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Electrical Engineering. Great Events. Famous Names
UDC 629.7:930.1 doi: 10.20998/2074-272X.2019.6.01

M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 52: ROCKET-SPACE TECHNOLOGY DESIGNER MIKHAIL
YANGEL AND HIS ACCOMPLISHMENTS IN MISSILE DESIGN

Purpose. Preparation of short scientifically-historical essay about the distinguished designer of domestic space-rocket technique
and one of basic creators of missiles for a Soviet rocket-nuclear «shieldy Mikhail Kuzmich Yangel. Methodology. Known
scientific methods of collection, analysis and analytical treatment of scientific and technical information, regarding becoming
and development in the USSR of space-rocket technique of the military and peaceful applications and resulted in scientific
monographs, journals and internet-reports. Results. A short scientifically-historical essay is resulted about the distinguished
Soviet designer of space-rocket technique of M.K. Yangel, becoming one of creators of domestic strategic rocket-nuclear «shieldy.
Basic scientific and technical achievements of talented and purposeful scientist-mechanic M.K. Yangel are described, becoming
in 1954 Head and Chief Designer of the Special Designer Bureau No. 586 (SDB-586, Dnepropetrovsk city), in area of
development and creation of powerful battle ballistic rockets of the strategic applications and missiles for the peaceful mastering
of space. It is shown that under scientific guidance of the Chief Designer of SDB-586 (in 1966 it began to be named DB
«Southern») M.K. Yangel in the USSR were developed and accepted on the armament of rocket strategic armies the Soviet army:
battle strategic rockets of the first generation (rockets with military indexes 8K63, 8K65 and 8K64); battle intercontinents ballistic
rockets (ICBR) of the second (rockets with military indexes 8K67, 8K69 and 8K67I1) and the third (rockets with military indexes
15414 (on terminology of NATO SS-18 «Satany), 15415, 15416 and 15A418) generations. At creation in the USSR of battle ICBR
of the fourth generation (rockets with the military indexes of 15A18M, 15/K60 and 157K61) the ideas of M.K. Yangel were
applied. These battle ICBR provided in the period of the «Cold War» for the USSR a party in the world race of strategic rocket-
nuclear armaments. Powerful domestic missiles are «Space-1», «Space-2»,»Cyclone-2» and «Cyclone-3», created at SDB-586
(DB «Southern») under the guidance of M.K. Yangel on the base of the indicated battle ICBR, executed the tasks laid on them in
area of the peaceful mastering of space. Originality. Certain systematization is executed known from mass of scientific and
technical materials media, regarding becoming and development in the USSR of rocket industry, having an important military-
strategic and civil value. First for a wide reader the concrete contribution of SDB-586 (DB «Southern»), headed in the period of
1954-1971 by Academician of the Academy of Sciences of the Ukrainian SSR and the Academy of Sciences of the USSR M.K.
Yangel is exposed in the concentrated kind, in creation of powerful Soviet battle ICBR, making in the period of 1959-1991 basis
of rocket-nuclear «shield» of the USSR. Practical value. Scientific popularization and deepening for the students of higher
school, engineering-technical and scientific workers of physical-technical knowledge in area of history of becoming and
development in the former USSR of military and peaceful rocket production, extending their scientific and technical range of
interests and further development of scientific and technical progress in society. References 24, tables 2, figures 13.

Key words: space-rocket technology, distinguished Soviet designer of space-rocket technology Mikhail Yangel, achievements
in a military and peaceful rocket production, scientifically-historical essay.

Hagedeno naykogo-icmopuuHuil Hapuc npo 6u0AmMHoz0 padAHCcbK020 KOHCMPYKmMOoOpa paxkemuo-kocmiunoi mexuniku Muxaiina
Ky3zomiua Snzena, ujo cmag oOnum 3 meopuyie imuu3HAHO20 PaAKeMHO-10epHoz0 «ujumay. Onucani 0CHO6HI HAYKOGO-MeXHiUuHI
Odocaznennn M.K. Anzenn ¢ zanysi po3pooku i cmeopennsa ¢ CPCP 601106020 cmpameziunozo pakemnozo 030po€nuna i pakemuo-
KOCMIuHOT mexHiKu 0na MUpHozo 0ceocHHA Kocmocy. Ilokazano, wo I'onoenuii koncmpykmop OKB-586 (KB «ITigdenner,
Mm. quinponempoecvk) M. K. Anzenv € «oamvkom» paoancokux 060iiogux mixckonmunenmanvhux oanicmuunux paxem (MBbP)
nepwozo (3 inoexcamu 8K63, 8K65 i 8K64), opyzoz0 (3 inoexcamu 8K67, 8K69 i 8K67I1) ma mpemwvozo (3 inoexcamu 15414,
15415, 15416 i 15418) noxonains. Ilpu cmeopenni MBP uemeepmozo noxoninna (3 inoexcamu 15A18M, 157K60 i 157K61) oynu
3acmocosani ozo ioei. /Jani 60itosi MBP 3abe3neuunu 6 nepiod «xon00noi giiinuy ons CPCP napumem 6 ceimogiii 2onuyi
cmpameziuHUX paKkemuo-a0eprux 030pocus. bion. 24, tabdn. 2, puc. 13.

Kniouosi cnosa: pakeTHO-KOCMiYHA TeXHiKa, BUAATHHI PaJsiHCbKUH KOHCTPYKTOP PaKeTHO-KOCMiuHOI TexHikm Muxaiino
SIHreJib, 1OCATHEHHs y BilicbKOBOMY i MUPHOMY pakeTo0y/yBaHHi, HAYKOBO-iCTOPUYHMI HApHC.

Ilpugeden nayuno-ucmopuueckuii 04epK 0 6bLOAIOULEMCA COBEHICKOM KOHCHPYKMOpPe DPAKeMHO-KOCMUYECKOU MeXHUKU
Muxaune Kyzomuue HAnzene, cmaguwiem 00HUM u3 cozoameseil OmMe4eCmMEeHHO20 PAKEMHO-A0epHo20 «wumay». Onucanwl
OcHoGHble HayuHo-mexHudeckue oocmuxncenus M.K. Sncenn e oonacmu paspabomku u cozdanus ¢ CCCP oboesozo
CMpPAmezuiecKo20 PAKemHoz0 800PYIHCEHUSL U PAKEMHO-KOCMUYECKOU MEXHUKU O MUPHO20 oceoenus kocmoca. Ilokaszano,
umo I'naenvtii koncmpykmop OKB-586 (Kb «IOscnoe», 2. /Inenponempoeck) M.K. fnzenv aenaemca «omuyom» coeemcKkux
00esblx MmedcKoHmuneHmanvHylx oannucmuueckux paxem (MBP) nepeozo (¢ unoexcamu 8K63, 8K65 u 8K64), émopozo
(c unoexcamu 8K67, 8K69 u 8K671I) u mpemsvezo (c unoexcamu 15414, 15415, 15416 u 15A18) nokonenuii. Ilpu cozoanuu
MBP uemeepmozo noxonenusn (c undexcamu 15418M, 152K60 u 15/K61) 6viiu npumenenst ezo uoeu. /lannvie 6oeevie MbP
obecneuunu ¢ nepuod «xon00nou eoiunv» 0aa CCCP napumem 6 Mupogoii 20HKe CMpAmMeZu4ecKux paxKemuo-10epHbixX
6oopyxcenuii. bubn. 24, tabn. 2, puc. 13.

Kniouesvle cnosa: pakeTHO-KOCMUYECKasi TEXHUKA, BHIIAKIIMIICS COBETCKUN KOHCTPYKTOP PAKETHO-KOCMUYECKOH TEXHUKH
Muxaui SIHreIb, TOCTHKEHUSI B BOEHHOM H MHPHOM PAKETOCTPOECHHH, HAYYHO-HCTOPHYECKHI 0UepK.

Introduction. At present, taking into account the = USSR, which had important military strategic importance,
past years and declassifying many previously inaccessible it is becoming known that the best Soviet intercontinental
to the general reader materials related to the formation ballistic missile (ICBMs) were designed and created by
and development of the missile industry in the former
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not the notorious designer of rocket and space technology
(Chief Designer of SDB-1, Kaliningrad city, Moscow
Region), twice Hero of Labor, academician of the
Academy of Sciences of the USSR (since 1958) S.P.
Korolev [1], but by the Chief Designer of SDB-586
(Design Bureau «Yuzhnoye» («Southerny),
Dnipropetrovsk city) M.K. Yangel [2]. It is M.K. Yangel
practically «shouldered» the incredible responsibility and
the whole burden of the USSR’s defense against a
potential nuclear missile strike of the enemy’s forces of
the West. Merits of S.P. Korolev in the creation of the
first Soviet ICBMs, set in 1956-1968 into service with the
Strategic Missile Forces, no one pleads. In the
competition M.K. Yangel actually «untied» the hands of
S.P. Korolev for the Soviet breakthrough into peaceful
space. It is required to pay tribute to the fully undervalued
in the 20th century bright and successful outstanding
Soviet designer of rocket and space technology twice
Hero of Labor (1959. 1961), Academician of the
Academy of Sciences of the Ukrainian SSR (since 1961)
and of the Academy of Sciences of the USSR (since
1966) Mikhail Kuzmich Yangel [2] (Fig. 1). To do this, in
the form of a scientific and historical essay about him, we
make a modest contribution — we as the heirs of the works
of M.K. Yangel.

The goal of the paper is preparation of a brief
scientific and historical essay on the outstanding designer
of domestic rocket and space technology and one of the
main creators of launch vehicles for the Soviet nuclear
missile «shield» M.K. Yangel.

1. The beginning of life and career of M.K.
Yangel. Mikhail was born on November 7, 1911 in the
East Siberian village of Zyryanova (Irkutsk province,
Russian Empire) in a large peasant family of Kuzma
Lavrentievich and Angelina Petrovna Yangel, who had 12
children [2]. As we see, the name and surname of this
man glorified in the future by his titanic work is very
associated in human consciousness with the divine word
«angel», which was, as it were, sent to earthlings from
heaven to comprehend the mysteries of our world.

Fig. 1. Outstanding Soviet designer of space and rocket
technology, twice Hero of Labor, Lenin Prize Laureate, Doctor
of Technical Sciences, Academician of the Academy of
Sciences of the Ukrainian SSR and of the Academy of Sciences
of the USSR Mikhail Kuzmich Yangel
(07.11.1911 - 25.10.1971) [2]

In 1926, after finishing the sixth grade of a village
school, he moved to Moscow to his older brother

Konstantin [2]. After graduating from a factory school, in
the period 1929-1931 Mikhail works as an assistant
craftsman at a textile factory (Krasnoarmeysk, Moscow
region). In 1931 he entered the Moscow Aviation
Institute, which in 1937 he graduated with honors in the
specialty «Aircraft Engineering» [2]. In the period 1935-
1944 he worked in various positions (starting with the
leading engineer and ending with the Director) at the
plant-branch at the Design Bureau, led by the famous
Soviet aircraft designer N.N. Polikarpov [3]. He
participated in the development and refinement of his
combat fighter aircrafts 1-153, I-180 and I-185 [2]. In
1944 he was Deputy Chief Engineer of the aircraft plant
No. 155 at the experimental design bureau (EDB), headed
by prominent in the future aircraft designer A.I. Mikoyan,
and in 1945 he began to work as a leading engineer at the
design bureau of the famous Soviet aircraft designer V.M.
Myasishchev [2]. In the period 1946-1948, while working
at the special department of the Ministry of Aviation
Industry of the USSR, he coordinated work both in the
field of domestic aircraft construction and the work of
numerous talented Germans-rocket men moved from
Germany to the USSR [1]. These two years of
communication with German rocket experts and the study
of captured documents from Germany in the field of
rocketry gave much to M.K. Yangel in understanding the
ways of formation of the missile industry in the USSR. In
1950, he graduated with honors from the USSR Academy
of Aviation Industry. Since April 12, 1950 (the future
Cosmonautics Day of the USSR), its official «entry» into
the rocket industry of our country begins [2, 4]: first, he
holds the position of Head of Department at SDB-1
(Kaliningrad city, Moscow Region), created at the leading
institution of the USSR in the field of rocket science SRI-
88 [1] and led by S.P. Korolev, and then since 1951 he
became one of the Deputy Chief Designers of S.P.
Korolev. In May 1952, he was appointed as Director of
the leading research institute SRI-88 in the USSR, which
included 25 Departments, a pilot plant, two branches and
more than ten Design Bureaus, including SDB-1 of
extremely ambitious and striving for its own one-man
management in the missile industry of the USSR S.P.
Korolev. Apparently, by so high appointment of M.K.
Yangel, to whom S.P. Korolev had to obey, the wise
Soviet leadership (first of all, represented by the Minister
of Arms of the USSR, then Colonel-General D.F.
Ustinov, who later became the Marshal of the USSR,
three times Hero of Labor and the USSR and who had the
largest number of orders of Lenin in our country — 10 [5])
sought to limit the rocket «monopoly» of S.P. Korolev.
We indicate that the Chief Designer of SDB-1 S.P.
Korolev showed himself not in the best circumstances for
him [6, 7]: he defiantly did not attend the meetings held
by his boss M.K. Yangel, often ignored the orders of the
new Director of SRI-88 and, with great delays, carried out
his decisions. It was from this period that the «difficult»
personal and generally difficult relationships began
between these legendary Soviet rocket designers.
Understanding the situation, M.K. Yangel in October
1953 made an extraordinary decision — he submitted to
his Minister an application to dismiss him from the post
of Director of SRI-88 of his own free will. In November
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1953, by the order of the indicated Minister D.F. Ustinov,
he was dismissed from the post of Director and appointed
as Chief Engineer of SRI-88. In such a way M.K. Yangel
after fulfilling administrative duties again found himself
in his native creative «environment»: he had the
opportunity to develop a new direction in rocket science
and technology — the use of high-boiling fuel components
and an autonomous control system in ICBMs. At this time
the «outcome» took place of persons who many did
during the period 1945-1954 under the leadership of
Wernher von Braun’s colleague Helmut Grottrup's
leadership to lift Soviet rocketry technology of Russified
German missile-rocket experts from the USSR to the
German Democratic Republic [1].

2. The main achievements of M.K. Yangel in
military rocketry (1954-1971). In April 1954, a Special
Decree of the Council of Ministers of the USSR
established the Special Design Bureau No. 586 (SDB-
586, which became known as the Design Bureau
«Southern» in 1966) on the basis of a serial rocket plant
No. 586 (Dnepropetrovsk city), and M.K. Yangel was
appointed as its Head and Chief Designer [7]. The main
activity of M.K. Yangel and the SDB-586 headed by him
has been developing and creating Soviet combat ICBMs.
Work in the field of creating spacecrafts and the peaceful
exploration of outer space was in the background for him.
The first for M.K. Yangel missiles were rockets of
medium (P-12) and medium (P-14) range [7, 8]. On June
22, 1957, the first and successful test was conducted at the
Kapustin Yar training ground for the P-12 rocket that he
created (in NATO terminology SS-4, Fig. 2) [9].

o i

Fig. 2. Museum exhibit ofa single-stage stategic missile of type
P-12 (military index 8K63) on the launch pad (1957, chief
designer — M.K. Yangel) [9]

Table 1 shows the main tactical and technical
characteristics of the rocket of type P-12 (8K63), created
in SDB-586 under the leadership of M.K. Yangel. This
single-stage rocket with liquid high-boiling fuel was the
first strategic missile developed at SDB-586
(Dnepropetrovsk city) [9, 10].

Table 1
The performance characteristics of the Soviet combat missile
P-12 (8K63) with a thermonuclear charge [9]

No. Name of characteristic Value

1 Body length, m 21.1

2 | Case diameter, m 1.65

3 Starting weight, t 41.7

4 | Number of stages 1

5 TNT warhead mono-charge power, Mt 2.3

6 Range of flight (firing), km 2080
High boiling rocket fuel components:

7 | —brand of fuel TM-185
— brand of oxidizing agent AK-271
Period of being in service with the 1959-

8 Strategic Missile Forces of the Soviet 1988
Army

Note that on the basis of the P-12 strategic missile
(see Fig. 2), related to the first generation combat missiles
and intended for ground launch, the SDB-586 developed
the P-12V missile (military index 8K63Y) with increased
nuclear resistance blows of the probable opponent,
intended for a mine start. Note that compared to the first
rocket of type P-1 of S.P. Korolev [1], which was an exact
copy of the German single-stage V-2 with liquid rocket
engine (LRE) [11], the first P-12 rocket of M.K. Yangel
produced in the amount of 2300 pcs and had been on
combat duty for about 30 years [9], with almost the same
diameter and greater length of the hull 1.5 times had a
range of flight (firing) of about 7 times greater. The main
reason for this was that the LRE of the P-1 rocket and all
subsequent missiles of S.P. Korolev worked on low-
boiling fuel (kerosene) with a liquid-oxygen oxidizer, and
the rocket engines of all M.K. Yangel’s rockets — on high-
boiling fuel with new types of oxidizing agents. This was
followed by work on the creation of the P-14 (8K65)
missile with a firing range twice as large as that of the P-
12 missile. The features of the P-14 rocket (in NATO
terminology SS-5) were [10]: firstly, the use of HIAMI
fuel; secondly, the use of a gyro-stabilized platform for an
autonomous inertial missile control system, which allows
to reduce instrumental errors in the control system and to
provide higher accuracy of its fire. In June 1960, the first
successful launch of the intermediate-range missile (up to
4000 km) P-14, developed by the SDB-586, was carried
out according to the program of its flight design tests [10].

