 —shielded cable; 4 — USB

connector of the digital signal output to the computer;
5 — power cable

The frequency range of the measuring device within

which the gain had adeviation within+ 1.5 % was0... 20 Hz.
The circuit of the measuring channel isshowninFig. 9.

ADC | |
CALC |

Fig. 9. Circuit of the measuring channel: 1 — SG — strain gauges

of deflection meter (w —working, ¢ — compensation);
2 —shielded cable; 3 —analog strain amplifier AD 625;

4 - ATMEGA 328 calculator with ADC; 5 — personal computer

Samples 5 (Fig. 7) were studied in the shape of rings

with an outer diameter of 20 mm, a thickness of 10 mm
and a central hole with a diameter of 6 mm, which were
made of MRE by known technology [6].

Silicone rubber was used as the MRE matrix. The

carbonyl iron content by volume is 40 %, the size of the
magnetic particlesis5... 10 microns.

polymerization of the sample material was carried out in a

To create the anisotropic MRE structure, the

thermal cabinet at 160 °C for 2 hours and in the presence
of a magnetic field B = 0.6 T, the vector of which was
directed to the surfaces of the samples in the same
direction as the magnetic flux density vector of the
control magnetic field would be directed (in order to
obtain its greater influence on the characteristics [6]).

Before and after the measurements, a direct

calibration of the measuring channel was carried out by
displacing the rigid range 8 one way and the other with

the

help of an elastic dynamometer, which caused

deformation of the samples 5, which were measured by
the clock indicator 10 (Fig. 6). Scale factor K = 0.067 was
obtained.

Analysis of the static characteristics showed that the

flux density of the control magnetic field B = 0.6 T

caused an increase in the stiffness coefficient of 1.75
times and in the damping factor of 4.4 times (the stiffness
coefficient was calculated at the highest values of F and X,
and the damping coefficient by hysteresis loops areas).
Therefore, the damping in the samples increased almost
four times faster than their rigidity (Fig. 10).

F,Ha.

g S S

X, mm
Fig. 10. Static loading characteristics of MRE specimens:
1 —without magnetic field; 2—magnetic fieldB=0.6 T

Thus, the results obtained are different from those
given in [18], but do not contradict known studies, but
refine them. This confirms that we have chosen the right
MRE production technology and research direction.

When performing dynamic tests, the vibrations were
excited by the mechanical vibrator 1, which through the
spring transmitted a harmonic force to the rigid range 8
and rocked it together with the mass 2 to obtain resonance
amplitudes.

Figures 11, 12 show the oscillograms of the eigen
oscillations of mass 2 on elastic specimens 5 of MRE.

a, mm

ts [
> Fig.
11. The oscillogram of vibrations of mass 2 on samples 6
in the absence of a control magnetic field

ALY

-1,0

=

-1,6

1} 1 2 3 4ts

Fig. 12. The oscillogram of vibrations of mass 2 on samples 6
in the presence of acontrol magnetic fieldB=0.6 T
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The analysis of the oscillograms showed that when
the control magnetic field was switched on, the time
constant decreased from 1.48 sto 0.78 s, i.e. the speed of
oscillation damping improved. The transient was
practically completed in 3-:0.78 = 2.34 s.

At the same time, there was an increase in the
coefficient of rigidity of the samples by about 25 %,
which caused an increase in the frequency of natura
oscillations from 2.5 to 2.7 Hz, i.e. by 8 %. The damping
factor increased by 118 % (from 0.038 to 0.083), i.e. 4.7
times higher than the stiffness factor. This is close to the
results of static tests and well-known studies[4, 18].

Figure 13 shows a sample oscillogram of forced
(close to resonant) vibrations of mass 2.

a, mm

15

g1 2 34567 8910 11 2 Dts
Fig. 13. The oscillogram of the forced vibrations of mass 2 on

elastic specimens 5 of MRE at the modes «absence — switching
on — absence» of the control magnetic field

With the help of the vibrator 1, the system was
introduced into the mode of resonant vibrations, and then a
current was supplied to the coils 3 (Fig. 7), which created a
control magnetic field with flux density B = 0.6 T. The
vibration amplitudes were halved due to the increase in
damping in elastic specimens 5 of MRE.

After switching off the magnetic field, the system
returned to resonant vibrations mode, and their amplitudes
doubled, i.e. to theinitial value. The duration of transients
was about 2.3 s.

To further reduce the amplitude of the oscillations, it
is necessary to increase the magnetic flux density of the
control field. To prevent the increase of heat losses, it is
advisable not to increase the current in the coils, but to
create an MRE with increased magnetic permesability.

According to the results of studies of hinges of
MRE, 4 patents of Ukraine are received [14, 15, 17, 20].

For the theoretical substantiation of the
recommendations for practical application of the obtained
results, comparative studies of the smoothness of the
running of two wheeled vehicles were carried out: serial
and the same, but equipped with the system of control of
SC characteristics based on the use of hinges of MRE in
suspension levers (Fig. 1, 4).

The smoothness of the running of these vehicles was
investigated by the method of computer simulation of
their motion on sinusoidal road profiles of bumps, in
accordance with the accepted methodology in the field, by
calculating and constructing the speed characteristics of
the vehicles [21]. These characteristics represent the

dependence of the height of the bumps h (passage height),
which the vehicle is able to overcome with vertica
acceleration in the locations of people not exceeding 3 g,
(29.43 m/s%), due to ergonomic requirements, on the
speed of movement. Speed characteristics are calculated
for three bumps lengths: 1.5L, 2L, and 2.5L, where L is
the vehicle' s base.

The resonance bands are characteristic of the speed
characteristics, when the frequencies of the eigen
oscillations of the cushioned body of the vehicle coincide
with the frequency of perturbations from bumps. The
passage height of the bumps corresponding to the
resonance has the least value and is called the minimum
passage height of the bumps. In accordance with the
current requirements for smooth running of the vehicle of
high passability, the level of minimum passage heights of
bumps should be not less than 0.19 ... 0.24 m, depending
on the given average speed of movement on the terrain.

To prevent overheating of the electromagnets, the
control of the characteristics of the CS will be applied only
when overcoming sections of terrain with difficult road
conditions, which usually have a length of 30 ... 50 m, and
overcoming which will take time no more than 10 s, while
maintaining the speed of movement.

An experimentally verified mathematical model of
wheeled vehicle motion was used for the research [21],
which was refined in accordance with the control system
utilization and implemented in the Delphi environment.

Let us evaluate the influence of the characteristics of
the elastic hinges of the CS of the serial vehicle on the
smoothness of the running. From Fig. 14 the following
follows. In the case where the hinge loss modulus is zero,
curves 2, there is a decrease in the minimum passage
heights of bumps at all resonant speeds of motion
approximately equal to 6.6 m/s, 89 m/s, and 11 m/s,
respectively, for bumps of 1.5L, 2L, and 2.5L length. This
decrease occurs from the level of 0.12... 0.14 m to the
level of 0.09 m, i.e. the smoothness of the running
deteriorates at 25... 36 %.

h, m

v, m/s

Fig. 14. CS speed features: impact assessment of elastic
suspension rubber hinges:

1 - hinges with original characteristics;

2 —the hinge loss modulus is zero;

—*— 3-—thehinge elastic modulusis zero

I SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.5 55



Worsening also occurs at pre-resonance speeds for
all bump lengths. At resonance speeds, the smoothness of
motion deteriorates at bumps of lengths of 2L and 2.5L
and remains unchanged at bumps of length of 1.5L.