The legislative bodies of the USSR set for M.K.
Yangel (Fig. 3) and his SDB-586 a new important task:
the development of the ICBM project on high-boiling and
long-stored fuel components. Such a missile became the
P-16, which was created in a fairly short time. Preparation
for the first launch of which on October 24, 1960 ended
with the largest disaster in the history of domestic rocket
science [10]. Then, during pre-launch work (about 15
minutes before the scheduled test launch of the first M.K.
Yangel’s ICBM), an unauthorized start of the second-
stage engines of this ICBM occurred and the P-16 rocket
(in NATO terminology SS-7) exploded right on the
launch pad site of the Baikonur training ground [12]. In a
fiery tornado, diverging in concentric waves from the
launch center to a distance of up to 120 m, 76 people were
immediately burned alive. Among them were [2, 12]:
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commander of the Strategic Missile Forces of the USSR,
Artillery Marshal M.I. Nedelin, chief designers of rocket
systems, testers, militants and employees of a number of
design bureaus. Subsequently, 16 more people died in
hospitals due to burns and poisoning [12].

Fig. 3. Chief designer of the Soviet SDB-586, which in 1966
became known as the Design Bureau «Southern»
(Dnepropetrovsk city), M.K. Yangel at the «zenith» of the
heyday of design talent and creative work in the development
and creation of powerful domestic military ICBMs with LRE
(photo of the 1950s) [7]

Chief Designer M.K. Yangel miraculously survived
this disaster: he and several other people, a few minutes
before the explosion of the P-16 rocket, moved away from
the place where it started to smoke [2, 12]. Mikhail
Kuzmich hard endured this tragedy, which hit us hard, as
they say, directly «under the breath» of the SDB-586 and
its team. The tasks of strengthening the country's defense
required the completion of work on the P-16 (8K64)
missile. On February 21, 1961, the first successful launch
of the P-16 (SS-7) ICBM, related to first-generation
combat missiles, was carried out in the USSR [10, 12].
ICBM R-16 in front of all ICBMs of S.P. Korolev had a
number of advantages [12]: firstly, it was refueled with
new fuel components, which enabled it to be in a refilled
state for up to 30 days, and then more; secondly, the
rocket had an autonomous control system leading the P-
16 to the target without any connection with the Earth;
thirdly, it was easier to operate. Later, this missile was
adopted and it formed the basis of the Strategic Missile
Forces of the USSR.

In the early 1960s, the SDB-586 was actively
engaged in the modernization of first-generation strategic
combat missiles [13]: their main focus was the ampouled
execution of the fuel tanks of the missiles and the
possibility of their being in the refueled state for up to
seven years. At this time, in the USA, a Titan-2 mine-
based ICBM was created based on high-boiling fuel,
capable of carrying a thermonuclear charge of high
power. There were no such ICBMs in the USSR at that
time. In this regard, the main Soviet missile design
bureaus received from the country's legislative bodies
tasks for the development of powerful missiles of heavy
and superheavy classes. To achieve these goals, the SDB-
586 proposed a project of a middle-class missile
implemented in the P-36 missile system (military index
8K67, in NATO terminology SS-9) in ballistic and orbital
versions of missiles [13]. On September 28, 1963, the
first and successful launch of the P-36 rocket, belonging

to the second generation of combat missiles, was carried
out. Further, under the leadership of M.K. Yangel the
SDB-586 creates an orbital ICBM with a military index of
8K69 [13]. This class of ICBMs had a unique property:
with an unlimited range of fire, it can deliver a warhead
for the defended state from two directions — from the front
and rear, which forced the probable enemy to create
missile defense on their borders simultaneously from two
directions. Technically, this property was provided by a
specific flight pattern of an orbital rocket along flat
trajectories, including the trajectory of an artificial Earth
satellite (AES) [13]. In December 1965, the first launches
of such an orbital Soviet missile were carried out
according to the program of its flight design tests. In
August 1968, a new powerful ICBM of the second
generation of SDB-586 development missiles, a missile
with a military index of 8K67I1, which is a modification
of P-36 type ICBM with a military index of 8K67 and
having a three-part warhead that is divided in flight, was
launched from a Soviet test site [13]. In the period 1964-
1980, 288 units were deployed in the USSR of the heavy
P-36 ICBMs (SS-9 missiles, which were in 1965 the most
powerful military missiles in the world with
thermonuclear charges) with a launch weight of 183 tons
and a warhead weight of 5.8 tons [12, 14].

In the late 1960s, the USSR experienced a quantum
leap in the creation of strategic missile systems. The
efforts of many domestic research institutes and design
burecaus have developed reliable small-sized on-board
digital computers, high-precision command instruments
of missile control and aiming systems, thermonuclear
charges with high specific combat characteristics, more
advanced rocket propulsion systems, new schemes and
methods of hardening launchers [15]. This became the
basis for the creation of third-generation combat ICBMs.
One of the main features of the third generation of
military missile equipment of the USSR was the use of a
«mortar launch» of missiles from a transport and launch
container (TLC) [15]. With this type of launch, the rocket,
due to the triggering of the powder charge installed in the
lower part of the TLC (Fig. 4), flew out of the container
(figuratively for the reader we say like a cork from a
bottle of champagne), and then its rocket engines were
launched in flight of the rocket outside the container.
Decision of M.K. Yangel about the transition to this type
of launch of ICBMs was so new and unusual that for
many of his colleagues from SDB-586 it seemed simply
fantastic and risky.

On September 2, 1969, the USSR Council of
Ministers issued a secret decree «On the development and
manufacture of the P-36M (15A14) missile system» (now
it has been declassified), aimed at creating at Design
Bureau «Southern» (successor since 1966 to the
legendary SDB-586) of the combat heavy missile
complex P-36M (military index 15A14, according to
NATO terminology SS-18 «Satany) instead of a heavy
ICBM of type P-36 (military index 8K67, SS-9) [14].
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Fig. 4. Moment of loading of heavy combat ICBM of type
P-36M (military index 15A14, in NATO terminology SS-18

«Satany), placed in a massive fiberglass TLC, in the mine
launcher (1978) [14]

The preliminary design of the Soviet two-stage
heavy missile P-36M (15A14), carried out under the
leadership of M.K. Yangel, was completed in record time
— in December 1969 [14]. At the first stage of the P-36M
rocket, a block of four-chamber closed-circuit LREs was
used, and at the second stage, a single-chamber march
closed-circuit LRE and four-chamber open-circuit
steering LRE [14]. The composition of the separable
warhead (SWH) of the P-36M (15A14) rocket included
eight individual guidance (IG) units with thermonuclear
charges [14]. The use of a more advanced design
(lightweight units and their tight layout) and more
efficient closed-circuit rocket engines in heavy combat
ICBM P-36M allowed, with almost the same dimensions
as of the combat ICBM P-36, to increase the launch mass
of the missile to 209.6 t with a weight of its head part
(HP) up to 8.8 t [14]. This missile was located in a thick-
walled fiberglass TLC (see Fig. 4), which was installed in
a converted mine launcher (ML) from the P-36 missile.
The ML of a combat P-36M ICBM was a structure with a
vertical barrel depth of 39 m and a diameter of 5.9 m and
was distinguished by increased security and resistance to
a nuclear strike by a likely enemy (Fig. 5) [14]. Figure 6
shows a general view of the museum exhibit of the Soviet
heavy combat missile of the P-36M type, developed and
created at the Design Bureau  «Southern»
(Dnepropetrovsk city) under the leadership of the Chief
Designer M.K. Yangel [14-16].

Figure 7 captures the mine launch of the Soviet
combat two-stage heavy ICBM of the P-36M type
(military index 15A14, in NATO terminology SS-18
«Satany), created at the Design Bureau ‘Southern» [14].

Table 2 shows the tactical and technical
characteristics of the Soviet combat ICBM P-36M
(15A14) [14].

We point out that in January 1971 «throw» tests of
the P-36M (15A14) missile were launched, during which
its «mortar launch» was being worked out [14]. On
February 21, 1973 (at that time the student and associate
of M.K. Yangel, Academician of the Academy of
Sciences of the Ukrainian SSR (since 1976) and of the
Academy of Sciences of the USSR (since 1984), an
outstanding scientist and designer of rocket and space

technology, twice Hero of Labor (1969, 1976) V.F. Utkin
[17] became the Director and General Designer of the
Design Bureau «Southerny»;) flight design tests of the new
P-36M (15A14) rocket complex began [14].

\\ N i \ lr e
=y = e
Fig. 5. General view of the ML with the Soviet P-36M type
ICBM installed in it (military index 15A14, SS-18 «Satany)

during maintenance of the missile by military personnel from
folding platforms [14]

]

military two-stage heavy ICBM of type P-36M (military index
15A14, SS-18 «Satany), which became the most powerful
strategic missile in the world in the 1970s [14]

Fig. 7. Moment of «mortar launch» frm te ML of the Soviet
military two-stage heavy ICBM of type P-36M (military index
15A14, in NATO terminology SS-18) [14]

Note that the tests of this complex with three types
of combat equipment were completed in October 1975,
and on December 30, 1975 the Soviet heavy P-36M
ICBM (military index 15A14, in NATO terminology SS-
18 «Satan») was adopted by the Strategic Missile Forces
of the USSR [14].
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Table 2
The performance characteristics of the Soviet combat heavy
ICBM P-36M (15A14, SS-18 «Satan») [14]

No. Name of characteristic Value
1 Body length, m 36.6
2 | Case diameter, m 3.0
3 | Starting weight, t 209.6
4 | Number of stages 2
Module 3:
Charge power of the warhead in TNT | SWH IG
5 equivalent, performed in four versions | 8x900 kg;
(monoblock: Mod 1 or Mod 2; SWH Module 4:
with IG: module 3 or module 4), kg SWH IG
8x750 kg
- 16000 (light
HP);
6 | Range of flight (firing), km . (lhlei(\)/(})/ HP);
- 10200 (SWH
with IG)
High boiling rocket fuel components: | -Asymmetric
— brand of fuel: dimethylhyd
razine
7 (ADMH);
— brand of oxidizing agent: -Diazot
tetraoxide
(N,Oy).
8 | Fuel weight, t 188.0
9 | Missile control system _Auto_nomous
inertial
- 4163 (at sea
10 Thrust force of the first stage LRE, level);
kN - 4520 (in
vacuum).
1 Mass of the warhead 3.3
of the missile, t ’
- 2874 (at sea
12 Specific impulse of the first stage of level);
the missile, m/s -3120 (in
vacuum).
ML with
13 | Missile launcher type «mortar
launchy»

Unfortunately, this day did not wait for our great
designer of military rocketry, twice Academician (of the
Republican and the Soviet Union’s Academies of Sciences)
M.K. Yangel, who died on October 25, 1971 in Moscow
from another heart attack [2]. The Soviet combat heavy
ICBM of type P-36M (15A14, SS-18 «Satan») was a
triumph of the design talent of our compatriot M.K.
Yangel. He created it not for attacking and destroying
people, but for the sake of the survival of mankind in the
frenzied nuclear arms race that has swept our entire world.
And how many were in the USSR at the beginning of its
development of opponents of this grandiose missile
project? Even long-time associate of M.K. Yangel, chief
designer of the Soviet ML E.G. Rudyak proved that the
design of the P-36M (15A14) missile at its «mortar launchy
[12] was inconsistent: «... To throw, like an apple, a liquid
colossus weighing more than two hundred tons is pure
absurdity». But M.K. Yangel turned this absurdity into a
reality. By 1988, almost half of all thermonuclear warheads
of the Strategic Missile Forces of our country were located
in the USSR on this legendary ICBM [12].

Later, at the Db «Southerny, taking into account the
ideas and developments of M.K. Yangel, improved
ICBMs of the third generation of mine military missiles
[15] were developed: P-36M VYTTX missile systems
(military index 15A18) equipped with SWH with 10 1G
combat units, and MP-YP100 missile systems (military
index 15A15, Fig. 8) and its improved version MP-YP100
YTTX (military index 15A16), equipped with SWH with
four IG combat units. In these developments of the
ICBMs, all the achievements of Soviet science and
missile technology available at that time were embodied.
For M.K. Yangel work on the Soviet strategic missile
systems P-36M (15A14, SS-18) and MP-YP100 (15A15,
SS-17) became the «swan song». By the way, it took the
United States five years for the practical implementation
of the «mortar launch» after the USSR from the buried
mines of its strategic ballistic missiles [14, 15].

Fig. 8. General view of the museum exhibit of the Soviet ICBM
MP-VYP100 (military index 15A15, in NATO terminology SS-
17) with TLC developed and created at the Design Bureau
«Southern» [18]

To complete the «picture» of the achievements of
the DB «Southern» in the field of creation in the period
1980-1991 (at that time, its Directors and General
Designers were already mentioned V.F. Utkin and a
talented student of M.K. Yangel and V.F. Utkin, a famous
Ukrainian designer of rocket and space technology,
Doctor of Technical Sciences, Academician of the NAS
of Ukraine (since 1992), Hero of Ukraine (2004) S.N.
Konyukhov [19]) of high-performance powerful ICBMs
of the fourth generation of combat missiles, we note that
during their development the main areas of work were
[20]: firstly, the creation of missiles capable of starting
directly under the conditions of a nuclear strike on a
positional area; secondly, the creation of mobile-based
solid-fuel rockets, the survivability of which is achieved
due to their mobility and uncertainty of location. Both of
these areas were implemented in the P-36M2
«Voyevoda» missile systems (military index 15A18M, in
NATO terminology SS-18-3) developed by the Design
Bureau «Southern» with LRE of fixed-mine base and
solid-fuel ICBMs of the PT-23 and PT-23 VYTTX
«Molodets» type (military indices 115)K60 u 15K61, in
NATO terminology SS-24-1 and SS-24-2) of a mine and
mobile railway base [20]. The scientific basis for the
creation of these Soviet mobile missile systems was laid
by the perspicacious and talented M.K. Yangel. With the
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collapse of the USSR, work on the development and
creation of new strategic missile systems at the Design
Bureau «Southern» was discontinued [20].

3. The main achievements of M.K. Yangel in
rocket and space technology for peaceful purposes
(1961-1971). Note that in the field of creating spacecrafts
(SCs) M.K. Yangel also achieved considerable success.
Of particular interest here is the fact that M.K. Yangel,
despite the «difficulty relationships with the Chief
Designer of SDB-1 S.P. Korolev, took an active share in
the 1960s in the creation in the USSR of a super-heavy
launch vehicle of the H-1 type, designed for the flight of a
Soviet manned spacecraft to the Moon [1]. M.K. Yangel
had his own achievements in creating a similar P-56
launch vehicle (launch weight up to 1200 tons) at the
SDB-586, which had only four LREs with a thrust of 640
tons each in its first stage [2]. In the design of the H-1
launch vehicle (Chief Designer — S.P. Korolev), 30 low-
power LREs, operating simultaneously with kerosene and
liquid oxygen, were to be installed at the first stage [2].
Further events in the implementation of the Lunar
Program of the USSR showed that the wrong approach of
S.P. Korolev to the choice of the type of the LRE for the
first stage of the H-1 launch vehicle led to its explosion
on the launch pad and the destruction of the launch
complex. Accept S.P. Korolev position of M.K. Yangel,
perhaps the Soviet cosmonaut would have entered the first
in the history of mankind on the surface of the Moon.
However, designed, manufactured and tested under the
guidance of M.K. Yangel in low Earth orbit, the lunar
module by the SDB-586 of the project H-1 — JI3 (block
«E») was the only one in the USSR that was completely
ready for space flight in the framework of the Soviet
Lunar SC program [2]. As we can see, these data
additionally emphasize the originality of the personality
and the versatility of scientific and engineering talent of
M.K. Yangel, who always sought to adapt and modify
combat launch vehicles for their use in the peaceful
exploration of outer space. The constantly growing needs
of the regular launch in the USSR into orbits of satellites
for various purposes made it necessary to refine the P-14
(8K65) combat missile at the SDB-586 with a view to
using it as a space launch vehicle. Thus, the Space-1
launch vehicle was created [7]. On the basis of the two-
stage combat rocket P-36 (8K67), the Space-2 space
launch vehicle was developed [7]. The first launch of the
Space-2 launch vehicle was carried out on August 18,
1964. A total of 700 launches of the Space-2 launch
vehicle were made, which launched more than 1000
different spacecrafts into orbit. On the basis of the 8K69
military missile at the Design Bureau «Southern», the
Cyclone-2 launch vehicle was created (Fig. 9), designed
to launch military and civil spacecrafts into low circular
and elliptical near-earth orbits [7, 16].

We point out that the first launch of the Cyclone-2
launch vehicle (Chief Designer — M.K. Yangel) took
place on August 6, 1969 from the Baikonur Cosmodrome
(Kazakhstan), and the last one in June 2006 [4]. Having
finalized the powerful 8K69 military missile, the Design
Bureau «Southern» created a three-stage Cyclone-3

launch vehicle. Its first launch with the SC took place
from the Plesetsk Cosmodrome (RF) on June 24, 1977,
and the last one in January 2009.

Fig. 9. Launch moment of the Cyclone-2 launch vehicle [4]

In May 1939, Irina Viktorovna Strazheva (Fig. 10)
became the wife of the outstanding designer of space and
rocket technology M.K. Yangel [7, 8]. In their family, a
daughter Lyudmila and a son Alexander were born. 1.V.
Strazheva became a Doctor of Technical Sciences and
worked as a Professor at the Moscow Aviation Institute
(MAI) [2]. Note that since the end of the 1960s, the Chief
Designer of Design Bureau «Southern» began to live in a
service house. Before that, he lived for 12 years in a hotel
in Dnepropetrovsk, and later in a small two-room
apartment with the family of his son Alexander.

Fig. 10. Brilliant Soviet designer of rocket and space technology
M.K. Yangel with his wife .V. Strazheva, the grandchildren
Dima and Seryozha (the children of their daughter Lyudmila)
during their common summer vacation at Mikhail Kuzmich’s

cozy summer house near Moscow (1967, settlement of
Barvikha, RF) [8]

4. Awards, distinctions and recognition of the
merits of M.K. Yangel. This great designer in the field of
rocket science and an aeromechanic scientist was awarded
the following Soviet state awards and was awarded such
honorary titles [2]:

e two gold medals of the Hero of Labor «Hammer and
Sickle» (1959, 1961);

o four Orders of Lenin (1956, 1959, 1961, 1969);

o Laureate of the Lenin Prize (1960);

o Laureate of the USSR State Prize (1967);
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e Academician of the Academy of Sciences of the
Ukrainian SSR (1961);

e Academician of the Academy of Sciences of the
USSR (1966);

e S.P. Korolev gold medal of the Academy of
Sciences of the (1970);

e Order of the October Revolution (1971);

e Medal «For the Defense of Moscow» (1944);

e Honorary resident (citizen) of Baikonur.

President of Ukraine (in the period 1994-2005) L.D.
Kuchma, who once worked as the Director of the
«Yuzhmashy plant and had close contact with the Design
Bureau «Southern» under the leadership of M.K. Yangel,
as his grateful follower said [2]: «.. Yangel is a
fantastically talented scientist and designer. Yangel lived
without sparing himself. He lived without looking back,
burning his life «fuely. For months and years at
spaceports — in the uninhabited steppe and taiga». The
great designer of rocket and space technology died in
Moscow from the fifth heart attack on the anniversary of
his 60th Birthday — on October 25, 1971. He was buried
with the required honors in Moscow at the Novodevichy
cemetery (Fig. 11) [21]. Later, along with Mikhail
Kuzmich, his son Alexander (in 1989) and his wife 1.V.
Strazheva (in 1995) were buried. As a result, the
tombstone of M.K. Yangel and his relatives, in my
opinion, began to emphasize the post-mortem family
unity and objectivity took place in the intense life of this
outstanding design scientist, the separation and
simultaneity of his faithful service to both his family and
two fraternal peoples — Russian and Ukrainian. I hope that
with this argument the author did not violate not only the
sculptor’s intention, but also the peace of the deceased.

Fig. 11. Tombstone to the great Soviet des1gner of rocket and
space technology, twice Hero of Labor M.K. Yangel
(Novodevichy cemetery, Moscow) [21]

In 1991, to commemorate the great merits of the
former Director and Chief Designer of the legendary
SDB-586, Mikhail Kuzmich Yangel, to the national
rocket science, his name was given to the State Enterprise
DB «Southern» [2]. On the territory of the huge plant
«Yuzhmash» and Design Bureau «Yuzhnoye»
(«Southern») named after M.K. Yangel a monument to
the great domestic scientist-mechanic and designer of

rocket and space technology M.K. Yangel (Fig. 12) who
forever is in the «battle formationy» of the illustrious team
of the world leader in the development and creation of
modern rocket technology was erected [22].

Fig. 12. Monument to the outstanding Soviet scientist-
aeromechanics and Chief Designer of rocket and space
technology M.K. Yangel installed in the territory of the
«Yuzhmashy plant and the State enterprise Design Bureau
«Yuzhnoye» («Southern») (1991, Dnepropetrovsk, Ukraine) [22]

Commemorative busts were installed in the city of
Dnepropetrovsk and the city of Baikonur to the creator of
the formidable Soviet survival rocket weapon [23]. Streets
in Moscow, Kiev, Dnepropetrovsk, Baikonur, Vinnitsa
and Bratsk were named after him [2]. Name of M.K.
Yangelya was worn by the Kharkiv Institute of Radio
Electronics (in the period 1982-1993). In the name of
M.K. Yangel an asteroid, a crater on the Moon, a village
in the Irkutsk region, a mountain peak in the Pamirs and
an ocean cargo ship of the Russian Federation were
named [2]. The Cosmonautics Federations of the USSR
(RF) and Ukraine instituted medals named after him.
Plaques in his honor now adorn the brick walls of the
buildings of the State Enterprise Design Bureau
«Southern»  (Dnipro city, the former city of
Dnepropetrovsk), CNIIMach (former SRI-88, the city of
Korolev, Moscow Region) and the Moscow Aviation
Institute (MAI, Moscow) (Fig. 13) [24].
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Flg 13. A memorial plaque on the bulldmg of the MAI, where

his famous student of aircraft engineering, future Academician

and outstanding Soviet designer of rocket and space technology
M.K. Yangel studied (Moscow, RF) [24]

Conclusions. An outstanding Soviet scientist-
aeromechanic and designer of dual-use rocket technology,
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twice Hero of Labor, Academician of the Academy of
Sciences of the Ukrainian SSR and of the Academy of
Sciences of the USSR Mikhail Kuzmich Yangel made an
invaluable contribution to strengthening the defense of the
USSR during the Cold War. Under his scientific
supervision, at the legendary SDB-586 (Design Bureau
«Southern», Dnepropetrovsk city), highly effective
combat intercontinental ballistic missiles were developed
and created that formed the basis of our country's nuclear
missile «shield». He went down in the history of world
rocket science as the Chief Designer of the world's most
powerful combat ICBM of the P-36M type (military index
15A14, according to NATO terminology SS-18 «Satany),
which carries huge thermonuclear charges in its divided
warhead with individual guidance. The adoption in the
USSR strategic missile forces of these powerful military
intercontinental ballistic missiles with a firing range of
(10.2-16) thousand km immediately «cooled» the hot
heads of the militant forces representatives of the West
and forced them to significantly reduce offensive nuclear
weapons. Thanks to the titanic work of the Special Design
Bureaus, which worked well in the USSR, including
SDB-586, headed by M.K. Yangel, and the military
industries, in the period 1960-1990 for the Soviet country
parity in powerful nuclear missile weapons of enormous
destructive power was provided. The present generations
of grateful people of the planet are in eternal spiritual and
moral debt to such bright and talented representatives of
the human race as M.K. Yangel, who voluntarily gave
themselves to the Altar of the Fatherland and laid down
their lives for the sake of maintaining peace on Earth.
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Electrical Machines and Apparatus
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K.M. Vasyliv, L.I. Mazurenko

A MATHEMATICAL MODEL OF THE ELECTRICAL ENGINEERING COMPLEX FOR
DRIVE OF MAIN CIRCULATION PUMPS OF NUCLEAR REACTOR VVER-1000 OF
NUCLEAR POWER PLANTS

Tools for computer investigation of the modes of operation of induction motors of the main circulating pumps of the VVER-1000
NPP reactor have been created. The mathematical model of the electrical engineering complex ''synchronous turbogenerator of
NPP unit — electric grid of power system — two transformers of own needs — four induction motors" in phase coordinates, oriented
on explicit methods of numerical integration of the system of differential equations is developed. On the basis of the mathematical
model the software designed for the study of electromagnetic and electromechanical processes of the system of induction motors
of the main circulating pumps of the VVER-1000 nuclear reactor in the modes of: operative switching including start and run,
switching to standby power, self-start of the motors with turbogenerator’s run-out and without it is developed. The investigations
of the processes in the system of induction motors in the mode of operative switching during their power supply from the
turbogenerator are carried out and the basic regularities of their course in qualitative and quantitative relations are established.
References 10, figures 11.

Key words: nuclear reactor, main circulation pumps, synchronous turbogenerator, transformer, induction motor, starting
modes, self-starting, mathematical model, differential equations.

CmeopeHno 3acodou KomMn’iomepHozo 00CHI0NHCEHHA PEHCUMIe POOOMU ACUHXPOHHUX OBUZYHIE 207106HUX WUPKYIAUYIUHUX HOMNA
a0epnozo peakmopa BBEP-1000 AEC. Po3pobneno mamemamuuny mooensb el1eKmpomexniunozo komnuaexcy: «CunxpoHnuii
mypoozenepamop enepeoonoky AEC — enexkmpuuna mepesica enepzocucmemu — 06a Mpancopmamopu 614acHuUX nompeod —
YOmupU ACUHXPOHHI OGUSYHU» V (DA3HUX KOOPOUHAMAX, OPICHMOBAHY HA AGHI MEMOOU YUCENbHO20 IHMEZPYCAHHA CUCHEMU
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unmezpuposanus cucmemol oupepenyuanvnovix ypasuenuil. Ha 6aze mamemamuueckoii mooeau papadomano npocpammHoe
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ACHHXPOHHBIN IBUraTelIb, MyCKOBbIE PE:KHMBI, CAM03aMyCK, MaTeMaTHYeCKasi MOJeb, Tu(depeHIHANbHbIE YPABHEHUS.

Definition of the problem and its relevance.
Analysis of scientific publications. To date, 4 NPPs
operate in the Ukrainian grid, with 13 VVER-1000
reactors and 2 VVER-440 reactors installed. Water-
water nuclear power reactors of the VVER class are
double-circuit [1-3]. The first circuit is intended for the
removal of thermal energy from heat-emitting elements,
which are installed in the core of the reactor and which
contain nuclear fuel and the reaction of fission of nuclei
under the influence of thermal neutrons takes place
[1, 2]. Normal water serves as the coolant, which at the
same time has the function of a neutron moderator, since
the VVER reactors operate on thermal neutrons, that is,
low-energy neutrons. The coolant circulates in the first
circuit, the successive links of which are the following
structural elements of the nuclear power plant: reactor
core, main circulation pumps (MCPs), steam generators
and water mains.

For extraction of heat from the reactor core, it is
necessary to ensure the circulation of the coolant in the
first circuit. This function is performed by the MCPs
[2, 3]. At each of the VVER-1000 nuclear reactors, four
main circulation pumps of the GCN-195M brand with
power up to 6000 kW and coolant supply of 20,000 m*/h
were installed. Each of these MCPs pumps the coolant
through the reactor and the steam generator, which
together with the pump and piping system form a single
loop [2].

Each of the four MCPs is driven by a separate short-
circuited induction vertical motor VAZ 215/109-6AMO05
with 8000 kW power and 6.3 kV supply voltage [2, 4].
The main circulation pumps belong to the responsible
own need (ON) mechanisms. It is natural that the
mechanisms of the NPP's own needs are subjected to high
requirements for the reliability of the electric power
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supply of the motors, which propel these mechanisms and
for the reliability of their operation. Failure of electric
motors (EMs) of NPP’s MCPs due to break of its power
supply or their break may lead to a reactor emergency
shutdown and a system failure — first circuit
depressurization and, as a consequence, emission of
radioactive elements into the atmosphere, which is
dangerous for the life of the plant's personnel, damage to
its basic equipment and the environmental impact.
Therefore, for reliable electric supply of electric motors of
the main circulating pumps of the VVER-1000 nuclear
reactor, it is provided to use two power sources: working
and standby [2, 4].

In order to comply with the rules specified in the
instructions concerning the modes of operation of the EM
of the MCP, it is necessary to have a clear and
unambiguous understanding and reliable information
about the course of electromagnetic and
electromechanical processes that take place in these
motors, in order to make timely correct decisions about
their operative switching, conducting startup, switch to
standby and emergency power, etc. The analysis of the
literature indicates that the rules of operation of the EM of
the MCP are stated only in job descriptions for NPP
personnel [3], in which the algorithms of actions for the
execution of these operations, including carrying out of
profiles repairs and based solely on operating experience
without a thorough analysis of the processes and problems
of the motors operation modes.

The necessary information about the course of the
processes can be obtained in two ways: 1) by conducting
physical experiments directly on the electric motors of the
MCP; 2) by conducting computer simulations using
software developed on the basis of mathematical models
of high-level adequacy. The first method is quite
problematic due to the limitations of access to the systems
of the EM of the MCP and the practical inability to carry
out all the necessary experiments. The second one has no
such restrictions, and therefore is considered promising.

The problem of the analysis of the modes of
operation of electric motors of ON mechanisms of electric
power plants is discussed in a rather large number of
scientific works, and the material presented in these
works is based on the classical theory of electric machines
and presented in a general conceptual form, which makes
it problematic to use it in a specific situation with motors
of different types of different purposes and powers, as
well as of the peculiarities of power supply curcuits. This
means that in order to apply the provisions of these works
in the practice of operating electric motors of specific ON
units of power plants, significant refinements of these
materials are required. In the light of the above, it is
obvious that, to date, insufficient attention is being given
to the development of information and technical means of
analyzing the modes of operation of electric motors of the
ON of power plants, which would be suitable for their
immediate application in practice of operation of the
power plants in general and NPPs in particular.

It is clear that more reliable information regarding
the modes of operation of ON electric motors can be
obtained on the basis of the solution of the system of
differential equations, which describe the processes not

only in steady but also in dynamic modes of operation of
motors with the use of modern computer systems.

The above-mentioned suggests that the development
of means of analysis of the modes of operation of electric
motors of the own needs of NPPs, which are served by
mathematical models and their corresponding software, is
a relevant scientific and practical problem.

The goal of the paper is the development of a
mathematical model and related software as a means of
investigating the modes of operation of the induction
motor (IM) system of the main circulating pumps of the
VVER-1000 reactor of the NPP using modern computer
technology.

Presentation of the main material. According to
[2, 4], NPP’s own-distribution switchgears are
implemented with one assembled busbar system and one
switch for connection. The number of sections of
assembled busbars of the NPPs with voltage of 6.3 kV or
10.5 kV of normal operation is selected depending on: the
number of MCPs, the allowed number of simultaneously
connected MCPs without triggering the reactor
emergency protection and the number and powers of
installed ON operational transformers. On VVER-1000
reactors 4 MCPs are installed, drive induction motors of
them motors are powered by the assembled busbars of 4
separate sections of normal operation (SNOs), the first
two of which are powered by two secondary windings of
the first working transformer of own needs (TON) of the
first stage of transformation, and the primary winding of
this transformer is connected to the first branch of the
generating current lead. The other two SNOs are
connected to the second branch of the generator current
lead in the same way. Both working TONs are made with
one primary and two secondary windings, which ensures
the presence of four sections of normal operation per unit.
Each of the two operational TONs of the unit on the base
of the VVER-1000 nuclear reactor has power of 63 MVA.