In turn, the variant «modulus of elasticity of the
hinges is zero», curves 3, leads to an increase in the
minimum passage heights of bumps at resonant speeds of
movement from the level of 0.12 ... 0.14 m to the level of
0.14 ... 0.17 m, i.e., smoothness of running improves by
17... 21 %. At the same time, at pre-resonance speeds, the
smoothness of running dlightly decreases, and at
resonance speeds it improves, at bumps of length of 2L
and 2.5L, and worsens at 1.5L.

Thus, the characteristics of the elastic hinges of the
vehicles CS levers significantly influence its smooth
running, and by applying control of their loss and
elasticity modules based on the use of MRE, it is possible
to significantly improve the quality of cushioning.

In order to reduce the number of control
electromagnets and simplify the design of the suspension,
in further studies the use of the control of the
characteristics of the hinges of MRE only of the lower
levers of the suspension, which are coupled with the
torsions are considered.

Figure 15 shows the results of the study of the
influence of the control of modulus of easticity of these
hinges of MRE. From the graphs it follows that in the
variant «modulus of elasticity is zero», curves 2, at
resonant speeds of movement, the minimum passage
heights of bumps increase from the level of 0.12 ... 0.14 m
to the level of 0.13 ... 0.15 m. Here, the smoothness of
running at pre-resonance speeds does not practically
change for al lengths of bumps, and at post-resonance
speeds the smoothness of running is dightly improved at
bumps of length of 2L and 2.5L and worsens at 1.5L.

h, m
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Fig. 15. CS speed features: impact assessment of the
control of the modulus of elasticity of hinges of MRE
(loss modulus has original value):

1 - origina modulus value;

2 —modulusis zero;

— -+ —- 3-—modulusisenlarged 5 times;
—-— - 4—modulusisenlarged 10 times

In the case of increasing the modulus of elasticity of
these hinges by 5 times (curves 3), the minimum passage

heights of bumps at resonant speeds of movement
decrease from the level of 0.12... 0.14 m to the level of
0.09 m. Here, the smoothness of the running at the pre-
resonance speeds increases for all lengths of bumps, and
at the post-resonance speeds it deteriorates at all bumps,
and especially of the length of 1.5L. At increasing the
modulus of elasticity by 10 times (curves 4), the
smoothness of the running deteriorates at almost al
speeds and lengths of bumps.

Figure 16 shows the results of the study of the effect
of control of loss modulus of hinges of MRE, from which
it follows that in the case where the loss modulus is equal
to zero, curves 2, the minimum passage heights of bumps,
at resonant speeds of movement decrease from the level
of 0.12... 0.14 m to the level 0.10... 0.11 m. Here, the
smoothness of the running deteriorates at all speeds of
motion and lengths of bumps.

h, m

Vv, m/s

Fig. 16. CS speed features: impact assessment of the
control of the loss modulus of hinges
(modulus of elasticity has original value):

1 - origina modulus value;

2 —modulus is zero;

— -+ — 3-—modulusisenlarged 5 times,
4 —modulusisenlarged 10 times

At increase of the loss modulus of these hinges in 5
times (curves 3) the minimum pass heights of bumps at
resonant speeds of movement increase from the level 0.12...
0.14 m to the level 0.17... 0.18 m, i.e. by 28.6... 41.7 %,
which is close to the level of modern requirements
(0.19 ... 0.24 m). At pre-resonance speeds, the smoothness
of the running is improved at all lengths of bumps, and at
the post-resonance ones it improves on bumps of lengths
of 2L and 2.5L and slightly decreases on bumps of length
of 1.5L.

When the loss modulus is increased by 10 times
(curves 4) at the resonant speeds of movement, the
minimum passage heights of bumps decrease dightly from
thelevel of 0.12... 0.14 mto theleve of 0.12... 0.13 m. At
pre-resonance speeds, the smoothness of the running is
significantly improved at all lengths of bumps, at the post-
resonance speeds the smoothness of running is dlightly
impaired at the bumps of lengths of 2L and 2.5L and
significantly worsens on the bumps of length of 1.5L.
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Figures 17, 18 present the results of the study of the
effect of joint control of loss modulus and modulus of
elagticity of the hinges of MRE of the lower suspension
levers on the smooth of running of the vehicle.

h, m

v, m/s

Fig. 17. CS speed features: impact assessment of the joint
control of loss modulus and modulus of elasticity of lower
levers hinges:
1 - original value of loss and elasticity modules;
----- 2 —loss modulusisincreased by 5 times, modulus of
elasticity is zero;
— .- — - 3-lossand elasticity modulesincreased by 5 times;
— . — .= 4—]ossmodulusisincreased by 5 times, modulus of
elagticity isincreased by 10 times

h, m

v, m/s

Fig. 18. SC speed features. impact assessment of the
joint control of loss and elasticity modules of lower levers
hinges:
1 —original value of modules,
2 —loss modulus is increased by 10 times, modulus
of elasticity is zero;
3 —loss modulus increased by 10 times, modulus of
elasticity increased by 5 times;
— . — .= 4—l]ossand elasticity modulesincreased by 10 times

According to Fig. 17, for the variant «loss modulus is
increased by 5 times, the modulus of dadticity is zero»,
curves 2, the minimum passage heights of bumps increase
fromthelevd of 0.12 ... 0.14 mto the level of 0.17 ... 0.19 m,
i.e. by 35.7... 41.7 %, which is close to the level of
modern requirements (0.19 ... 0.24 m).

The option «loss and elasticity modules increased by
5 times» (curves 3) alows to significantly (up to 43 %)

increase the smoothness of running at pre-resonant speeds
of motion at all lengths of bumps.

The option «loss modulus is increased by 5 times,
the modulus of elasticity is increased by 10 times»
(curves 4) leads to a deterioration of smooth running in
the entire speed range, at all lengths of bumps.

From the graphs shown in Fig. 18, it follows that an
increase in the loss modulus by 10 tomes (graph 2) leads
to an improvement in the smoothness of running at bumps
of 1.5L in length at pre-resonance speeds and to a
deterioration at post-resonance speeds of motion. This
option ensures an increase in the minimum passage
heights of bumps (at a speed of 9 m/s) from the level of
0.12 ... 0.14 m only to the level of 0.13 ... 0.14 m, i.e.
worse than in the previous case.

The variants of «loss modulus increased by 10 times,
elastic modulus increased by 5 times» (graph 3) and «loss
and elastic modules increased by 10 times» (graph 4)
show that such increase of modules leads to a significant
deterioration of the smooth of running throughout the
speeds and bumps range.

Discussion of results. Analysis of the graphs shown
in Fig. 14, proves that the characteristics of the elastic
hinges of levers of the vehicles SC significantly
influence its smooth of running, and control of their loss
and elasticity modules is expedient to be implemented on
the vehicles. In order to reduce energy consumption and
prevent overheating of the joints, this control is advisable
at resonant speeds of movement when overcoming
sections of terrain with difficult road conditions, without
reducing the speed of movement.

It is advisable to control the loss modulus more than
the elastic modulus, since increasing the latter can lead to
a deterioration of the smooth of running. It is necessary to
create MRE with properties where, in the case of control,
an increase in the loss modulus is not accompanied by an
increase in the elastic modulus.