Based on [2-4] and the above described, the system
of electric motors of the MCP is referred to as an
electrical engineering complex, the electrical circuit of
which is shown in Fig. 1. The following system of
designations is adopted in this Figure: the letter M
denotes a three-phase electrical network that includes the
power system together with the block transformer; TB,
T1, T2, B1, B2, B3, B4 labels denote steam turbine, two
operating TONs and four switches through which the
stator windings of the induction motors are connected to
the secondary windings of the TONs, and D1, D2, D3, D4
denote four asynchronous MCP’s motors; letter G denotes
synchronous turbogenerator (TG); letter F is the power
source of the TG excitation winding; BS is the generator
switch for power unit; P1 — P4 are the main circulation
pumps.

The other designations are: the letter ¢ denotes the
potentials of the independent nodes of the circuit, the
letter 7 denotes the currents of the phase branches of the
structural elements, and the letter E denotes the
electromotive force of the constant voltage source of the
electrical circuit of the excitation of the turbogenerator.
The lower indices indicate the numbers of independent
nodes, the number of phase branches of the structural
elements of the circuit and the numbers of the external
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branches of the structural elements. The letters M, T, G,
D, F in the lower indices indicate the belonging of
currents to the external branches: network, transformers,
turbogenerator, induction motors, the power source of the
excitation winding; M. and Tp inscriptions indicate
belonging to the internal currents of the network and
transformers. The letter S in the lower indices indicates

the identity of the phase currents to the stators of the
induction motors and the turbohenegator, and the letter R
— to the currents of the rotors of the induction motors. The
numbers in parentheses in the upper index of the currents
indicate the element number of the group of one type
(transformers, switches and motors) to which this current
belongs.

P mmmm q
! E M I
. 1 . [ .(5)
_‘I_AW_L@JW\ LTI ¢, B
| 4 | <
I
. E P .(5)
o) iy | 2 Iue, 1y, 0, 5,
0 ¢—— :)—‘ VYA —> <
! |
. : . .(5)
Iy | £s P | iy (p3 4’2;
_<_L}_®NY\_$ > <
S
Q, Py ¢,
. | .0 | .0 ) | .m | .0 .0 | .0 | .0
_ Al 4y lne Al lmu Rlr,  Alr, 4lTy Rl _
i i
I
I I
| T1 | T2
I I
U] (D) D) [ (D NN [
I 42778 2100 AL A8 RL7S U A0 BL78 B/ [
(1) «(1) =(1) -(1) (1) (1) «(1) «(1) +(1)
ir, s Ir, I, Ts i, It T, T
Do) Po 7 Ps P; 106 705
+(2) +(2) +(2) +(1) (1) -(1)
Up; Als, Alp Us; Als, gls
iB, Bs I, By Bs iB,5
T
|
I
|
I
|
I
]
P2 Pro§ Pus Pag [P
) (1 (1 .3 .3
uli,j A ti)ﬁ A l;: Al;: Mﬁ,_f 4
m A0 Ao T80 k.o
A i, A i, A i } } i “’D:;‘
| |
| |
|
_____________________ o
.(1) .(I) ) 1687 1.0"
Dy Dg Ip,
(p21

P1

For the practice of operation of the NPP unit on the
basis of the VVER-1000 nuclear reactor, it is relevant to
analyze the operation of the structural elements of the
system of induction motors shown in the circuit of Fig. 1
in the following basic modes:

1) operation of the turbogenerator G in the normal
mode on the power system M with the simultaneous
electric power supply of the transformers of own needs
T1, T2 and, accordingly, induction motors D1 — D4;

2) power supply of the TON from the power system
through the block transformer when the turbogenerator is
switched off;

P3
Fig. 1. Circuit diagram of the power circuit of the induction motor system of the MCP of the VVER-1000 nuclear reactor

3) operation of the MCP’s induction motors in the
situation of emergency shutdown with loss of connection
with the power grid and shutdown of the turbogenerator
due to the discontinuation of steam supply to the turbine,
which translates TG into the run mode. Such a mode is
indispensable for facilitating the transition to a natural
coolant circulation in a nuclear reactor;

4) loss of power supply to the MCP’s motors and the
switch to the natural circulation of the coolant in the mode
of the run of the units of the MCP (motors together with
the pumps). To maximize run-time, which is critically
important, induction motors are equipped with flywheels;

14
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5) switching to the standby power supply of
induction motors, followed by a short break in the supply
of voltage to the TON for the duration of the automatic
switching on of the reserve. Due to the re-supply of the
voltage, the motors are restarted, that is, their further
unwinding to the rated speed from the state in which there
is less than the rated starting speed of the motors («self-
start» in the literature);

6) mode of operative switching of MCP’s induction
motors.

The mathematical model of the electrical
engineering complex (EEC) «TG-EM-T-IM» is
developed on the basis of the theory of mathematical
modeling of electromachine-valve systems (EMVS) [5]
and a number of other developments presented in [6-10].
Thus, the mathematical model of the (EEC) «TG-EM-T-
IM» is a system of differential equations of the electric
state for the circuit of Fig. 1 and differential equations of
mechanical state for induction motors together with MCP,
turbogenerator with steam turbine, which serves as a
source of primary mechanical torque of turbogenerator.
The first system of equations describes the
electromagnetic processes of the whole circuit of Fig. 1,
and the second one — -electromechanical processes
occurring in induction motors and turbogenerators. The
system of equations of electric state is written in phase
coordinates and, together with equations of mechanical
state, is oriented to explicit methods of numerical
integration.

Each of the structural elements of the circuit (mains,
transformers, switches, induction motors, turbogenerators,
DC power source of the TG excitation winding) are
represented by multipoles in the form of equations written
by the second Kirchhoff law [5, 6].

Consider the mathematical models of structural
elements of the electrical engineering complex on the
example of a mathematical model of a turbogenerator.

System of equations of electrical and mechanical
equilibrium of synchronous turbogenerator. According
to [5, 8], a synchronous generator is represented by an
eight-pole spanning three phases of the stator and the
excitation winding, which is obtained by excluding the
circuits of the damping winding represented by two
circuits along the longitudinal d and the transverse ¢ axis.
The damping winding simulates the rotor array of the
turbogenerator.

The electrical state of the synchronous generator is
described by a vector equation of external branches that
looks like this

Pic+ I ¢c+Tc=0, (1)
where p=d/dt is the differentiation operator in time ¢
i6=iGiG,iGyiGeiGsiGeiGriGs) is the vector of
currents of external branches;
P = (P33 939> Pag » Po» Pa1> Par-Pa1-P4) 18 the vector of
external potentials of the generator;
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are the matrix of coefficients and the vector of free terms.
The components of the matrix of coefficient and the

vector of free terms in (2) are determined by the following
formulas:
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where p=27/3; K; is the excitation current reduction
coefficient of the stator current.

The matrix of mutual inductances between the stator
and the excitation windings, on the one hand, and the
circuits of the damping winding along the axes d, ¢, on
the other hand, is as follows

Laq ©0s(y) Laq sin(y)
Laa©08(y =p)  Lagsin(y — p)
Lei=|LagC0S(y +p)  Lagsin(y +p) |- “)
2-K;
The matrix of intrinsic inductances of the damper
winding circuits is as follows

Li,i = diag(Lad + LoD > Laq + Lqu) . (5)

The matrix of mutual inductances between the

damping winding circuits and the external circuits (stator
and excitation winding) is as follows

2| LadC0S0) Lagcos(r—p) Logcos(y+p) >-Led
Li,e=§ 2.K: | (6)

LaqSinO/) LuqSin(j/_p) LaqSin(y—"p) 0
Vectors y”, v, are determined by formulas

w' =Ll i+ L ip, wph=Ll.l, (7

where L7, L7;, L7, are the derivatives of matrices

Le,e:Le,i’ Li,e by the angle Of rotation J’, iD = (iDd’iDq)
is the vector of currents of the circuits of the damper
winding; i = (iGsl’iGsz’iG53’iG,f ).

In (4)-(7) Ls L, Lo are the inductances along the
longitudinal, transverse axes and inductance of the zero
sequence; L,, L,, are the inductances that correspond to
the yoke response along the longitudinal and transverse
axes of the yoke; Ly, Lsp are the inductances of the
scattering of the damping coil along the axes d, g.

We describe mechanical processes occurring in a
turbogenerator by differential equations of mechanical
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equilibrium, which has the following form:

Ums+Je) pog—Mm—Ms)=0, ®
where Jrp, J; are the moments of inertia of the turbine
and generator rotor; pwg is the derivative of the
mechanical angular rotational speed of the generator rotor
in time #; Mrp is the mechanical torque of steam turbine;
M is the electromagnetic torque of the generator.

Taking into account that the differential equations of
the electric and mechanical states of the mathematical
model are oriented towards explicit methods of numerical
integration, an important point in the algorithm of
integration of these equations is the definition of the
integration vector, which all the coordinates are
systemized that are included in the differential equations
under the sign of the derivative and which are solved
directly by integration.

The integration vector for a
turbogenerator has the following structure:

pPvg= (piGS]’piGSZ’piGS3’pin’piGd’pqu’pyG’pr)’ (9)

synchronous

where j;,, ig, are the currents of the damper winding

along the axes d, ¢; ys g are the electric angle of
rotation and the mechanical angular speed of the
generator rotor.

The mathematical models of the switches were
developed and described in [6] with the same approach
(using the modular principle) as the mathematical model
of the turbogenerator, and the mathematical models of the
rest of the structural elements, including induction
motors, were developed in a similar way based on [5, 8].

Direct integration of the system of differential
equations of electrical and mechanical states is preceded
by the formation and solution of a linear system of
algebraic equations in the basis of the potentials of
independent nodes in the electrical circuit of Fig. 1. For
this purpose, derivatives of the currents of all electrical
branches of the circuit are excluded from the system of
differential equations of the electric state. Obtained in
such a way system of linear algebraic equations of electric
state has the following form [5, 6]:

A-p+B=0, (10)
where A is the matrix of coefficients; B is the vector of free
terms; g=(¢1, @2, ..., P42), 1s the vector of the potentials of
the independent nodes of the circuit of Fig. 1.

The matrix of coefficients 4 and the vector of free
terms B of the system of equations (10) are formed from
the matrices of coefficients, vectors of free terms, and
incident matrices of the structural elements of the circuit
of Fig. 1.

To the mathematical model of the electrical
engineering complex of the circuit of Fig. 1 (apart from
the system of differential equations of electrical and
mechanical states) an automatic control system (ACS) is
also included designed to stabilize the voltage of the
turbogenerator while increasing and reducing the load on
it, as well as to stabilize the rotation speed of the
generator rotor which is driven by a steam turbine. To
stabilize the generator voltage, a proportional-integral
controller is used, the operation of which is described by
the following equation:

ur = Kopuz=uli) + Ko [z =ue)dt +upy, (11)

where U, U, are the current and initial value of the

excitation voltage; ., “gs are the set value of voltage

and module of imaging vector of phase voltages of the

generator stator (their amplitude); K, p-K,, are the

proportional and integral coefficients of the voltage
regulator.

To stabilize the rotation speed of the generator rotor,

a proportional-integral-differential controller is used, the

operation of which is described by the following equation:

MT:Ka,p(a)Z—wG)-f-le.J(a)z—wg)dt-f- (12)

+K oy Plow: —w6 )+ My,
where M7, M T, are the current and initial value of the

mechanical torque of the turbine; w,, w¢ are the set value
and current value of generator rotor rotation speed;
K w0, K 42K o, 1€ the proportional, integral and

differential coefficients of the generator rotor rotation
speed controller.

The algorithm for the calculation of
electromagnetic and electromechanical processes. The
main input data are the catalog parameters of: electric
network M; own need transformers T1, T2; induction
motors D1, D2, D3, D4; turbogenerator G and DC voltage
source F, as well as the initial conditions, which are
systemized into a vector of integrated variables, having
the following structure:
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[(uz=ugg)dt, [(wz = wg)dt, 1).
The main points of the process calculation algorithm
are the following actions:

e on the basis of the initial conditions of the vector V'
(13) and the catalog data, the matrixes of coefficient and
vectors of free terms of structural elements (for the
turbogenerator (2)) are formed and through them the
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matrix of coefficients 4 and the vector of free terms B of
the system of equations of electric state (10), which is
solved with respect to the vector ¢;

e on the reverse course on the basis of the vector ¢ of
the potentials of the independent nodes of the circuit of
Fig. 1 the integration vector pV is defined equal to the
derivative vector of integrated variables V7 (13) over time ¢
(pV=dVv/dr);

e one of the explicit methods of numerical integration,
on the basis of the vector of integration p} and a given
step of integration A¢, a new value of vector V' is defined;

e the described procedure continues until the current
time of integration ¢ is exceeded beyond the specified
final value.

According to the algorithm of the mathematical
model, a software complex was developed. Below is a
generalized  analysis  of  electromagnetic  and
electromechanical processes occurring in the system of
MCP’s induction motors of a VVER-1000 nuclear reactor
during the feed of transformers of own need (and thus of
the induction motors) from a turbogenerator. In the actual
operating conditions of the power unit, the rotational
speed of the turbogenerator rotor is practically stable and
corresponding to the frequency of the power grid voltage.
In order to ensure such conditions, we use the possibility
of a mathematical model and a software complex, which
allows to provide a completely stable rotational speed of
the generator rotor wg=const (although, as mentioned
above, the mathematical model and the software package
provide the possibility of calculation also the dynamic
electromechanical process of the turbogenerator).

In this mathematical experiment, the corresponding
ACS, described above (11), is used to stabilize the
generator voltage during the operational switching of the
MCP’s induction motors.

The mathematical modeling results are the
calculation dependencies of the basic coordinates, which
include: the voltages and currents of all the electrical
branches of the circuit of Fig. 1, the electromagnetic
torques of IM and the moments of resistance of the MCP,
as well as the rotational speed of the induction motors.

The input data are the catalog data of the
turbogenerator, including the data of the power source of
its excitation winding, induction motors, transformers of
its own need and the electrical network. Here it is
necessary to emphasize that the start-up AD of the MCP’s
IM of the VVER-1000 nuclear reactor is executed at total
voltage of 6 kV (direct start), and the mechanical moment
of inertia of the rotating mass of the rotor together with
the flywheel is equal to 7250 kg'm®. In addition, the input
data includes information of an auxiliary character that
determines the modes of operation of the software
complex (integration step, end time of integration, etc.).

Simulation of electromagnetic and
electromechanical processes is performed for the
following mode of operation of MCP’s induction motors:
in the state of the moving with synchronous frequency
rotor of the generator at the time taken by the initial
(t = 0) the power source of the generator excitation
winding is switched on. In the next stage, the first three
IMs start in 5 s and at 5 s intervals (at times # = 5 s,

t,=10s, and #; = 15 s). At time ¢, = 30 s, the third motor
is switched on, and at time #5 = 40 s, the fourth motor is
also switched on. At time #5 = 70 s, all three induction
motors that are currently running (the first, the second and
the fourth ones) are switched off.

Below are graphs of the calculated dependencies of
the basic coordinates on time and their analysis for the
physics of the processes and operation of the electrical
engineering complex of the drive of induction motors of
the main circulating pumps of the VVER-1000 nuclear
reactor while powering the motors from the
turbogenerator of the nuclear power plant unit.

In Fig. 2 the calculated dependencies of the
generator stator phase voltages are shown.
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Fig. 2. UG UGs, UGy ~ generator phase voltages

Figure 3 shows the calculated dependencies of the
phase currents of the generator. The nature of phase
voltages and currents in Fig. 2, 3 reflects the processes of
start and switching off of induction motors. The
amplitude of phase voltages in Fig. 2 remains constant
under the action of the ACS, and the amplitude of phase
currents in Fig. 3 varies depending on the induction
motors operation.
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More clear and substantive information about the
nature of phase voltages and currents in this mode of
operation of the generator is given by the calculated
dependences of the modules of the pictorial vectors of
phase voltages and stator currents of the generator, which
are shown in Fig. 4.

vV .V
UGy iggr VoA

40000

30000 {11 .
uGS
20000
iV
/ Gs
10000
Mk—q
O T T T

0 20 40 60 80 100 120 140 160 t,s
Fig. 4. yg,, iy, —modules of pictorial vectors of phase

voltages and currents of the stator of the turbogenerator

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.6 17



The nature of the voltage and current curves in
Fig. 4 clearly illustrates the patterns of change in the
amplitude of the phase voltages and currents of the
generator stator in the mode of operational switching of
the IM, as well as the reaction and consequences of the
action of the voltage ACS.

From Fig. 3, 4 it can be seen that during the period
when the IMs are switched off (¢ > 70 s) the generator
phase currents do not equal zero, although the voltage
remains stable. This is due to the fact that at this interval
both transformers of own need which are connected to the
generator, operate in idle mode, and therefore in their
primary windings the current does not equal zero in the
situation with the motors switched off and has the value
corresponding to this mode.

Functionally important information regarding the
generator includes information about the nature of its
voltage and excitation current. Therefore, in Fig. 5 the
calculated dependencies of these coordinates are shown.
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excitation

It is worth noting again that the ACS of the
generator stator voltage operates precisely on the
function of the module of the pictorial vector of phase
voltages (11).

From the point of view of the operation of the
MCP’s induction motor system, it is important to have
information about the main coordinates (voltages and
currents) of the TON. In this context, let us consider and
analyze the voltages and currents of the primary and two
secondary windings of the first TON. In Fig. 6 the
calculated dependencies of the modules of the pictorial
vectors of the phase voltages of the primary and two
secondary windings of the first TON are shown.
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of the voltages of the windings of the first transformer of own
need

160 t,s

— modules of the pictorial vectors

The Figure shows that the voltage of the primary
winding is very close to the voltage of the generator in
Fig. 4, and the voltage of the two secondary windings, the
values of which coincide, corresponds to the current

voltage value of 6.3 kV, which feeds the induction motors
of the MCP. It is obvious that the voltages of the primary
and two secondary windings of the second TON will be
identical with the voltages of the first TON (Fig. 6).
Similarly to voltages, let us consider the winding
currents of both transformers of own need. The modules
of pictorial vectors of currents of the primary and two
secondary windings of the first TON are shown in Fig. 7.

o B L
6000 -
4000 A
2000 A
0

0 20 40 60 80 100 120 140

: (V. .V .y
Fig. 7. lT1—3’lT476’l(Tzf9
the currents of the primary and secondary windings of the first
TON

160 t,s

— modules of the pictorial vectors of

As for the first one, the modules of the pictorial
vectors of the currents of the primary and two secondary
windings of the second TON are shown in Fig. 8.
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The calculated dependencies of the modules of the
pictorial vectors of the secondary windings of the first and
second TONs, which are shown in Fig. 7, 8 clearly
illustrate the modes of operation of induction motors fed
from the secondary windings of the TON. These Figures
unambiguously and clearly show the moments of
switching on and off of all four IMs, as well as the nature
and frequency of the starting currents. The curves in Fig.
7, 8 also carry information on the nature and correlation
of the primary and secondary windings of the TON, and
together with Fig. 4 also about the ratio of the currents of
the primary windings of the TON and the turbogenerator.

In the secondary windings of the transformers, the
same currents flow as in the corresponding stator
windings of the induction motors, which are connected by
the switches. Therefore, the analysis of the currents of the
secondary windings of the transformers serves at the same
time for the currents of the IM stators. But to obtain more
complete information about the IM stator windings
currents, here we present only the instantaneous values of
the phase currents of one of the randomly selected
induction motors, which is the first. Therefore, the
calculated dependencies of the instantaneous values of the
phase currents of the first IM are shown in Fig. 9.
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It can be seen from the Figure that the curve of the
module of the pictorial vector of the currents of the first

secondary winding of the first transformer l(rlf,’;

in Fig. 7
is such that goes around the current curves in Fig. 9,
which  uniquely responds to the physics of
electromagnetic processes occurring in the system of the
MCP’s IM in accordance with the circuit in Fig. 1.

Above, we have considered and analyzed the
electromagnetic processes described by the electrical
coordinates to which the voltages and currents belong.

For the sake of completeness of information
regarding the possibilities of the mathematical model and
software complex in the analysis of modes of operation of
induction motors of the MCPs of the VVER-1000 nuclear
reactor, let us analyze the electromechanical processes,
which are regarding IMs described by their rotational
electromagnetic torques and mechanical moments of
resistance of the MCP. Figure 10 shows the calculated
dependencies of these coordinates.

It can be seen from the Figure that at the stage of
acceleration of the first IM and, accordingly, the first
MCP, the electromagnetic moment of the motor is
substantially greater than the moment of resistance. In
steady state, they are balanced, and at the run-out stage
the electromagnetic torque of the motor is zero, and the
mechanical torque decreases with the regularity of the
decrease of the mechanical angular frequency of the
motor with the pump according to the mechanical
characteristics of the whole MCP unit. It is obvious that
the regularities of the electromechanical processes of the
other three motors are analogous, so there is no need to
state them.
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When it comes to the analysis of electromechanical
processes of the MCP’s IM of the VVER-1000 nuclear
reactor, it is fundamentally important to have information
about the nature and regularity of changes in the
mechanical angular frequencies of rotation of the IM
rotors, since these coordinates determine the productivity

of the MCP operation and, respectively, the operation of
both the nuclear reactor and the unit as a whole.
Therefore, Fig. 11 shows the calculated dependencies of
the mechanical angular rotation frequencies of the MCP’s
induction motors.
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speeds of MCP’s induction motors

The Figure (as opposed to the Figures with curves of
the currents) clearly shows not only the moments of
switching on and off the IM, but also the time of their
acceleration and running to a complete stop. Such
information is critically important in ensuring the
successful transition to the natural circulation of the
coolant in a nuclear reactor in the event of an emergency
shutdown of the power unit. To this end, the MCP’s
motors are further equipped with flywheels to increase the
unit's run-time by the IM-MCP system.

Generalized analysis of curves in Fig. 11 and the
curves of all other coordinates (the torques in Fig. 10,
currents and voltages in all other Figures) shows that their
character is fully consistent and fully interconnected in
terms of the regularities of the electromagnetic and
electromechanical processes, and at the same time it
indicates a sufficiently high level of adequacy of both
mathematical and numerical models. This result was
achieved by  describing  electromagnetic  and
electromechanical processes by a single system of
differential equations, including the ACS of the generator
voltage and the rotor speed of the generator.

In the future, it is planned to carry out the research
and to analyze the processes, including the transition to
standup power, restart (self-start) of the IMs, as well as
the analysis of the already mentioned modes of operation
taking into account the dynamics of the generator rotor.

Important prospective studies (the necessity of
which is especially emphasized in the scientific and
technical literature [2, 4]) include the study of modes of
operation of MCP’s IMs during the transition to the
natural circulation of the coolant of the nuclear reactor
with the use of turbogenerator, which is obviously is of
theoretical and practical interest in the operation of NPPs
units based on the VVER-1000 nuclear reactor.

Conclusions.

1. Analysis of scientific literature indicates that the
features of operation of electric motors of the MCP are
stated only in the official instructions for NPP personnel,
which stipulates the rules of operation: start-up, self-start,
shutdown, switching to alternative power sources without
a substantive scientific analysis of the regularities of the
course of electromagnetic and electromechanical
processes. There is clearly a lack of specific scientific
research on this issue in scientific literature. The presence
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of mathematical models and related software as a
computer research tool would allow to investigate the
modes of operation of the MCP’s IMs system of the
VVER-1000 nuclear reactor, necessary both in theoretical
and practical aspects of exploitation of the NPP units.

2. A mathematical model of the system of MCP’s
induction motors has been developed, which takes into
account the most important determinants that influence the
course of electromagnetic and electromechanical processes,
including: the mutual influence of the structural elements of
the circuit of the IM system, the influence of the ACS on
the operation of the TG excitation system, mutual influence
of IMs and MCPs, which are driven by these motors, and
also allows to study the operation of the MCPs during the
self-start of the IMs and their operation during the run-out
of the TG rotor.

3. A mathematical model has been developed that
allows to study the most important modes of operation of
the system of induction motors of MCPs with the help of
modern computer technology.

4.In the first approximation, the study of
electromagnetic and electromechanical processes of the
system of induction motors of MCPs is carried out. In
particular, the starting modes are investigated, the
qualitative and quantitative parameters of the run-out of
motors with large fly masses are obtained, which
(according to the authors) is also the subject of a new
scientific result.
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V.I. Milykh, L.V. Shilkova

NUMERICAL-FIELD ANALYSIS OF THE CHARACTERISTICS OF A THREE-PHASE
MAGNETIC FIELD INDUCTOR FOR THE TREATMENT OF VARIOUS SUBSTANCES
WITH CURRENT STABILIZATION

Introduction. A three-phase magnetic field inductor (MFI) similar to the asynchronous motor stator, which provides processing
of various substances, is considered. This is done by means of oblong ferromagnetic elements moving with a rotating magnetic
field and located in its cylindrical working chamber. Problem. The aim of the work is to develop the theory and conduct practical
calculations of the parameters and characteristics of the MFI that connect the electromagnetic quantities and their phase
relationships in the mode of its load. Methodology. The studies are carried out on the basis of numerical calculations of the
magnetic field in the MFI taking into account the ferromagnetic elements in its working chamber. The calculation model of the
chamber is represented by a homogeneous anisotropic magnetic medium for which the method of determining different magnetic
permeabilities by its longitudinal and transverse axes is given. In order to obtain the characteristics of the presented MFI, the
method of determining the electromagnetic parameters and phase relationships of the quantities accompanying its operation has
been developed. Results. The theory and results of numerical-field analysis of electromagnetic quantities, their phase
relationships and corresponding characteristics of three-phase MFI are presented. Calculations of characteristics are made for
the inductor load mode depending on the phase shift of the magnetomotive force of the stator winding relative to the longitudinal
axis of the chamber and while ensuring the constant value of the current of this winding. The characteristics include magnetic
flux coupling, EMF and stator winding voltage, phase shifts between them and current, electromagnetic moment, input and
output power, electrical and magnetic loss power, power factor and efficiency. Practical value. The technique of numerical-field
calculations of electromagnetic quantities and their phase relationships is developed, and also the set of characteristics which
should promote designing and perfection of inductors of the considered type is received. The presented technique is universal as it
allows to display their cores practically of any shape. References 11, figures 10.

Key words: magnetic field inductor, asynchronous motor stator, theory, numerical-field calculations, electromagnetic
quantities, phase relationships, characteristics.

Poszenanymi meopia i pe3yiomamu 4uceibHO-NONbOE020 AHANIZY €1EKMPOMAZHIMHUX 6eauduH, IX hazoeux cniegionoutens i
6i0nOGIOHUX XapaKmepucmuk mpugaznozo inoykmopa mazuimnozo noas. Inoykmop nodionuii 0o cmamopa acuHxXpoHHo20
oguzyna i 3abe3neuye o0pooKy piznux peuosun. Ile iooysacmoca 3a 0onomozoio doezacmux hepomazHimuux enemenmie, wio
3HAX00AMBCA 6 1020 podouin Kamepi i pyxarwomvca 3 o0epmoeum maznimuum nonem. Po3paxynxoea moodenv ramepu
npeocmaenena aHi30OMPONHUM MAZHIMHUM CEPEO0BUUIEM 3 PI3HOI0 MAZHIMHOI0 RPOHUKHICMIO RO iT N0006XCHIll i nonepeyniil
ocam. Po3paxynxku xapakmepucmuk 6UKOHAHI 6 pedcumi HAGAHMANCEHHA IHOYKMOPA 3a1exdcHo 6i0 ¢hazo0e02o 3cyey
MAZHImMOpYWinnoi cunu 00MomKu Cmamopa 6iOHOCHO NOO0BHCHBOI oci Kamepu i npu 3a0e3neueHHi He3MIHHOT 6eNUYUUHU CIMPYMY
yici 0omomku. Ompumana CyKynHicmov XapaKmepucmuk ROGUHHA CHPUAMU NPOEKMYBAHHIO | 600CKOHANEHHIO IHOYKMOpI6
posenanymozo muny. Haoana memoouka € ynigepcanvnoio i 003601a¢€ 6idodpaxcysamu ix oceposa npakmuuno 0yov-akoi ¢hopmu.
bi6n. 11, puc. 10.

Kniouosi crosa: iHIYKTOPp MArHiTHOrO MOJIsI, CTATOP ACHHXPOHHOIO JIBHUIYHA, Teopis, YHCEeJbHO-NOJBOBI PO3paxyHKH,
€J1eKTPOMArHiTHI BeJITMUUHHU, ()a30Bi CIIBBiIHOLIEHHS, XAPAKTEePHCTHKH.

Paccmompenst meopus u pe3ynbmamsl HUCTEHHO-NOIEE020 GHANU3ZA ITIEKMPOMAZHUMHBIX GEUYUH, UX (PA308bIX
COOMHOWEHUIL U COOMBEMCMEYIOUUX XAPAKMEPUCMUK MPEXPA3H020 UHOYKMOPA MAZHUMHO20 noad. UnOykmop noooben
Cmamopy acuHXpoHHo20 Oeuzamens u obecneuugaem 006pAOOMKY PAIUUHBIX GeUjecme. IMO RPOUCXOOUNL C NOMOWbIO
0BUICYWUXCA C GPAULAIOUUMCA MAZHUNHBIM NOJEM NPOO00IZ06AMbBIX PEPPOMAZHUMHBIX IIEMEHMOG, HAXOOAWUXCA 6 €20
paboueit kamepe. Pacuemnas moodeny Kamepvl npeoCmasnieHa AHU30OMPONHOL MAZHUMHOU CPeOoll ¢ PA3ZHBIMU MAZHUNHBIMU
NPOHUUACMOCMAMU NO ee NpPoOOabHOU u nonepeunoii ocam. Pacuemuvr xapakmepucmuk npogeoenvi 6 pesicume HAZPy3KU
UHOYKMOpA 6 3asucumMocmu om (hazo6020 coeuza MAZHUMOOBUMCYUEl CUNbL OOMOMKU CMAmMoOpa OMHOCUMETbHO
npooobHOIl ocu Kamepvl u npu obecneweHuu Heu3MeHHOU eequduHnsl moka Imoiu oomomxu. Ilonyuennaa coeoxynnocmo
Xapakmepucmuk 00J12CHA CROCOOCIME06aNb NPOEKMUPOBAHUIO U COGEPULEHCNIGOBAHUIO UHOYKIMOPOE PACCMOMPEHHO20 MUNA.
Ilpeocmasnennas memoouKa A6141emcsa YHUGEPCATbHOU, MAK KAK NO360]14em omodpajxcams ux cepoeyHuKu npaKmuiecKu
10601 popmur. bubdn. 11, puc. 10.

Kniouesvie cnro6a: MHIYKTOP MATrHATHOTO MOJISl, CTATOP ACHHXPOHHOTO JBHTaTeNsl, TeOPHs, YHCJIEHHO-MOIEeBbIe PacyeThl,
3J1eKTPOMArHUTHBIE BeJHYHHBI, ()a30Bble COOTHOLICHHS, XaPAKTePUCTHKH.

Introduction. In a number of industries, magnetic
mixers and separators are used to provide technological
processes for mixing different mixtures or separating
small objects with different electromagnetic properties
[1-3]. The structure and nature of magnetic fields (MFs),
which provide these processes, are very diverse. Among
them are rotating MFs, which are excited by an inductor
similar to the stator of a three-phase asynchronous motor
(TAM).

The difference between such a magnetic field
inductor (MFI) and a TAM is that instead of a rotor, a
working chamber (WC) is located inside the stator,
through which a liquid or loose dry mixture is passed that
needs to be processed. This is carried out using small
ferromagnetic elements (FEs) moving with a rotating MF
and creating the so-called «vortex layer» in the WC [1, 3].
It is assumed that the FEs are made, for example, in the
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form of needles or short pieces of iron wire, and they are
uniformly distributed over the WC, the thin-walled shell
of which is made of non-magnetic material and does not
interact with MF.

An analysis of the literature shows that MFIs,
despite the wide range of applications in various
industries, is still not well understood. The fact is that the
study of their electromagnetic parameters is carried out,
as a rule, based on the theory of magnetic circuits. But in
conditions of very large gaps and anisotropic low-
magnetic space, the representation of the MFI structure by
several homogeneous sections of the magnetic circuit is
problematic.

New opportunities in research and improvement of
the design of MFI appeared with the development of
software for numerical calculations of MF. Their
effectiveness for MFI was already shown in [4] when
analyzing the MF in its transverse and longitudinal
sections based on plane-orthogonal calculation models.

A working tool for the numerical calculation of the
MF in [4] and in this work, a publicly available and
widespread FEMM code [5] was adopted.

In the aforementioned works, MF calculations are
limited to considering the ideal idling (II) mode, i.e.
without the presence in the working chamber of MFI FE.
These studies have provided useful information, but
cannot be the end result. More advanced calculations
should be aimed at studying the electromagnetic
parameters and characteristics of the MFI in the load
mode, which will show the essence of the operation of the
MFT as part of the main device — the mixer or separator.
And here the main problem is accounting of the filling of
the working chamber with the FE, providing the working
process.