The experimental studies carried out made it
possible to increase the losses modulus in MRE samples
only twice, but the calculation investigation showed the
desirability of its increase by 5 times. It is possible to
solve this problem either by increasing the number of
controlled hinges, installing them aso on the upper
suspension levers, or by applying another MRE
fabrication technology, which will provide a fivefold
increase in the loss modulus under the action of the
magnetic field with flux density of upto 1.5 T.

The obtained values of increase (relative to serial
vehicle) of loss and elasticity modules and constructed
speed characteristics of vehicles alow to develop
requirements for the laws of control of characteristics of
hinges of MRE, depending on the mode of motion (pre-
resonant, resonant or post-resonant) and length of bumps.

We formulate these requirements for the laws of
control of the characteristics of elastic hinges of MRE in
vehicles:

e control should be implemented only at resonant
speeds of the vehicle;

e control is only expedient for the losses modulus of
MRE of hinges of the levers of vehicles;
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e it is recommended to increase the loss modulus no
more than 5 times;

e control processes must be no longer than 10 s and
have acceptable intervals between them.

Conclusions and recommendations.

1. For the first time, samples of magnetorheological
elastomers with parameters suitable for use in the hinges
of levers of vehicles cushioning systems have been
manufactured.

2. The origina stand was developed, the satic
characteristics of the stiffness and damping of the made
samples are investigated on which. It is found that the
control magnetic field has a greater effect on the loss
modulus than on the modulus of elasticity. For the first
time, it is shown that the flux density B = 0.6 T of the
control magnetic field causes a 25 % increase in the
stiffness coefficient (and modulus of elasticity), which
causes an increase in the frequency of natural oscillations
from 25 to 27 Hz (by 8 %). The damping factor
increased by 118 % (from 0.038 to 0.083), i.e. 4.7 times
higher than the stiffness coefficient.

3. In the course of dynamic tests on the developed stand,
using manufactured modern measuring equipment, for the
first time it is discovered that when the control magnetic
field is switched on, the time constant of free oscillation of
mass on elastic elements of magnetoreologica elastomers
decreased from 1.48 to 0.78 s. The transient was almost
completed in 2.34 s. The amplitudes of the resonance
vibrations of the mass on the elastic elements of the
magnetoreological elastomers, when the control magnetic
field B=0.6 T isswitched on, are halved in 2.34 s.

4. The original designs of the controlled elastic hinge
of magnetoreological elastomers and the device for
creation of the control magnetic field are developed and
patented. The parameters that provided a uniform (within
10 %) distribution of magnetic flux density in the sections
of the hinges were determined. In order to achieve
magnetic flux density in the magnetoreological elastomer
at thelevel of 0.6 T, the value of the magnetomotive force
(15 kA) is determined, the current density in the coil of
the device < 10 A/mm? is selected, with operation time of
upto10s.

5. Requirements for control laws are formulated,
which alow to increase the smooth of running of
vehicles depending on speed and length of bumps by
more than 40 %.

6. For the first time, it has been found that the control
of the loss modulus of hinges of the magnetorheological
elastomers of the vehicle suspension has a greater effect
on improving the smooth of running than the control of
their modulus of elasticity.

7. The rationa limits of the relative change of the loss
modules of the hinges of the magnetoreological
elastomers (not more than 5 times) during their control
are determined; it is recommended to use them in
formulating the requirements for magnetoreological
elastomers, and to develop designs of controlled nodes of
the cushioning systems.

8. According to the results of the research carried out,
4 patents of Ukraine were obtained for the method of
control, the design of the hinges of magnetoreological
elastomers and the suspension.
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PERFORMANCE COMPARISON OF MULTICELL SERIESAND NPC MULTILEVEL
CONVERTERSFOR A STATCOM

Abstract. In this paper, we present a comparative study of the performances of the multicells series and the Neutral-Point-
Clamped (NPC) three-level converters used at synchronous static compensators (STATCOM) for the control of the voltage at a
point of the network. The analysis consists on a mathematical modeling, a pulse width modulation (PWM) control algorithm
application and a simulation using the Matlab Simulink environment. The simulation results obtained show that the STATCOM
allows the regulation of the voltage at the point of common coupling (PCC) by acting the reactive energy that it can supply or
absorb. References 22, tables 4, figures 24.

Key words: STATCOM, VSC, NPC converter, multicell series converter, modeling, control.

B cmamuve npedcmasneno cpagnumenvHoe uccie006anue XapaKmepucmuK MHO2031eMEHMHbIX ROC/Ie006AMENbHbIX U MPEXyPOGHEbIX
npeodpazosamerneii co C6A3AHHONU HEUMPATLHOIL MOYKOU, UCHOTL3YEMbIX 8 CUHXPOHHBIX camuyeckux komnencamopax (STATCOM)
07131 ynpasienus HAnpsIcenuem 6 mouke cemu. AHaiu3 OCHOBAH HA MAMEMAMUYECKOM MOOCTUPOSAHUU, AI20PUMME YRPABGIICHUSA C
wiupomno-umnynscuoi mooynauuen (IIIHM) u moodenuposanuu ¢ ucnonvsosanuem cpeovt Matlab Simulink. IMonyuennsie
pe3yiemamol mooenuposanus noxazviearom, umo STATCOM nozeonsem pezynuposamsv nanpsicenue 6 mouke odugeii ceasu
Oelicmeuem peaKmueHoll IHep2uL, KOMOpyro OH CHOCOOeH nodasams unu noziowiams. budi. 22, Tadm. 4, puc. 24.

Kniouesvie cno6a: CHHXpOHHBIH CTATHYECKHI KOMIIEHCATOP, Npeodpa3oBaTesib HCTOYHNKA HANIPSKEHHs1, peodpa3oBaTeib co
CBSI3AHHOIT HEeTPaJbHOIl TOUKOI1, MHOr03/1eMeHTHBII1 MOC/Ie]0BaTe/ILHbII Mpeodpa3oBaTe/ib, MOIeJIMPOBAHUE, YIIPABJIEHUE.

Introduction. To improve the power quality,
Flexible AC Transmission Systems (FACTS) devices
have received widespread interest for high voltage power
systems control. They are faster and more flexible of
compared with mechanically switched control of the
transmission system [1, 2]. Among the FACTs
compensators that offer this possibility, the synchronous
static compensators «STATCOM» are connected in
parale a sensitive points of the network. The
STATCOM is the first FACTS using the Voltage Source
Converter (VSC). It uses high power gate turn-off (GTO)
thyristors or insulated gate bipolar transistors (IGBT).
Highly efficient, this device is characterized by the robust
support of the voltage in the presence of strong
disturbances, the balancing of asymmetric and fluctuating
loads and the damping of power oscillations [3, 4]. The
design of VSC can be realized in several ways. It can be
modeled using the conventional (two-level) or multilevel
three-phase bridge converter. However, multi-level
converter offers a wide variety of advantages over
conventional converter such as lower harmonic content,
reduced stress on switches and decreased switching loss
[5]. Currently used STATCOM based on multilevel
converters are very popular in medium-voltage networks,
including flying-capacitor multilevel converters (FCMC),
diode-clamped multilevel converters (DCMC) and
cascaded H-bridge multilevel converters (CHMC) [6].

Cascaded H-Bridge Converters (CHBS) are the most
common topologies in STATCOM applications. The
advantages of CHB convertersinclude low switching loss,
modularity and lack of holding diodes. However there
disadvantage resides is the fact that one cannot get a
negative output voltage and an isolated power supply for
each module[7, 8].