Therefore, the goal of this work is to study the
characteristics of the MFI in its load mode based on
numerical calculations of the MF taking into account the
weakly magnetic medium in its working chamber. For
this, the relations of electromagnetic parameters and
phase quantities in the presented MFI with a rotating
magnetic field created by a three-phase winding in a
working chamber filled with FE are derived.

Object of study. The electromagnetic system of the
MFI is the same as in [4]. It is shown in Fig. 1 only by its
cross section, which is enough to achieve the goal of this
work. Rectangular (x, y) and the polar (», a) coordinate
systems with the origin of the angle from the y axis are
here designated and further used.

For technological reasons, the MFI parameters were
set: the radius of the working chamber r,, = 0.15 m, the
active length along the axial axis /, = 0.3 m. The MF
inside the WC is distributed almost uniformly with
magnetic flux density (MFD) in the center of 0.24 T in the
ideal idle move. For this mode, the stator voltage and
current are considered nominal.

The remaining parameters of the inductor are
calculated by a technique close to the classical one for
TAM [6], taking into account the absence of a rotor. Of
the main parameters of the inductor, we present: the
nominal phase voltage Uy = 220 V and current [y = 950
A, the frequency f; = 50 Hz. It has the number of phases
my; = 3 and pairs of poles p = 1, the number of slots

O, = 42; the number of consecutive turns of the phase
winding N, = 28. The radius of the bore of the core of the
inductor ry; is 0.175 m, since it should be slightly larger
than the radius of the WC in order to exclude from it an
annular gap with insufficiently homogeneous MF. The
inductor winding is two-layer, distributed, with relative
shortening B, = 18/21, the connection circuit is «star».
The MFI core is made of 2013 electrical steel, the
sheet thickness is 0.5 mm, the filling factor Kz, = 0.97.

Fig. 1. Electromagnetic system of the MFI: 1 — laminated core;
2 — three-phase winding; 3 — working chamber

Fundamentals of numerical-field calculations.
The source of a rotating MF in a MFI is a three-phase
symmetric system of currents in the stator phase winding
rods (Fig. 1):
iy= Imcos(u)t+[3);
ig =I,cos(wt—2/3n+p); (1)
ic :Imcos((nt+2/3n+[3),

where [, =21 s1s the amplitude of the currents in the

stator winding rods at the current value of the phase
currents /; ® = 27f; is the angular frequency; ¢ is the time;
p is the initial phase of the currents, which sets the
necessary for the specific mode of calculating of the MF
shift of the direction of the MMF of the stator winding F
from the y axis.

Figure 1 shows the directions of currents in the
winding rods at + = 0 and S = 45°, and also shows the
scaled distribution of the MFD vectors B in the
corresponding load mode, in which the MF rotates with
frequency n. It can be seen that the MF in the WC is
almost uniform. As for the MMF of the stator winding Fj,
it is oriented clearly at a given angle £.

The MF of the inductor in its central cross section is
described by the well-known 2D differential equation:

rot {Lrot(l;AZ )} :IEJZ, 2)
He

where A, J, are the axial components of the magnetic
vector potential (MVP) and current density, respectively;

k is the unit vector along the axial axis z; . is the
absolute magnetic permeability (AMP).

22 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.6



The research tool presented to be the numerical
calculations of MFs by the Finite Element Method using
the FEMM code [5] with the control it by the created Lua
script like [7].

When calculating the MF, the distribution of AMP
in the laminated steel core and non-magnetic space is
taken into account by the well-known method. In the
MFI, the problem of taking into account the magnetic
properties of the medium located in the WC is new. To
achieve the goal of this work, a solution to the problem
arisen is necessary. A separate stage of this work is
devoted to this, which we preface with the description of
the state of the environment of the WC.

The principle of operation of the MFI and the
magnetic state of its WC. Oblong FEs in the WC tend to
be located along the lines of force of the MF and,
therefore, in the direction of the vectors of the MFD.
However, under the influence of the braking effect of the
medium being processed, between the directions of the
magnetic field and the elements rotating together, a
certain angular displacement should be formed. This is a
condition for the occurrence of the electromagnetic torque
(EMT) M,,,, which affects the FEs, on which the intensity
and quality of technological processing of heterogeneous
mixtures depend.

In fact, the EMT in the MFI is reactive, and the
principle of operation of the MFI corresponds to the
principle of operation of a synchronous motor [8]. By
analogy with synchronous machines, in the WC, the
longitudinal axis d is assigned in the direction of FEs
orientation, and the transverse axis ¢ is perpendicular to
it. In the steady-state operating mode, the axes rotate
together with these elements and the MF.

In Fig. 1, where a «snapshot» of electromagnetic
quantities is shown a priori, the longitudinal axis d
coincides with the y axis. The magnetic flux density
vectors B are shifted in an angle from the d axis to the
direction of rotation of the MF, and the MMF vector F
«goesy in front, as the «leading» everything else.

An array of coordinately oriented FEs leads to a
difference in the magnetic properties inside the WC in
different directions, which is expressed by magnetic
anisotropy. Along the longitudinal d and transverse ¢ axes
indicated in Fig. 1, different values of the AMP
components i, and 1, turn out to be. They depend on the
configuration, relative position, and concentration of FEs.

Determination of the equivalent magnetic
properties of the MFI working chamber. Under the
described conditions, this task is very complex and not
strictly determined in view of the possible «element» of
the FEs distribution in the WC. Therefore, in principle, at
this stage, its approximate solution seems achievable. An
idealized model of filling the WC is proposed here, and
an appropriate method for determining its equivalent
magnetic properties, which can be used in the calculation
model of the MFT as a whole, is developed.

The initial assumptions for the formation of the
magnetic properties of the WC are:

e all FEs in the MFI are parallel to each other, which
is natural under the influence of a homogeneous magnetic
MF;

e FEs are distributed uniformly over the volume of the
WC with a given displacement relative to each other;

o the magnetic properties of the medium in the cross
section of the WC are anisotropic along mutually
perpendicular axes: longitudinal d and transverse g;

e the discrete magnetic medium of the WC is replaced
by a continuous medium with equivalent magnetic
permeabilities p, and p, along the indicated axes;

o the MF in the WC is rather weak and the properties
of the FEs correspond to the initial sections of their
magnetization curves, therefore, the values of p; and p, in
the calculation of the MF in MFI practically do not
change.

In the described situation, the problem of
determining the AMP components p, and p, for a given
size and relative position of the FEs is solved on the basis
of numerical calculations of the MF in the idealized
model of filling the WC shown in Fig. 2.

1'* /g3 s . £g3
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- de  a,
__\ ______ J d ﬁ)}’s._._{_.ﬁ x
N /L__’f‘_ Ay ]
d

Fig. 2. Calculation model of the working chamber

In Fig. 2,a the basic triple of the FEs is shown with
the designation of the required minimum size, which can
vary. From these elements, the filling of the entire
calculation model is constructed, as, for example, in
Fig. 2,b. In the common space of the WC, from which the
calculation model is extracted, the boundary lines g, g,
g3 and g4 should be considered as lines of symmetry or
periodicity. In principle, the calculation model shown in
Fig. 2,c, can be minimal, but it is not as clear as in
Fig. 2,b.

The key to forming the filling of the working
chamber are the diameter d, and the height b, of the FE,
as well as the gaps d, u d, between them. At the upper and
lower borders there are halves of complete elements.

To fully reproduce the calculation model (Fig. 2,b),
it is enough to set also the number of elements n, by its
height. In Fig. 2,0, for clarity, the option is given for
n, = 2, but the correct results will be obtained also for a
different value of n, — the main thing is that the stated
symmetry conditions are observed. The remaining
parameters of the WC, including the number of elements
m, along the width of the WC, were found with the
condition that a, = b,.

To ensure the operation of the FEMM code, a Lua
script has been compiled that automatically calculates the
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parameters of the WC, builds its geometric model and
organizes further calculations, as presented, for example,
in [7] and a number of other works of the authors of
this paper.

In cross section of the calculation model (Fig. 2,b)
the MF is described by equation (2) and is calculated as
plane-parallel. This means that, along the axial
coordinate, the structure of the model should not change,
which is not the case with round FE sections in the xz
plane (Fig. 2d). To get around this, round sections are
replaced by square ones with side a, determined from the
condition of preserving the cross-sectional area, namely:

a, =05 Jr d, . Accordingly, the equivalent gap between

the elements along the width of the
dy.=d, +d,— a, is recalculated.

For the calculation model, the total cross-sectional
area S; = ay b, is calculated, as well as its part occupied by
the ferromagnetic elements S, = n, m, a, b.. Then the
filling factor of the working chamber according to the
cross-sectional area is: Kg,, = S,/S;.

It is assumed that along the axial z axis (Fig. 2,d),
FEs are distributed with the same density as in the cross
section. Then the same filling factor Kr., will be valid on
this axis, which will be taken into account when
calculating the MF in 2D formulation.

The total filling of the volume of the WC FE is

characterized the volumetric filling factor K, =K 12:'es .

chamber

The components of the magnetic permeability along
the two axes of the WC are determined by calculating the
magnetic fields oriented along them. Such MFs are
formed by setting the corresponding boundary conditions
at the boundaries of the calculation model of the WC
(Fig. 2,b) for the MVP 4..

The boundary conditions for the formation of a
longitudinal MF are:

g2:0§ A, oA,

4, g4 = Byyag s

04
=0; Z=|,3=0.(3
o gl oy ‘g3 3)

For the formation of a transverse MF, the boundary
conditions are interchanged, namely:

o4, o4,

g3=Bavbs; Egzzoa Eg4:0'(4)

In (3) and (4), the MF excitation factor is the
estimated mean value of MFD B,, in WC.

Inside the domain of the calculation model
(Fig. 2,b), the MF is calculated using the FEMM code by
the Finite Element Method by solving the 2D differential
equation (2). In this case, the nonlinear magnetic
properties of the FE elements, as well as the sparse
structure of the calculation area along the axial axis, are
taken into account by means of a certain filling factor
KFes~

For the test case, the values are taken: d, = 1 mm;
b, =238 mm; d, = 1.43 mm; d, = 1 mm; n, = 1.
Calculations using trivial formulas give: m, =9; a, = 21.9
mm; b, = 24.8 mm; a, = 0.89 mm; d,, = 1.54 mm;
Kros = 0.35; Kr., = 0.122. 1t is for such a structure of the
computational model, Fig. 3 shows the MF images at
longitudinal (@) and transverse (b) excitation.

AZ

gl=0; A4,

a b

Fig. 3. Calculation model with longitudinal (a)
and transverse (b) magnetic fields patterns

Using the magnetic field, the coordinate components
of its strength H, and H, along the x and y axes are
determined, and by them — the magnetic voltage drops
along the vertical and horizontal lines:

b,

S a.s‘
Unmaga = [Hydy 5 Upagq = [Hydx %)
0 0

Then the average values of the components of this
strength along the corresponding axes:

Hyav = Umagd /bgy Hygy= Umagq /ag (6)

give the longitudinal and transverse components of
magnetic permeability for an equivalent medium:
_ _Pav L . _ Bav L 7
Hrd Hyav Ko Hra Hxav Ho @

Using here the magnetic constant p, allows to
immediately go to the relative magnetic permeability
(index r has been added to identify this).

FEMM code provides obtaining Usugs, Unaggy Hyav
and H,,, values using a special procedure included in the
Lua script. As a result, we obtained: U0 = 1420 A;
Hyy = 19090 A/m; Py = 10; Upegy = 8640 A;
Hyey=122600 A/m; p,, = 1.5.

In the general calculation area (Fig. 1), the magnetic
field is described by the same equation (2) with setting in
the WC of the detected magnetic anisotropy along the
longitudinal and transverse axes. The propagation of the
MF is limited by the outer surface of the inductor core,
where the Dirichlet boundary condition is specified:
A4.=0.

As an example, Fig. 1 shows the vector field of the
MFD obtained in the load mode for the already
determined values of magnetic permeability, time, and
angle f = 45°. In this case, the current value I; was 455 A
at phase voltage of the stator winding U; equal to 220 V.
At the central point of the working chamber, the MFD
was 0.36 T.

Quantitative-phase relationships of
electromagnetic quantities in MFIL. The determination or
specification of these relationships is important and
necessary in the calculation of the electromagnetic
parameters and characteristics of the MFI presented below.

According to the results of the calculation of the
MF using FEMM code [5], we obtain EMT through the
Maxwell magnetic stress tensor according to the
formula [9]:

24 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.6



= o | B.ByrdS, (8)

o(rg —1.) Ss
where B, and B,, are the radial and angular components of
the MFD, respectively; 7, and r, are the radii of the circles
limiting the cross-sectional area of the gap Ss from the
sides of the WC and the stator, respectively.

The basis of the analysis of electromagnetic values
of the MFI is the operation with magnetic flux linkage
(MFL) of the stator phase winding. This value is
calculated by the distribution of the MVP [9] through the
numerical implementation of the expression:

em

K,

Nl Nyl, &
\P=%jAstz SN A NS (9)

® S, 9 Jj=1

where S,, K, are the cross-sectional area of all finite
elements with current in the phase zone of the stator
winding and the number of such elements; A4.,,; is the
average MVP value in the j-th element of the area AS;.

There is a special procedure in the FEMM code that
provides the determination of MFL (9), which is
automated under the control of the Lua script [5, 9].

After calculating the MF with its fixed structure, the
«mask» of the stator phase winding is conditionally
located alternately in the stator slots in different angular
positions oy, with a shift by the tooth division.

In each position of the «mask», similarly to that
described in [10], the MFL is determined by the formula
(9) for all slots of the phase winding and a discrete
angular function of the MFL is obtained:

Y (o), k=1,2,.. K, (10)
where a sufficient number of positions K = Q,/2.
This periodic function is expanded into a

harmonious Fourier series [8, 10], but for the purpose of
this paper, the first harmonic of the MFL is enough:
Y=Y, cos(oc+yw).

(11)
Due to the rotation of the MF with angular velocity

Q= o/p, in (11) ais replaced by Q (¢, and for a stationary
phase winding, the MFL becomes a temporary function:

‘P:‘Pmcos(o)t+yw). (12)

According to the law of electromagnetic induction,

from (12) the EMF of the phase winding is obtained:

e=o0Y, cos((ot + Yy —n/2),

(13)

where its amplitude E, = oY, and the initial phase

Ye =7y — /2 are separated.
Then the effective value of the EMF of the stator
phase winding:
E, :\/Eﬂ?fsqjm' (14)
The set of electrical quantities taken into account in

the stator phase winding is represented using the
equivalent circuit shown in Fig. 4.

U,

=5

Fig. 4. Stator phase winding electrical equivalent circuit

In addition to the phase voltage U and current /;, in
Fig. 4 the ideal source of the already determined EMF E,
is located, as well as the ideal inductive and resistive
elements characterized by the corresponding resistances:
the active resistances R, and R, represent electric and
magnetic power losses, the reactance X, — the frontal
scattering of the stator winding MF. Other scattering
fluxes are already taken into account in the MFL ¥ (9),
determined over the entire MF in the rectilinear part of the
stator winding.

The resistances R, and X, are calculated according to
the classical methods for calculating TAM [6].

To take into account the power of magnetic losses
P, in the circuit in Fig. 4, this active resistance
introduced:

P, mag
Rmag = 5
mgl
and this power is determined in the stator core according
to the updated method [11] after calculating the MF.

For the equivalent circuit (Fig. 4), the equilibrium
voltage equation in a symbolic form is the following:

Ug=-E,~E, +Up, (16)
where the EMF from the magnetic flux of frontal
scattering and the voltage drop across the active
resistances are presented

EV = _ijis 5 QR = (Rs +Rmag)£5 . (17)

Quantitative and phase relationships of the already
mentioned and also a number of electromagnetic
quantities will be provided using the vector diagram (VD)
in Fig. 5,a. It is built on the identified relationships of
electromagnetic quantities in the MFI in compliance with
generally accepted rules of electrical engineering.

(15)

Fig. 5. Vector diagram of electrical and magnetic quantities
of the stator phase winding

The angular coordinates are counted from the
longitudinal axis of the WC d, which, as in Fig. 1, held
vertically. Relative to it, the current vector /; is drawn at
the given angle £, and the MFL vector ¥, which is in (12)
is drawn at the angle of the initial phase y,,. The MFL
vector of the frontal part of the winding P, is parallel to
the vector /. The EMF vector E,, according (13), is
phase-ahead from ¥, by 90°, therefore the vector —E,
included in (16) is ahead of ¥, by 90°. According to (16),
the —F, vector is perpendicular, and the vector Uy is
parallel to the current vector /. The voltage vector U; is
constructed based on the summation of vectors according
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to (16). With respect to the current vector , the vectors
—E, and U received leading phase shifts ¢, and o¢g,
respectively.