The Neutral-Point-Clamped (NPC) converters are
the first practical topology for multi-level voltage
converters. The advantage of this topology is
generalizable so as to obtain a greater number of output

voltage levels, al the phases are connected to the same
common DC bus and the number of capacitors used is
limited. The disadvantage of this structure is when the
number of levels becomes high, the balance of the
voltages across the capacitors quickly becomes complex
to control [8-10].

The multi-cell series converters or floating
capacitorsis an energy conversion topology that relies on
the series setting of controlled switches. The advantage of
this topology is that it eliminates the problem of loopback
diodes present in the topologies of multi-level NPC
inverters. In addition, the voltage stresses imposed on the
power components are naturally limited. Thus, by phase,
only one DC source is needed. The disadvantage of this
structure is that the need to balance the voltages across the
floating capacitors adds complexity to the converter [11].

From the description of the different converters we
can deduce that the voltage of the output is more
sinusoidal and the harmonic distortion rate will be low if
the number of levels is high but the structure of the
converter becomes complicated. Its cost and the
complexity of its order are increased its rdiability is
reduced.

The focus in this paper is on using the converters
multi-cells and NPC three level as a shunt connected
STATCOM for the regulation of the voltage profile along
the line, so as to avoid fluctuations between the voltage at
the source and the voltage at the load. For a DC input
voltage source supplied by the charged capacitor, the
converter produces a set of controllable three-phase
output voltages with the frequency of the AC power
system. These voltages on the aternating side of the
converter are in phase with that of the network so as to
exchange only the reactive energy with the latter. The
value of the current and the direction of the reactive
power exchanged are set by the value of the voltage of the
converter. The setting principle is described in the
following paragraph.

© S. Belakehal, A. Djellad, R. Chenni

60 I SSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.5



Description of the studied network. In this study,
we used a conventional three-phase network composed of
a three-phase power source that is variable in amplitude,
in phase and in frequency. It supplies three-phase electric
charges through athree-phase line. The diagram per phase
isillustrated in Fig. 1.

R, -, Bl B2 POC B3

_— Pl Three

Phase Tr _— k.1 Phase

Transformer| Line Load
£

i A B -

Three Phase
System |_[nm Phase

Source
Transformer

a

b
s Level s 1
‘L VSC = )

L
=
4

1
1
1
I
I
I
STATCOM :w J_- Three
IH
I
I
I

Fig. 1. Basic circuit of aSTATCOM

The other major component of the system is the
STATCOM which permits the regulation of the voltage at
the Common Connection Point (PCC) between the
network and the loads. It is composed of a continuous
energy source or a capacitor associated with a static
converter based on semiconductors of the IGBT type and
a transformer T that has always a certain leakage
reactance. The transformer plays a dua role: it transforms
the voltage and offers the reactance required by the
compensation.

The operating principle of the STATCOM is simple.
By varying the magnitude of the output voltages
produced, the reactive power exchange between the
STATCOM and the network can be adjusted [1, 12]

e if the amplitude of the voltage Vi, (K = a, b, ) is
greater than the amplitude of the voltage Ey, the current I
is advance of 712 on Ex (Fig. 2,b), the compensator
provides reactive power to the transmission line and the
compensator behaves like a huge capacitor;

o if the amplitude of the voltage V, is lower than the
amplitude of the voltage Ey, the current Ik is /2 behind
Ex (Fig. 2,a), the compensator absorbs reactive power at
the transmission line and the compensator behaves like an
immense inductor;

o if the amplitude of the voltage V. is egqual to the
amplitude of the voltage Ek, (Fig. 2,c), the current I is
zero and therefore the compensation is zero.

(a) Ik ()
VK Ek | Ex VK
IK Ik=0 VK
K=ab.c
© EK

Fig. 2. STATCOM operating modes

STATCOM modeling. The equivalent circuit of the
STATCOM is shown in Fig. 3. In this power system, the
resistance r in series with the voltage source inverter
represents the sum of the transformer winding resistance
losses and the inverter conduction losses. The inductance
L represents the leakage inductance of the transformer. In
Fig. 3 the instantaneous value of system bus phase voltage
are E,, By, E., the instantaneous current the system inject

into the STATCOM are |, Iy, |, the instantaneous value
of converter's AC side phase voltage are V,, V,, V., the
DC busvoltageis V.

Voltage Source
Converter Ia r L

PCC

DC bl
AC

Neutral
Fig. 3. Schematic diagram of the grid connection of a converter

Two Cell Converter Model. The two cells
converter with three voltage levels is shown in Fig. 4. It
consists of three arms, where each one consists of two
cells. Each cell consists of two switches and a voltage
source. The switches work in a complementary way,
when one is passing the other is blocked.

p SZH#_‘ SIA_L
thc CJ' Cll »l_,.
b1 e T
0 - —
SZh;Sza Slh;sla
Tt T T L 10
Cl_l_ . b
b g c
R T
Szt;_'L‘SZh Sl(‘;_'L‘ 1b | : |
| T i I
ClJl: 0-& : : |
e - I :
T§2€ _rS]¢ levbnlvcnl
Neutral— — | _ 1 _ -

Fig. 4. Multi-cell series converter

To model the multi-cell converter, the following
simplifying assumptions are used: perfect switches,
perfect sources and neglected idle time[13, 15].

The converter is controlled by the switching
functions Sk whose value liesbe hour Oand 1 (K =a, b or
¢ designates the phase and i = 1 or 2 the relevant cell)
whose value lies between 0 and 1. The Table 1 shows the
different voltage levels Vo obtained according to the
control states of the switches. Each arm can release three
levels of tension.

Tablel
Switching logic and output voltage
Sik Sk Vio
0 0 0
1 0 Va2
0 1 Va2
1 1 Vie

The output voltage of the converter can be expressed
according to Sk control commands:

vV p
VKO:%XZSK : )
i1
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The output voltages of the converter with respect to
the negative terminal (point O) of the DC bus will be:

— 5 (51, + Spo); @
= i(%b +Sp) : 3)
Veo = (Sﬂc + SZC) 4

With O-neutral voltage Vc,n —(Vao + Vo + V0)/3.

The equation which lends the voltage of the
continuous node to the voltages on the alternative side
Vans Ven and Vg, is:

Van 255 ~Sp ~S¢c
Von [= S 2%~ S
Vcn - S.I.a - S.I.b ZS.I.C (5)
Vg 25, ~Sp —Sx¢
+ ?c -Sa 25mn —Sx
-Sa —Sn 25

Three-level NPC converter Model. The three-level
NPC converter is shown in Fig. 5. The DC input bus is
composed of two capacitorsin series (C; and C,) forming
a midpoint noted (O) which allows the inverter to access
an additional voltage level with respect to the
conventional two levels converters. The total voltage of
the DC bus is V4. Under normal operating conditions, it
is uniformly distributed over the two capacitors which
have a voltage Vy/2 at their terminals. Each of the three
arms of the converter is composed of four controlled
switches Sk (K = a, b, cand i = 1, 2, 3, 4) and two
clamped diodes connected to the midpoint of the DC bus

[10, 16, 17].
SI;J} Sn;J} Slc’(l}
1 4 |

D, D, D:
C|== 3 SZ:l S S’h x SZr

K& HKE KE

l:l
Iy,

Dz“ D-&ii _{ Dex -K-Ig:—'—'—}c
S

SJI

s:?‘ s

0 Neutral -_lvi"'_\/“_"_vﬁ
Fig. 5. Three level NPC converter

There are three possible sequences for this converter
according to the different possible states for the switches
(see Table 2).