The EMF value E, is found from (14), and the
mentioned angle is found by the VD

e = 90° — Y4 = 90° — B + Yy (18)

Then we can find U, and o,. For clarity of this, a
simplified (rotated and without scale) fragment of the VD
is used (Fig. 5,b).

Active and reactive components of EMF E:

E,,=E,cos0p,; E,,=E;singg,. (19)
Similar voltage U, components:
Us,a = Ea,a - UR 5 Us,r = Ea,r - Ev (20)

give the actual value of the phase voltage and its phase
shift relative to the current:

Uy =\UZ,+UZ, s @ =arctg(U, /Uy ,). (21)

As an example, we present the results of a test
calculation carried out in relation to Fig. 1: P, = 1906 W;
Riag =0.00304 Q; ¥, = 0.938 Wb; vy, = 21.09° E, =208 V;
Qrs = 66.09° o, = 65.77°; E, = 10.1 V; U = 6.8 V;
M,,, = 324 N'm. Separately, the values R, = 0.00968 Q
and X, = 0.022 Q are determined.

It is from such data the picture of the distribution of
MEFD is a priori shown in Fig. land VD is built in
Fig. 5,a. Additionally, Fig. 6 shows a picture of the
magnetic force lines of the MF and the mutual
correspondence of the mentioned rotation angles of
different quantities for the considered MFI load mode.

Fig. 6. MF picture in the form of force lines and angle marks
for different quantities

It is noteworthy that the angle yy, turned out to be
substantially smaller than f. At the same time, it was
revealed that, given f = 0, the value vy, also turned out to
be zero, and this corresponded to the II mode, since the
EMT by (8) was zero. The rotation of the MFL vector ¥,
from the II mode to the load mode, according to the
theory of synchronous machines [8], is the load angle.
Therefore, the angle vy, in Fig. 5,a is nothing other than
the MFI load angle, i.e. ® = yg,, which is also shown in
Fig. 6.

The angle of rotation of the vector B is determined
by the coordinate components of the MFD vector in the
center of the WC:

ap=arctg(B,/B,), (22)

which is 15.1°.

Energy parameters of MFI. After calculating the
MF and determining the quantitative and phase
relationships of electromagnetic quantities, it is enough to
quite simple calculate the energy parameters of the MFI.

Electromagnetic power in electrical terms:

Fo =mgE 1,c0sQp, . (23)

On the other hand, electromagnetic power in
mechanical terms can be considered as output or useful
power:

Pom = Poyy = M €2 (24)
Input or expended power:
Py =mUgl;cosqy , (25)

where the power factor cos, is determined by the phase

shift of the voltage and current of the stator winding
calculated in accordance with (21).

Power losses are composed of the power of
electrical losses in the stator winding.

Py =mgRI3, (26)
and the aforementioned magnetic losses power P, in the
stator core.

Efficiency of the MFI:

=L/ By (27)

Characteristics of MFIL. The presented theoretical
base allows to calculate a number of characteristics of the
MFI, connecting its electromagnetic and energy
parameters, as well as the phase relationships of the
corresponding quantities in the mode of a changing load.
When studying characteristics, the basic ones are
traditionally selected from the set of figures, while the rest
are analyzed.

In MFI, the basic ones include voltage U, and
current /; of the stator winding, which are input values for
it. In this case, two variants of operation with a change in
load are possible:

1) the effective current value /; is kept constant, and
the voltage and other values are calculated;

2) the effective value of the voltage U, is kept
constant, and the current and other values are calculated.

In the first case, the effective operation of the MFI at
the maximum permissible level for electric losses of the
stator winding power and its heating is possible, but an
appropriate voltage regulator is required. In the second
case, we can use the existing power supply network to
power, but the stator winding and the MFI can operate in
a given load range with insufficient use.

In this paper, we consider the first variant of the
operation of the MFI — with the stabilization of the current
value of the stator winding, leaving the second option to
continue research in the following works.

At a stable value of the stator winding current, a
change in the mechanical load with a change in the filling
of the WC leads to a change in the EMT due to a change
in the load angle and other phase relationships. Of these,
for calculating the characteristics, as a variable quantity —
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argument it is convenient to take the angle of the
generalized initial phase of the stator winding currents
included in (1).

Then the solution of the problem of calculating the
characteristics becomes quite simple: when setting the
effective value of the current /; and angle S, the MF is
calculated and, according to the method expressed by
formulas (1)-(27), a whole series of necessary values is
obtained.

To obtain various characteristics from the calculated
numerical arrays of different quantities, some of them can
later be taken as an independent argument and from
others — functions that are of interest to the calculator can
be assigned.

In a specific calculation example of characteristics,
the base value of the current /; = 455 A is accepted, which
was already used in the test calculation at f = 45° and
U;=220 V.

To obtain the full characteristics, the angle f range
from 0 to 90° is adopted, which for sufficient
«smoothness» of the graphs is carried out with a step
of 5°.

The main part of the obtained characteristics is
presented in Fig. 7-10. Their essence is manifested by the
quantities indicated on the graphs.

We draw attention to the fact (Fig. 8) that the angles
f and O coincide in values at the extreme points — 0 and
90°. In this case, the EMT is zero, that is, the II mode
takes place. The maximum EMT value corresponds to the
angle f = 46° (Fig. 7), and here the critical load angle @,
is 22.5° (Fig. 8).

According to the theory of synchronous machines, in
the range of the angle ® from 0 to ®,,, the operating mode
of the MFI is stable. In order to have a twofold EMT
margin, the load angle ©,,, equal to about 7° can be
considered nominal, which corresponds to the angle

L=17-18°.
Figure 7 shows that from Il to this angle, the
voltage, MFL, EMF and resistance R,, are

approximately stable — with a slight decrease with
increasing load of the MFI. The same can be said about
magnetic losses (Fig. 9), and electric losses are unchanged
by definition, due to the stability of the current.

The electromagnetic power in electrical (23) and
mechanical (24) expressions is numerically identical
(Fig. 9), which can be considered as a check of the
correctness of the obtained phase relationships of
electrical quantities. The shape of the graphs of these
powers is naturally similar to the EMT graph.

The characteristics of the power factor and
efficiency (Fig. 10) show their natural growth with
increasing load of the MFI. The level of efficiency in the
range of stable operation corresponds to the classic
electric machines of low and medium power. But the level
of the power factor turns out to be very small, which is
explained by the presence of large nonmagnetic gaps and
a low-magnetic medium in the WC.
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Fig. 7. Characteristics of voltage, MFL, EMF, EMT
and active resistance to take into account magnetic losses
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Fig. 10. Characteristics of power factor and efficiency

Conclusions.

1. Numerical-field calculation allows to accurately take
into account the geometric shapes of the stator core of the
MFI, its nonlinear magnetic properties and the anisotropy
of the magnetic properties of the working chamber with
oblong ferromagnetic elements.

2.The  considered  phase  relationships  of
electromagnetic and force quantities show that, according
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to the principle of operation, in the composition of the
device for processing various substances, the MFI is
closest to a synchronous motor.

3. One of the key elements of the developed theory and
methodology for calculating electromagnetic parameters,
their phase relationships and MFI characteristics is the
proposed method for taking into account the magnetic
anisotropy of its working chamber with filling with
ferromagnetic elements.

4. In the area of stable operation, in energy terms the
MFI is characterized by a rather high efficiency and a
very low value of power factor. The latter is due to the
presence of large gaps and a law-magnetic medium in the
working chamber in the inductor’s magnetic system.

5. The developed methodology for numerical-field
calculations of characteristics gives a lot of useful
information that can be used to design and improve MFI.
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RESULTS OF INVESTIGATIONS OF THERMAL RESISTIBILITY OF PROTOTYPES
OF ALUMINUM ALLOY PANELS OF FUEL TANK OF AIRPLANE TO DIRECT
ACTION OF NORMALIZED COMPONENTS OF ARTIFICIAL LIGHTNING CURRENT

Purpose. Implementation of calculation-experimental determination of thermal resistibility of walls of aluminum alloy panels of
different thickness of fuel tank of the airplane designed in Ukraine to direct action on them of normalized components of current
of artificial lightning. Methodology. Theoretical bases of thermophysics, bases of theoretical electrophysics, bases of measuring
technique, electrophysics bases of technique of high-voltage and large pulsed currents. Results. The results of calculation-
experimental investigations of thermal resistibility of prototypes with the necessary sheeting flat rectangular panels of fuel tank of
the designed airplane are resulted measuring 550 mm x 800 mm and from 1.2 to 4 mm thick of aluminum alloy B9S is easily
soiled to direct action on them in obedience to the operating requirements of normative documents of the USA SAE ARP 5412
and SAE ARP 5416 of A-, B- and C*- component of current of artificial lightning (14 area), and also D-, B- and C*- components
of current of artificial lightning (2A area) with the normalized amplitude-temporal parameters (ATPs). It is determined that the
tested panels of fuel tank of airplane in 1.2 mm, 1.5 mm and 1.8 mm thick for an area of 14 and 1.2 mm and 1,5 mm thick for an
area of 2A are thermally unstable to the direct shots in them of plasma channel of a storm discharge imitated in laboratory terms
with the indicated components of current of artificial lightning. It is shown that thermal resistibility to lightning of the tested
panels of fuel tank of airplane is determined of ATP shortened protracted C*- components of current of artificial lightning,
causing appearance in them of the rounded small holes of melting the radius of r, and depth of h;. For finding by a calculation
by the sizes of r and hy in the indicated panels of fuel tank of airplane, struck in an air atmosphere a direct blow in them the
imitated storm discharge, the proper close correlations are recommended. The capacity of these calculation correlations is
confirmed results executed by the powerful high-voltage generator of impulsive current of artificial lightning of type of UITOM-1
of model experiments created in Ukraine. Originality. The calculation and experimental estimations of thermal resistibility of flat
duralumin panels of fuel tank of the airplane designed in Ukraine are first executed to the direct action on them for the areas of
1A and of 2A of plasma channel of the imitated storm discharge with the normalized indicated documents of ATP flows on it (to
the channel) A (D)-, B- and C*- components of current of artificial lightning. Practical value. Taking into account the executed
calculation-experimental investigations a practical conclusion is done that for prevention in the case of direct blow in the being in
an air atmosphere airplane of plasma channel of lightning with normalized ATPs indicated components of its pulsed current of
self-ignition of fuel steams in the examined duralumin tank of the designed airplane and its catastrophe the thickness of wall of
an aluminum alloy B95 of this tank with the proper sheeting must make no less than 1.8 mm for the area of 2A and no less than 2
mm for the area of 14. References 19, tables 2, figures 17.

Key words: lightning, fuel tank of airplane, prototype of panel of fuel tank, thermal resistibility to lightning, components of
current of lightning, generator of current of artificial lightning, calculation, experiment.

Haegeoeno pe3ynromamu 0ocniodncenb mepmiunoi cmiiikocmi 6u2omoeaeHux 6 3a800CLKUX YMOBAX 3 HEOOXIOHUMU HOKPUMMAMU
eunpodysanvruux 3paskie (B3) pozmipom 550 mm x 800 mm i mosuwgunoro 6io 1,2 00 4 mm nnockux nameneit 3 6UCOKOMIUHO20
antominiegozo cnaagy mapki B95 nanuenozo 6axa po3poonsaemozo imuuzHanozo aimaxa 00 npamoi 0ii na Hux o 301 1A ma
2A nopmosanux 3a eumozamu nopmamugnux 0okymenntie CIIIA SAE ARP 5412 i SAE ARP 5416 A (D)-, B- i C'- komnonenm
cmpymy wmyunoi onuckaeku. Iloxazano, wio éxazani B3 naneneii nanuenoz2o é6axa nimaxa mosuwjunor 1,2 mm, 1,5 um i 1,8 mm
HUX GUKOPUCMOGYBAHUX KOMNOHEHM CHMPYMY WIMYYHOI ONUCKA6KU 3 HOPMOBAHUMU AMNIIMYOHO-4ACOUMU NAPAMEMPAMU
(AYII). Po3paxynKoeo-eKCnepumenmanbHum Waaxom i3 3acmocy8aHHAM KARIAAPHOZ0 KOHMPONI0 6CMAHOGIEHO, W0 Ol 30H
1A ma 2A npama dia 6i0nogioHuUx KoMnoneHm cmpymy wmyuHoi onuckaexu 3 Hopmosanumu AYIIl na B3 nauneneit nanuenozo
baka nimaka 6KA3aHOI0 MOGU{UHOIO RPU3EOOUMb 00 IX HACKPI3HO20 NPONNAGNEHHA, 30aMH020 UKTUKAMU GUOYX NANUGHOI napu
6 bayi nimaxa, wio posenadaemosca, i o020 kamacmpog)y. bioin. 19, Tadn. 2, puc. 17.

Knwouosi cnosa: 0auckaBka, NaJMBHUI 0ak JiTaka, 3pa30K NaHeJdi NAJUMBHOro 0aka, TepMmiuHa O0JMCKABKOCTiiiKiCTD,
KOMIIOHEHTH CTPyMY 0JIMCKABKH, TeHEPATOP CTPYMY IITYYHOI OIMCKABKH, PO3PAXyHOK, eKCIIEPHMEHT.

Ilpugedenst pezynvmamsl uccied08aHUll MePpMuiecKoli CMOUKOCIU U320MO08IEHHBIX 6 3A800CKUX YCI0GUAX C HEOOX0OUMBIMU
3AUUMHBIMU ROKPOIMUAMU UChbimamensHuix oopaszyos (M0) pasmepom 550 mm x 800 mm u monwgunoi om 1,2 0o 4 mm
NAOCKUX nameneil u3 GbICOKONPOUHO20 ANIOMUHUEG020 chnaasa mapku B95 monnusenozo 6axa pazpabamvieaemozo
OMEeYecmeeHH020 camolema K NpAMOMY 6030elicmeuto Ha Hux 0aa 30n 1A u 2A HOpmuposanmslx no mpebdosanusm
nopmamuenvix ooxymenmos CIIA SAE ARP 5412 u SAE ARP 5416 A (D)-, B- u C'- Komnonenm moxa uckyccmeennoii
monnuu. Ilokazano, umo yxkaszaunvie 10 naneneii monauenozo éaxa camonema monwgunoit 1,2 mm, 1,5 mm u 1,8 mm ona 3onwt
1A u monwunoii 1,2 mm u 1,5 mm ona 3onvt 2A ne yooenemeopaom mpedosaHuam mepmuiecKoil CmouKoCmu K npamMomy
0elicmeulo HaA HUX UCNOTb3YEeMbIX KOMHOHEHM MOKA UCKYCCIEEHHOU MOJIHUU C HOPMUDPOGAHHBIMU AMAIUMYOHO-6DEMEHHbIMUL
napamempamu (ABII). Pacuemno-IKcnepumenmanbHolmM Hymem ¢ RPUMeHeHUeM KAnUuinApHO20 KOHMPOJiA YCMAHO6IEHO, YO
ons 301 1A u 2A npamoe deiicmeue coomeemcmeyouux KOMROHEHn MOKaA UCKYCCHEEHHOU MOIHUU ¢ HOpmuposanuvimu ABIT
na HO naneneii monnuenozo 6axka camonema yKa3auHuou mMOAUURbL RPUGOOUI K UX CKGO3HOMY RPONNAGIEHUI0, CHOCOOHOMY
6bI36AND 63PbIE MONIUGHBIX NAPOE 8 PACCMAMPUBAEMOM BaKe camonema u e2o kamacmpodgy. bu6n. 19, tabn. 2, puc. 17.
Knrouesvle crosa: moHusi, TONJIMBHBINA 0ak caMoJieTa, o0pa3ell NaHe/IH TOIUIMBHOIO 0aKa, TepMHYecKasi MOJTHHECTOHKOCTD,
KOMIIOHEHTHI TOKA MOJIHHH, T€HEPATOP TOKA HCKYCCTBEHHOI MOJTHHH, PACYET, JKCIIEPUMEHT.