Table2
Switching logic and output voltage

Sik Sk Sk Sik Vok
1 1 0 0 Va2
0 0 1 1 Vo2
0 1 1 0 0

The objective of the modeling is to find a relation
between the control variables and the electrical quantities
of the aternative and continuous part of the inverter.
Thus, the pairs of switches Sk, S and Sy, Sk ae
controlled in acomplementary manner.

The following expressions shows the relationship
between the voltages V,o, Vho, Vo the states of the

switches and the DC voltage Vg
=2 (S + S -1); ®
VbO:V_gC(Sﬂb"'SZb_l); )
:V_SC(S.LC+SZC_1). (8)

The relationships of the phase-neutral output
voltages Van, Vi, Ven Of the converter according to the
states of the switches Sk are given by the equation:

Van v ZS_la 28251 - Slb - Szb - Slc - SZC
Von [==6%-Sa ~Sa 28p 25 -Sec -~} O
Vcn - S.Ia - SZa - S.Ib - SZb 281(: 2820

The modd of STATCOM. The dynamics equations
governing the instantaneous values of the three-phase
output voltages in the AC side of the STATCOM
exchanged with the utility grid are given by:

dl

Eq =Van +1la + L2 (10)
dy, .

Eb =Vbn+rlb+LF, (11)
di,

By =Ven +1lg+L=C (12)

Equations (10-12) describe the system in differential
equations in abc frame. Transforming these equations to
synchronous reference frame using Park’s transformation
the equations becomes:

dig
Eq=Vy+rlyg+L—-wll 13
d d d gt q ( )

dl
Eq=Vq+rIq+Ld—tq+led. (14)

The instantaneous output power of STATCOM is
given by:

P:%(led+vqlq); (15)

Q:g-(\/qld_vdlq)- (16)

Within the synchronous rotating frame Vs = V4 and
Vq = 0, the instantaneous active and reactive power is
given by
3

P:E'led; (17)
Qz—g.\/dlq. (18)

STATCOM Control. The detailed control system
of STATCOM is shown in Fig. 6. In this system the error
signal between the rms measured and the rms AC voltage
reference values is given to a Pl regulator which produces
a reference current g« Similarly to the AC voltage
regulator the error between the measured and the DC
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voltage reference values is given to a Pl regulator that
produces a reference current lg . The three-phase mains
currents at the PCC are transformed into dq reference
frame to create, Iy and I, These currents are then
compared to the corresponding reference values to create
error signals (Alg et Alg;) which are transmitted to the Pl
controller in order to create the vectors of the reference
voltages (Vaye and Vgye). Through Park’s inverse
transformation, the voltages Vgt and Vg are converted
t0 Varer, Varer and Vg that are required by the SPWM
generator [17-19].

Fig. 6. STATCOM control system

The SPWM technique is one of the most popular
modulation techniques applied to multi-level NPC and
multi cells converters.

SPWM for two cells converters. The command of
this converter is quite simple (Fig. 7). Each switching cell
has its own carrier. To have a voltage of three levels, the

carriers are phase shifted by (Nz_ﬂlj and therefore by

180° in this case. If these are not out of phase, the
switches S;, and S, or S, and Sy, switch at the same
time, and the voltage is only of two levels (0 and V).

'mm BE r T TN T
i
4 L | O R R A | -
| I |
i
| ‘.u i 8 R Il g 8ol Ul

Fig. 7. Sine pulse width modulation for three two cells converter

SPWM for three level NPC converters. To
generate the PWM control pulses of the three level
voltage converter, two triangular carriers are required
(one positive and the other negative). These carriers have
the same frequency and amplitude (Fig. 8). They are then
compared to the reference signal (sinus). Each

comparison gives 1 if a carrier is greater than or equal to
the reference, O otherwise. Thus for the NPC case, the
control signals of the switches S and S are
complementary and the switches Sy and S are aso
complementary.

[—Tri Upper
1 | —Tri Lower

°'§; ——HHHH R -

Fig. 8. Sine pulse width modulation for three level NPC
converter

[—sax |

Simulation results. To demonstrate the efficiency
of the STATCOM in the field of reactive energy
compensation and voltage regulation in power grids,
simulations have been carried out using Neutral-Point-
Clamped (NPC) multilevel converters and multi-cells
series based on Pulse Width Modulation Control
(SPWM). For this, we applied two types of tests for the
considered. The first concerns the presence of a voltage
dip and a voltage drop at the source and the second the
connection of additional inductive load. The entire system
issimulated in MATLAB / Simulink with the parameters
shown in Table 3.

Table 3
System parameters
Parameter name | Symbol Value Unit
U, 110 kV
AC Source S 2258 MVA
f 60 Hz
S 40 MVA
Transformer T1 | 1100267 | kV
S 3 MVAR
T2 27.6/0.6 kV
STATCOM Vo 06 ",
Ve 1.4 kV
Line | 45 km
R 254 Q
L oad L 134 H

Case 1. A voltage dip of 4 % is applied at the three-
phase source during the interval (0.15-0.25) s and then a
voltage drop of the order of 4 % during the interval (0.35-
0.45) s. The Fig. 9 and 10 show respectively the three-
phase voltages and the rms voltage per phase at the PCC
without STATCOM. The positive reaction of the
STATCOM which manages to maintain the variable
voltage to the PCC by controlling the quantity of reactive
power injected or absorbed in the network as shown in the
Fig. 11 and 12. In the interva of t = (0.15-0.25) s the
STATCOM injects a quantity of reactive power
(2.075 MVAR) to maintain voltage levels in the line in
where compensator operates in the capacitive mode and in
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the interval of t = (0.35-0.45) sthe STATCOM absorbs a
quantity of reactive power (2.075 MVAR) to maintain
voltage levels in the line where the compensator operates
in the inductive mode (see Fig. 13). This reactive power
exchange is achieved through the transformer leakage
inductance which helps to smooth currents in advance or
behind the angle with the primary voltages that are
imposed on the secondary of the transformer by the
controlled voltage source as shown in the Fig. 14. As
show in Fig. 15 it is very clear that the voltage regulating
loop continues to prove its effectiveness in maintaining
constant voltage at the termina of the capacitor. Figures
16 and 17 respectively show the output phase voltage of
the STATCOM converter and the output line to line
voltage of the STATCOM converter.

Lt

Voltages (V)
5o

0 005 01 0I5 02 025 03

Time (s)
Fig. 9. Three-phase voltage abc at PCC without STATCOM
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Fig. 10. Results of rms voltage phase at PCC without
STATCOM
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Fig. 11. Results of rms voltage phase at PCC with STATCOM
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Fig. 12. Three-phase voltage abc at PCC with STATCOM

Fig. 13. Reactive power supplied and absorbed by STATCOM
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64 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.5



1000

500+

Voltage (V)

-500f

-1000 t 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45
Time (s)

(a) Multi-cell converter

1000-

5001

Voltage (V)

-500

-1000; ; | ; i |
015 0.2 0.25 03 035 04 0.45

Time (s)
(b) NPC converter
Fig. 16. Output phase voltage of the STATCOM converter
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Fig. 17. Output line voltage of the STATCOM converter

Case 2. A baanced three-phase inductive load is
applied during the interval (0.25-0.35) s. Figures 18 and
19 shows the voltage drop caused by the inductive load at
the period t = (0.25-0.35) s. The STATCOM injects the
reactive power (2.25 MVAR) into the line to maintain the
voltage at the PCC connection point as shown in Fig. 20
and 21 in this case it operates in the capacitive mode as
shown in Fig. 22. The reactive power exchange is
achieved through the transformer leakage inductance
which helps to smooth currents in advance of 90° on the
PCC common point voltages (see Fig. 23). Figure 24
shows the voltage across the dc capacitor.
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Fig. 18. Results of rms voltage phase to line at PCC without
STATCOM
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Fig. 19. Three-phase voltage abc at PCC without STATCOM
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Fig. 20. Results of rms voltage phase at PCC with STATCOM
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Fig. 21. Three-phase voltage abc at PCC with STATCOM

Fig. 22. Reactive power supplied and absorbed by STATCOM
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Case 3. A Fast Fourier Transform (FFT) analysisin
MATLAB is used to conduct the harmonic analysis for
multi-cells converter and multilevel NPC converter. It is
summarized in Table 4. Using PWM technique, the
THD% vaues of the three level NPC STATCOM and
three level multi-cells STATCOM can be satisfied under
|EEE Std. 519-1992 [22].

Table4
Comparison of performance of MC-VSC and NPC-VSC

Total Harmonic Distortion | Fundamental Vabc
THD (%) Vabc at PCC at PCC
Capacitive Mode
NPC-VSC 1.12 2.54e4
MC-VSC 1.46 2.54e4
Floating Mode
NPC-VSC 0.81 2.55e4
MC-VSC 1.44 2.55e4
Inductive Mode
NPC-VSC 1 2.59e4
MC-VSC 1.43 2.59e4

Conclusion. This article presents a performance
analysis of three-level NPC and multi-cell converters used
in STATCOM applications for voltage regulation and
reactive energy compensation in an electrical grid. The
STATCOM model and the proposed control are
implemented on SIMULINK / MATLAB to check steady
state and dynamic performance. The simulation tests
carried out have shown that the STATCOM with the
proposed control is capable of supplying or absorbing the
reactive energy to maintain the stable voltage at the
common connection point (PCC) and whatever the type of
disturbance (voltage drop or voltage dip). Finaly, the two
converters give almost identical output voltage values, so
the values of the reactive powers are identical. But the
voltage THD (1.12 %) is better for the NPC case. But
against the point of view components used and the cost,
the multi-cell converter is more interesting.
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A. Moghayadniya, E. Razavi

REACTIVE POWER CONTROL IN MICRO-GRID NETWORKSUSING ADAPTIVE
CONTROL

Purpose. Despite their economic and environmental benefits, distributed products in power systems have caused problems in
power systems. One of the most important issues in this regard is voltage fluctuations and frequencies in Micro-grids, which
depends on several factors, such as variable consumption load and errors in power systems. One of the main challenges
associated with the use of Micro-grids is power management among distributed generation sources. Power management plays a
pivotal role in humerous Micro-grids and may ensure the stable and improved performance of Micro-grids in the permanent
status of the system. The present study aimed to examine the power control in Micro-grids by proposing an adaptive control
method along with the PID controller for power management and coordination in Micro-grids. This coordination system operates
between production sources and controlling the voltage and frequency levels against the possible disturbances occurring
anywherein the system loop. The results of the smulation of the proposed algorithm in MATLAB software environment exhibited
a high success rate (i.e., proper response to the fluctuations in the Micro-grid) and extremely low error rate (i.e., proper reactive
power in the grid). References 17, tables 3, figures 12.

Key words: Micro-grid, control parameters, online parameter setting, proportional-integral-derivative controller (PID),
adaptive control.

Ilens. Hecmompsn na ux IKonomuuecKkue u IK0a02uiecKue npeumyuiecmed, pacnpeoeieHHsvle nPooyKnul 6 IHeP2oCUcmemax
npugooam K G03HUKHOGEHUIO npodnem 6 nocineonux. OOnum u3 Haubdonee aAIHCHBIX G0ONPOCO8 6 IMOU CBA3U AGIAIOMCA
KoeOanus Hanpax)cenus u 4acmomol 6 MUKPOCEMAX, KOMOPble 3AGUCAM OM HECKONbKUX (aKmopos, maKux KaK nepemennas
Hazpy3ka nompeonenus u owuéku 6 3Inepzocucmemax. OOHOU U3 OCHOGHBLIX NPOOIEM, CEA3AHHBIX C UCHOILIOGAHUEM
MUKpOCemell, AGNACHCA IHEPZOMEHEONCMEHM UCHOYHUKO8 DPACHPEOesIeHHO 2enepayuu. IHepeoMeHedNCMenm uzpaem
KJII04eByIo polb 60 MHOZUX MUKPOCEMAX U MOMNCEm oOfecnequmsv CMAOUILHYIO U YIAYYUEHHYI0 padomy mukpocemeli npu
nocmoannom cocmosnuu cucmemvt. Hacmoswee uccnedosanue HAnpasneno Ha UCCle008aHUE IHEPZOMEHEOHCMEHMA &
MUKpPOCEmAX Nymem  NpPeOloNCeHUs A0anmueHoz0 memooa ynpasienus emecme ¢ IIH/[-konmponnepom Ons
IHEPZOMEHEONHCMERMA U KOOPOUHAUUU 8 MUKPOCEMAX. ImMa cucmema KOOPOUHAuuu GyHKUUOHUpPYem mexncoy UCmouHUKamu
nPOU3600UMOIL IHEpeUU U KOHMPOTUPYEm YPOSHU HANPAICEHUA U HACHOMbL 8 OMHOUEHU 803MONCHBIX NOMEX, 603HUKAIOULUX
6 10b6om mecme Kommypa cucmemol. Pezynomamoer modenuposanus npeonodycennozo anzopumma 6 RPOZPAMMHOU cpede
MATLAB nokazanu évicokyro cmenens ycnexa (mo ecmo RpasuibHyIo PeaKyulo HaA KoaeOanus 6 MUKPOCEMU) U YPe36bIuaiiHO
HU3KYI0 wacmony ouu6ox (mo ecmov HAONEHCAWYIO PEAKMUGHYIO MOUHOCHb 6 cemu). bubit. 17, tabn. 3, puc. 12.

Kniouegvie c106a: MUKPOCETDb, apaMeTPhl YIPaBJIeHHs, OHJIAHH HACTPOIiKa MapamMeTpoB, MPONOPIHOHAIbHO-HHTErPAJIbHO-

auddepennupyrommii (IMAI) koHTpOJLIEP, AIaANITHBHOE YIPABJIEHHE.

Introduction. The structure of the power industry
consists of producers, transmission lines and electrical
equipment; the operators of this industry are still
monitoring the state of the system with delays, which is
about 10 sec behind the actual time.

The above grid should use a wide range of sensors,
communications and control techniques to improve the
performance of production, transmission and distribution
systems of electric power, and move towards a more
reliable and an optimized power system, cost effective and
eco-friendly system by providing a ground for distributed
production and using renewable sources [1]. A Micro-grid
typically consists of a set of distributed sources, a power
storage system, and loads which may be used via
connecting to the global power grid or via the isand
function (independent). Distributed generation refers to
cases where electricity is produced at the same place of
consumption or near the place of consumption [2].

From the perspective of consumers, Micro-grid is
capable of providing increased reliability, improved
power quality and reduced consumption costs. From the
point of view of the power companies, the use of Micro-
grid has the potential to reduce consumption and thus
reduce the facilities required for the development of
transmission lines, and in addition to eliminating peak
consumption points, it reduces grid losses.

The topic of frequency and voltage stahility is one of
the significant factors that should be taken into account in

the planning and exploitation of Micro-grid in order to
avoid the collapse of voltage and off in system. Regarding
the fact that there are not an infinite number of Micro-grid
buses, and most power supply sources have power
interfaces, the main concern in controlling Micro-grid is
the control of electronic power converters [4]. In
connected state, the Micro-grid does not have many
problems with voltage and frequency stability. Thisis due
to the fact that it is connected to system with far higher
inertia than itself, and if it has a shortage of production, it
will be distributed from the larger system [5]. But in the
island state, the worst problem deals with the instability of
the voltage and frequency of the Micro-grid, and in many
cases, it deals with the voltage and frequency drop. The
overall Micro-grid inertiais low, and as aresult of sudden
changes in loads or faults, if there is no effective
protection and control system, Micro-grid will quickly
undergo instability and collapse.

Different structures have been developed to control
Micro-grid in recent years. But in 2012, arelatively good
initial structure for standardization was presented by Prof.
Guererro, in which a PID Controller (hierarchical control)
inspired from traditional and old power control system,
which included: local control (primary), supplemental
control (secondary) and Micro-grid power control (third)
[6]. Prof. Beaverani has improved this hierarchical
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structure by modifying the three levels and adding a new
loop to the structure. This new loop is Emergency Control
of Micro-grid [7]. In Micro-grid, both the frequency and
voltage parameters are simultaneously dependent on both
the actual power and reactive power parameters. Even to
improve this, other loops such as Loop Impedance have
been established [8].

In a PID Controller, the loop of loca control
(primary) prevents the permanent drop but does not
necessarily return it to the nominal values. The secondary
control loop includes two voltage control and frequency
control units, and consists of two loops with two regular
PID controllers. The Micro-grid power control loop
(third), which is the frequency synchronization, allows the
loop to only connect the Micro-grid to the main grid when
the phase difference of both systemsis less than (low), so
that the micro-grid is interrupted by transient
disturbances. The synchronization operation is performed
by the PID controllers[9].

At the idand state, the third control loop can
determine the amount of power generated by each
distributed source, and in the connected state, it can take
the amount of power imported or exported from the grid
to the main grid. At the island state, the nominal values of
the grid (ex. 220 V and 50 Hz), and in connection state,
the instant values of the voltage and frequency of the
main grid will be the reference values. Among the
controversial topics, we may point to the presence of
virtual impedance and how to set these control factors.
The reason for using a comparative controller is the
simplicity of control in terms of performance as well as
implementation [10].

Materials and methods. Micro-grid is part of a
power system that includes distributed generation sources
that operate as a load or power source and must be
operational after being disconnected from the main grid.

The Micro-grid is connected to the distribution
network in normal mode. If afault or short circuit occurs
in the distribution system, the fault detection system
commands bresker and that the Micro-grid goes to
autonomous or islanding mode. We have the highest
number of frequency instability and voltage problems in
islanding mode, and in most cases, we observe voltage
and frequency drops. The overal Micro-grid inertia is
low; therefore, sudden changes in load or faults in
absence of an effective protection and control system, the
Micro-grid experiences instant instability and collapse. In
result, we need a controller that can stabilize the system.

Controlling distributed sources in Micro-grids bears
high importance in optimizing and increasing the
reliability and stability of power network. The PID
controller is one of the most commonly used feedback
controllers that has been used in a wide range of
controlling processes such as DC motor speed control,
pressure control, and temperature control, etc. The PID
controller computes the «error» value between the process
output and the desired input value. The goal of controller
isto minimize error via adjusting process control inputs.

In fact, the PID controller is used to control the
frequency and stability of the system and thus the power
control. An example of controllers that are widely used in
controlling industrial processes is called a Proportional—

Integral—Derivative controller or PID. Figure 1 shows
block diagram of Unity Feedback System with controller.

u Y
Controller = Plant -

Fig. 1. Unity Feedback System

The transfer function of the PID controller appears
asfollows
2
Kp+ﬁ+KDS: KDS +KPS+K| , (1)
S S
where Kp — proportiona gain, K, — integra gain, Kp —
derivative gain.

First, it is necessary to look a how the PID
controller works in a closed-loop system using the
schematic shown above. The variable (€) represents the
tracking error, the difference between the desired input
value (R) and the actual output (Y). Thiserror signal (e) is
sent to the PID controller, which computes both the
derivative and the integral of this error signal. The signal
(u), just past the controller, is now equa to the
proportional gain (Kp) times the magnitude of the error
plus the integral gain (K,) times the integral of the error
plus the derivative gain (Kp) times the derivative of the
error

de
U =Kpe+ K, [edt+Kp T )
The signal (u) is sent to the plant. The new output
(Y) returns again to the sensor to find the new error signal
(e). The proportional controller (Kp) affects the on
reduction of the rise time and the integral controller (K))
affects the elimination of the steady-state error. The
derivative control (Kp) affects the increase the stability of
the system, reduce the overshoot, and improve the
transient response. The effects of each of the Controllers
Kp, Kp, and K, on a closed-loop system are summarized in
the table below. Table 1 shows the effect of change in the
coefficient of PID Controllers on rise time and steady
state error in closed-loop system.

Tablel
Effect of PID controllers on a closed-loop system
CL Risetime |Overshoot Se_ttl Ing S-Seror
response time
Kp Decrease | Increase Small Decrease
change
K, Decrease | Increase | Increase | Eliminate
Small Small
Kp change Decrease| Decrease change

In the Table 1 CL is closed-loop system, overshoot
is the occurrence of a signal or function exceeding its
target, rise time is the time taken by a signal to change
from a specified low value to a specified high value,
settling time includes a propagation delay, plus the time
required for the output to slew to the vicinity of the final
value, recover from the overload condition associated
with slew, and finally settle to within the specified error,
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S-S error is. steady state error. Steady-state error is
defined as the difference between the input (command)
and the output of a system in the limit as time goes to
infinity (i.e. when the response has reached steady state).

In this section, an adaptive control is proposed in
order to determine the parameters of the PID controller to
deal with complex and uncertain conditions, which is due
to reduced computations.

It is supposed that the PID controlling method
determines the optimal optimization parameters based on
adaptive control. This method applies an adaptive control
method to find the optima parameters. Therefore, the
quality of detecting the range of optimal domain extracted
for algorithm operation. The order of the effect of the
suggested method is in extracting the best range of values,
so that, it provides the closest PID controller values.

Adaptive contral. In control of power systems, the
dynamics of the system may be fully apparent at the start
of operation, but its parameters face unpredictable
changes through the control process. Therefore, the
initially designed controller, which was initidly
appropriate, may not be able to control the changing
system without the redesign of the controller. In general,
the main purpose of the adaptive control isto consistently
maintain the system's operation against parametric
uncertainty or their uncertain changes. Regarding that
such a parametric uncertainty and/or their variation may
occur in many practical problems, adaptive control is
useful in anumber of industrial situations.

In existing adaptive methods in nonlinear systems, it
is generaly required to make the planetary dynamics
linearly parametric, i.e. parametric uncertainty is
functionally expressed as a line of an uncertain set of
parameter. Linear parameterization and in result, adaptive
control cannot be reached in some cases, but resistant
control (or adaptive control with semi resistant sentences)
may be possible.

An adaptive controller differs with a regular
controller from the point that the controller parameters are
changeable in it and that there is a mechanism based on
system signals used for timely adjustment of such
parameters. In the design of non-adaptive controllers, the
structure (such as the polarity determination) is firstly
determined, and then the controller parameters are
computed based on the system parameters. In the adaptive
control, the essential difference is that the system
parameters are uncertain; so, the controller parameters
should be obtained by an adaptive law. Consequently,
adaptive control design is more complicated because of
the additional requirements of the selecting adaptation
law and proving system stability against adaptation.

The basis of adaptive control is the parameter
estimation that is a branch of system identification.
Common estimation methods include recursive least
sguares and descending gradients.

In fact, adaptive control systems are often used to
control time variable parameters. The design of a
comparative controller usualy involves the following
three steps:

e selecting a control
parameters;

law that includes variable

e selecting an adaption law to set these parameters;
e analyzing the properties of the convergence of the
resulting control systems.

Many distributed generation sources, such as fuel
cells, photovoltaic cells and microturbines, are connected
through a grid voltage source inverter. Therefore, in order
to control power, distributed generation sources are
connected as a DC voltage source and through the
inverter to the grid (Fig. 2).

Fig. 2. The structure of the network studied

Tiny network structure studied. Distribution
sources can be an island for some reason, such as error or
planning, to maintain their goas. In this state of
operation, the distributed generation sources have no
connection to the main grid. Therefore, the power control
strategy of this state of operation should meet the
following objectives:

e adjusting frequency;

e maintaining and adjusting voltage;

e managing the distribution of active and reactive
powers between distributed island sources;

e performing proper distribution of power between
sources when changing loads.

Figure 3 shows the controller in island state. The
controller congtitutes of three main components of power
control, voltage control and current control, which are
described below.

bass

Vibe Lr  isbe Voabe L ioabe
Y- Y -
Ve
i
Cf === ==
Inverter L_
Vod —»] Vourer idref Vd d
Voq —»| Power *lvoltage| Flow tg Vaberef i switching
iod —»] Control | Vogrer [eontrolf jo. Vq signals
i abe

Fig. 3. Controller in the island fashion

Reactive power control. In the control of reactive
power, the Droop method has been used to calculate the
active and reactive power of the inverter output using the
measured values of the current and the inverter output
voltage. It also uses a low pass filter whose off frequency
is 10 % of the nomina frequency of the system, to
eliminate oscillations and obtain essential output power
content.
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Equations (3) and (4) indicate the power
computation method.
3 ac i
:E.S+a)c (Vodlod +V0q|oq)’ ©)
3 COC
QZE.S+0)C (Voqlod +Vod|oq)- (4)

The Drop features are used up to the provision of a
drop in the range and frequency of the output voltage, as
follows

®=w,—-mP; (5)
V=V,-nQ. (6)

Finaly, the controller is designed in away to alocate
the reference voltage, obtained by the Droop method, to the
d-axis and set the reference g to zero. These reference
values are voltage control inputs (Fig.4-6).
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Fig. 4. Reactive power controller in the island fashion

Voltage control

Fig. 5. Voltage controller in the island fashion

Fig. 6. Current controller in the island fashion

Optimization method for PID controller parameters
with adaptive control. The parameters considered in the
optimization of the coefficients are 11K, PIK, IVK, and
PVK. The optimization goal is to minimize current and
voltage errors according to the Fig. 7.

The considered Micro-grid parameters are simulated
in MATLAB <software and the results of their
optimization by adoptive control method are presented in
the following Tables 2, 3.

Fig. 7. Optimization of controller parameters by minimizing
voltage and current errors

Table2
Network parameters studied
Parameter Value
Source voltage Vpc 580V
Inductance filter inverter (Ly) 1mH
Capricanticism filter inverter (Cy) 50 uF
Frequency switching inverter (fs) 8 kHz
DGy, DG, m " 625107
n 1.810°
fo 50 Hz
Va 220+/2
2,2, 0.424j02
Power 6 kW
Voltage effective line 22043
Table2
Results obtained from optimization
Kp Ki Kb
Normal PID control 0.13034 | 10.418 | 0.63969
Adaptive PID control 0.32987 | 39.962 | 1.0926

To check the performance of the controller, the load
at the instant of t = 0.6 sis changed from 6 kW to 10 kW.
The following is the simulation’s output with parameters
optimized by comparative control.

According to the obtained forms:

o power isdivided between unitsin proper mode;
o frequency drops are within permissible range.

Simulation outputs are desirable. Although there are
overshoot in outputs, but its value is ignorable. Also, the
output speed is desired. Simulation outputs with
parameters optimized by adoptive control method are also
given below. With regard to the output figures with
optimized parameters, the following results are
achievable:

o power isdivided between units;
o frequency drops are in the allowed range.

Simulation outputs are desirable in terms of speed
and overshoot and there is no overshoot and undershoot in
the responses (Fig. 8).

In this Fig. 8 distributed generation (DG) is an
approach that employs small-scale technologies to
produce electricity close to the end users of power. DG
technologies often consist of modular (and sometimes
renewable-energy) generators, and they offer a number of
potential benefits.

As aresult, it is notable that the optimization of the
adoptive control is done correctly and the system has
optimal response with these optimal parameters.
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Fig. 8. Output power of DGs with parameters optimized by
adaptive control

Stability analysis method for determining the
function of converting voltage and current controllers.
Block current controller diagram in island state shown in
Fig. 9, where V; is the disturbance input.

Fig. 9. Block current controller diagram inisland state

The inverter conversion function is G|(S) = 1 and
Gp(S) isPID controller conversion function, expressed as

Gpi (S)=Kpip +K—S”- )

Block diagram of voltage controller in island state
shown in Fig. 10, where |, is the disturbance input.

L,

7 + L. Power controller I + 1 V.
Voret . Gy (8) conversion function | >
CS

Fig.10. Block Diagram of Voltage Controller in Island State

Gpv(S) isthe PID controller conversion function, as
follows

K
Gpy (S)=Kpy +%- 8

In order to obtain the voltage controller conversion
function, firstly obtain the current controller conversion
function and then, the conversion function obtained will
be considered in the voltage controller. The stability of
the controller can be checked upon obtaining the open
loop and closed loop function and having parameters. In
order to analyze the stability of the optimal comparator
control, first, the stability of the current controller and
then the stability of the voltage controller must be
checked. These analyses are performed according to the
parameters optimized by comparative control.

The current controller conversion function is

1.3123- S+ 309.08
0.5-1073.52 +1.3123- S+309.08

The graph of these conversion functions is shown in
the Fig. 11, 12. Considering the Figure it is founded that
the margin of interest and the margin of the controller
phase are positive; therefore, the system is stable.

T Adapti ve(S) =

Fig. 11. Voltage controller stage response in island state with
parameters optimized by adaptive control

Fig. 12. Controller stage responsein island state with parameters
optimized by adaptive control

Conclusion. The adoptive control method was used
to select the optimal PID controller parameters in Micro-
grid. The sample grid and the adoptive control used for
finding the most optimal response were implemented in
MATLAB software. The simulation results show the
correct control of the reactive power between the Micro-
grids distributed generation sources. These simulation
results also indicate that the optimization of the
parameters is done correctly and the system responses are
desirable. These responses were evaluated in terms of the
speed and error of the steady state.

Sustainability analysis was performed with
optimized parameters and the stability of the systems with
bad graphs and their performance and speed were
investigated with step responses. The performance of
these systems was aso investigated against step type
turbulence. The results of this thesis once again indicate
the requirement of proper selection of correct controller
coefficients, because the lack of proper selection may lead
to undesirable and oscillatory responses of the system.
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