Introduction. At direct strokes to aircrafts of linear  across the globe [1], the amplitude-temporal parameters
lightning developing in the atmosphere of our planet with  (ATPs) of the flowing pulsed current as directly in the
average frequency of up to 100 discharges per second
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plasma channel of its discharge and external structural
elements of the aircraft, and in the electrical circuits of the
on-board radio and electrical engineering, as well as
electronic equipment aircraft can take hazardous levels
for electrodynamic and thermal resistibility of main
devices and systems of aircraft [2]. According to the
requirements of the applicable US regulatory documents
SAE ARP 5412 [3] and SAE ARP 5416 [4], relating to
direct lightning strikes to aerospace equipment during
flight, the pulsed lightning current of the atmospheric
discharge contains the following three main components:
pulsed A-, intermediate B— and long-term C—
components. In this case, the normalized ATPs of the
pulsed A-— lightning current components according to
[3, 4] take the following numerical values: current
amplitude 7,,,=+200 kA (with tolerance of £10 %); current
action integral J,=2-10° A*s (with tolerance +20 %); time
tn4 corresponding to the current amplitude 7,4 is £,,,<50 ps;
duration 17,4 of the current flow must be equal to 7,,<500 ps.
The aperiodic intermediate B— component of the
simulated lightning current has the following ATPs [3, 4]:
average current I;p=+2 kA (with tolerance +20 %);
transferred electric charge ¢gz=+10 C (with tolerance +10
%); the duration 7,5 of the current flow is 7,;=5 ms (with
tolerance 10 %). In the case under consideration, the
normalized ATPs of the aperiodic long-term
C- lightning current component should have the
following numerical values [3, 4]: current amplitude
1,,c=£(200-800) A; transferred electric charge ¢-=+200 C
(with tolerance +20 %); duration 7,¢ of the current flow is
7,c= (0.25-1) s. In addition, the modified (shortened)
long-term  C'—  lightning current component is
characterized by the following ATPs [3, 4]: average
current of at least [;+=+400 A; duration 7,c+ of the
current flow is 7,c+=(15-45) ms. We point out that when
simulating in laboratory conditions the total current of
linear lightning and full-scale tests for lightning
resistibility of an aircraft, instead of the A— component,
the D— component can be used with the following ATPs
[3, 4]: current amplitude 7,,=+100 kA (with tolerance
£10 %); current action integral J,=0.25-10° A*s (with
tolerance 020 %); time ¢, corresponding to the current
amplitude 7, is t,p<25 ps; duration 7,p of the current
flow must be equal to 7,,<500 ps.

Currently, in Ukraine and Eastern Europe countries,
only the Scientific-&-Research Planning-&-Design
Institute «Molniya» of the National Technical University
«Kharkiv Polytechnic Institute» has a powerful high-
voltage high-current lightning current generator (LCG)
that provides reproduction of all the above components of
linear lightning current with ATPs normalized by [3, 4]
on tested for lightning resistibility objects of aviation and
rocket and space technology [5-7]. This LCG of type
UITOM-1 was developed and created in 2007 by the
employees of the Scientific-&-Research Planning-&-
Design Institute «Molniya» of the National Technical
University «Kharkiv Polytechnic Institute» [5]. Stationary
LCG of type UITOM-1 with nominal energy consumption
of up to 1.2 MJ (at a cost of at least USD 1.2 million [8]),
which contains 5 separate high-voltage pulsed current
generators (PCGs) simultaneously operating on a
common electrical load for electrical voltage of 5 kV to

+50 kV [5], is located on a high-voltage test site with area
of 21 hectares of the specified Institute, geographically
located in a picturesque forest 75 km south of Kharkiv
near the urban village Andreevka.

The tasks of ensuring the electrodynamic and
thermal resistibility of various aircrafts (airplanes, rocket
carriers, etc.) to direct effects in the earth air atmosphere
on their metal (composite) structures, airborne devices
and systems of powerful lightning discharges are relevant
in all industrialized countries of the world and are of great
practical interest.

The goal of the paper is the calculation-
experimental determination of the thermal resistibility of
the walls of duralumin panels of various thicknesses of
the fuel tank of the aircraft designed in Ukraine to the
direct effect of normalized components of the artificial
lightning current on them.

1. Problem definition. We proceed from the fact
that on the tested for lightning resistibility in the
discharge circuit of the indicated high-voltage high-
current LCG of the UITOM-1 type [5] a prototype of a
flat panel made of high-strength aluminum alloy grade
B95 (plan size 550 mm x 800 mm and wall thickness #:
1.2 mm; 1.5 mm; 1.8 mm; 2 mm; 2.5 mm; 3 mm; 3.5 mm;
4 mm) of the fuel tank of the domestic aircraft under
development with the double-sided protective coatings
required by the technological requirements, a high-current
plasma channel of a lightning discharge simulated under
laboratory conditions for zones 1A (4-, B- and C -
lightning current components [3, 4]) and 2A (D-, B- and
C'- lightning current components [3, 4]), for which the
used components of the artificial lightning current satisfy
the ATPs normalized according by [3, 4] act. We believe
that the thermal resistibility of the test sample (TS) of the
aircraft’s fuel tank panel is determined by the depth /4, of
the hole (crater) of the penetration of the TS wall in the
binding zone on its outer flat surface of the plasma
channel of a thunderstorm discharge simulated in
atmospheric air having a cylindrical shape [9]. Then the
condition of thermal resistibility of the studied duralumin
panels of the aircraft fuel tank to direct action on them of
lightning reproduced at a high-voltage laboratory can be
written in the following integral form:

hy <h. (1)

We believe that during the direct action of the
plasma channel of a lightning discharge on the prototype
of the aircraft’s fuel tank panel, the rounded binding zone
of radius 7, remains almost stationary relative to the outer
flat surface of the TS. We assume that the volume V; of
TS wall‘s metal (alloy) molten by current of artificial
lightning determines the volume and nature of the zone of
its thermal damage from the action of the channel binding
of this lightning discharge at the indicated location. We
perform a calculated assessment of the results of the
thermal effect of a simulated lightning strike to the
aircraft fuel tank panel TS assuming that during this
transient (no more than 50 ms) shock, the thermophysical
characteristics of the material of the aircraft fuel tank
panel under study are unchanged. Let the temperature 7T,
of the investigated TS of the panels of the fuel tank of the
aircraft of the air environment be room temperature and
equal to 20 °C [10].
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We carry out experimental photo-registration of a
thermal spark penetrating through the TS wall of an
airplane’s fuel tank panel when it is fused by a plasma
channel of lightning simulated by UITOM-1 type LCG
using the original technology developed by us, based on
the use of an insulating light-tight camera (LTC) in the
form of the correct pyramids with a height of about 1 m
(Fig. 1). Here, in the area of the rectangular base of the
pyramidal LTC, the TS is rigidly fixed using an integral
rubber gasket (see Fig. 1), and in the area of its apex, a
Zenit-12XP camera with a Kodak color film having a
photosensitivity of at least 200 units ISO is fixed.
Preliminary experimental studies have shown that in order
to ignite fuel vapors in an aircraft tank, a thermal spark
should emit in them (vapors) by pulsed way an energy
approximately equal to at least 200 pJ.

Fig. 1. General view of the insulating pyramidal LTC with
vertically mounted on its end a flat panel TS of 550x800 mm in
plan and thickness of # = 3 mm of the aircraft’s fuel tank,
galvanically connected to the high-current discharge circuit of
the UITOM-1 high-voltage test setup, before direct exposure to
it of plasma channel discharge with a pulsed current of artificial

lightning with normalized ATPs

We point out that in addition to deciphering the
photo-registration data in LTC of possible sparks during
thermal burn-through of the walls of the test samples by
the lightning channel, their lightning resistibility after
laboratory tests will, if necessary, be determined by
conducting a separate capillary laboratory control in order
to detect penetration of a defectoscopic penetrant at the
test pulses supply points to these samples [4].

We assume that if condition (1) is met, the
geometric configuration of the penetration hole of the
metal on the wall of the aircraft’s fuel tank panel has the
shape of a round cone with a height /4, with a base radius
7 on the outer surface of the panel and a vertex directed
inward to the wall, and if condition (1) is not fulfilled and
a small through penetration (burn-through) of the wall
(h=h) of the panel under consideration from the thermal
action of lightning on it, it takes the shape of a truncated
round cone with a zone of its truncation on its inner
surface [11]. At significant through penetration (burn-
through) of the wall (h7>>h) of the aircraft’s fuel tank
panel, the geometric configuration of its penetration hole
transforms into the shape of a round cylinder [11].

We use the statement, confirmed by our own
numerous experimental data, that the volume ¥}, of the

material of the aircraft’s fuel tank panel TS molten from
the direct action of the thunderstorm discharge channel
the aircraft’s fuel tank panel which is dangerous for local
through penetration of the studied tank wall of the aircraft
is determined by the long-term C- or shortened long-term
C'- components of the normalized artificial lightning
current [7, 11]. Note that from the standpoint of thermal
action on structural elements of the aircraft 4 (D)- and B-
components of the normalized artificial lightning current
cause only surface melting of the metal wall of its
sheathing, which is not dangerous for the survivability of
an aircraft during a thunderstorm [7, 11].

To initiate electric breakdown of an air gap of up to
50 mm in length in a two-electrode system (TES) «high-
voltage electrode-TS» and the formation of an artificial
lightning plasma channel in the air above the TS, we use
an electrically exploding wire (EEW) [3, 4]. As an EEW,
we use a thin copper wire with a diameter of 0.1 mm and
a length of up to 50 mm. Between the flat surface of the
TS and the edge of the EEW, we ensure that the air gap in
the TES is no more than 2 mm long.

First, it is required to carry out, according to (1), an
approximate calculation estimation of the thermal
resistibility of the prototype of the indicated panel of the
aircraft’s fuel tank to the direct action of the simulated
lightning channel on it (prototype), and then, using the
UITOM-1 type LCG [5], to carry out the experimental
verification of thermal lightning resistibility of the TS of
the panel under consideration to direct impact of the
plasma channel of artificial lightning into it.

2. Calculation estimation of the thermal
resistibility of samples of aircraft’s fuel tank panels to
artificial lightning current. In the calculation estimation
of the volume V) of the wall material molten by a
cylindrical plasma channel with an artificial lightning
current in the TS of the duralumin panel of the aircraft’s
fuel tank, we use the well-known relation, which has the
following analytical form [12, 13]:

Vi :Uachd(;l[CO(Tm_TO)+Cm]_1’ 2
where U, is the near-electrode voltage drop in the TS
zone, which plays the role of an anode electrode in the
TES of the discharge circuit of the UITOM-1 type
installation at a given negative polarity of C (C)-
components, B- component and the first half-waves of 4
(D)- components of artificial lightning current, V; ¢g¢ is
the amount of electricity (charge) carried by C (C')-
components of artificial lightning current, C; d; is the
density of the material of the panel of the aircraft’s fuel
tank, kg / m*; C, is the specific heat of the material of the
panel of the aircraft’s fuel tank, J/(kg-°C); C, is the
specific heat of fusion of the material of the panel of the
fuel tank of the aircraft, J/kg; 7, is the melting
temperature of the material of the aircraft’s fuel tank
panel, °C, T is the temperature of the ambient air of the
TS, °C.

In Table 1, in the first approximation, using the
quantitative data from [7, 14, 15], the main
thermophysical characteristics for the aluminum alloy of
the grade B95 of the studied experimental fuel tank panels
of the aircraft under development are given.
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Table 1
Main thermophysical characteristics of the material of the
experimental duralumin fuel tank panels of the
designed aircraft [7, 14, 15]

Characteristic Dimension Value
Uy \% 8.2
d kg/m’ 2790
C J/(kg°C) 920
T, °C 638
C, J/kg 390-10°

Using, to the first approximation, the conical shape
of the hole (crater) for penetrating the flat wall of the
aircraft’s fuel tank panel with a volume of Vi=mridhi/3,
taking into account (2) for its depth /4 in the wall under
study, from the direct thermal action of the plasma
channel with radius r; of lightning discharge on it, we
have:

e =3 Ueqedy [CoT ~To) + G (3)

For the estimated calculation of the radius 7, (m) of

the simulated lightning discharge channel with shortened

long-term C'- component of the lightning current in its

rounded supporting zone on the outer flat surface of the

studied panel of the aircraft’s fuel tank, we use the
following empirical dependence [7, 16]:

e =011-107(1 .)"2, (4)

where 1,0+ is the modulus of the maximum current for the
shortened long-term C'- component of the artificial
lightning current in the plasma cylindrical channel of the
discharge, which transfers the electric charge gc-.

Then, regarding the flow in the channel of artificial
lightning of the shortened long-term C'- current
component, from (3), (4) for the depth A; (m) of the
conical penetration hole in the wall of the studied panel of
the aircraft’s fuel tank, we obtain in the final form the
following approximate relationship:

Iy =7892:10°(1  dg) ' Uyeq o [Co(Ty — To) + Cpu ] . (5)

To evaluate the working capacity at 7,=20 ° C of the
obtained calculation relationship (5), which determines, at
a direct lightning strike on an aircraft, the depth %; of the
penetration hole in the wall of the considered flat panel of
its fuel tank, we use the numerical data given in Table 1,
as well as the following initial parameters corresponding
to the conditions for conducting thermal tests for lightning
resistibility of the TS for zones 1A and 2A using the
UITOM-1 type installation: 7,~=1000 A; gc~=6.1 C.
After substituting the indicated initial data in (5), we find
that the sought value /; assumes a numerical value equal
to approximately 1.48 mm. From this, taking into account
(1) and the calculation estimation for /; carried out
according to (5), for determining the thermal resistibility
of a plane panel with thickness / of the aircraft’s fuel tank
to a direct impact to it of a lightning discharge channel
with shortened long-term C'- component of the artificial
lightning current, we can preliminary conclude that tested
duralumin panels of the indicated tank with wall thickness
h of 1.2 mm and 1.5 mm with high probability, and with
h=1.8 mm with a possible degree of probability may not
satisfy the accepted condition of their thermal resistibility
to normalized pulsed lightning current action.

3. Equipment for experimental verification of
thermal lightning resistibility of samples of aircraft’s
fuel tank panels. This verification is feasible by placing
the indicated TS of duralumin panels of the fuel tank of
the aircraft into the gap of the high-current discharge
circuit of the LCG of type UITOM-1, general view of
which is shown in Fig. 2.

Fig. 2. General view of a high-voltage high-current test facility
of the type UITOM-1 (developed by the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the National
Technical University «Kharkiv Polytechnic Institute») which
simulates the direct effect of the main components of the
artificial lightning current on the TS of the metal panel of a
domestic aircraft’s fuel tank (in the foreground is a desktop with
a three-electrode controlled air switch for voltage of +50 kV and
an air exhaust system, and in the background are powerful high-
voltage generators PCG-4, PCG-D, PCG-B, PCG-C
and PCG-C¥) [5, 6]

Figure 3 shows the electrical equivalent circuits of
the discharge circuits of five powerful high-voltage
generators (PCG-4, PCG-D, PCG-B, PCG-C and PCG-
C*) of the UITOM-1 type test facility, modeling
respectively 4-, D-, B-, C- and C- components of the
artificial lightning current and synchronously operating on
a common low-inductance and low-resistance
concentrated R;L; load (R;=50 mQ; L;=1 uH) [5, 6]. It
can be seen that in the discharge circuit of the LCG used,
the active resistance Rg=0.158 mQ of the low-resistance
measuring shunt of the ShK-300M1 type, which passed
the state metrological certification at the State Enterprise
«Kharkiv Standard Metrology» (certificate of verification
of measuring equipment No. 06/4113 of April 14, 2017)
is connected in series with the indicated electrical load
equivalent. Table 2 shows the main technical
characteristics of the shunt type ShK-300M1 [7, 17].

Figure 4 shows general view of a measuring disk
coaxial shunt of the ShK-300M1 type, and Fig. 5 presents
a view of this shunt assembly with shielded coaxial
communication line of the measuring path and SDN-300
voltage divider matched on to this path, the coaxial
connectors 1:1 and 1:2 of which are connected to the
coaxial inputs of three digital storage oscilloscopes (DSO)
for recording ATPs of 4 (D)-, B- and C (CH- components
of the current of artificial lightning. Oscilloscopes of the
Tektronix TDS 1012 type, which were metrologically
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verified by the State Enterprise «Kharkiv Standard
Metrology» (for example, calibration certificate No.
08/2128K of 05.16.2017) and placed in a buried
measuring metal bunker remote from the UITOM-1
installation for reduce the influence of interference at a
distance of 60 m [7, 17] have been used as DSO.
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Fig. 3. Electrical equivalent circuits for the dlscharge circuits of
five separate high-voltage PGSs (PCG-4, PCG-D, PCG-B,
PCG-C and PCG-C%*) and a powerful LCG type UITOM-1 as a
whole with one common electric active-inductive R;L; load (F1,
F2 - three- and two-electrode high-current air switches for
voltage £50 kV and £5 kV, respectively; X1-X4 - electrical
jumpers; R¢=0.158 mQ - active resistance of a measuring
coaxial shunt of type ShK-300M1; R1-R5, L1 -L3 - own
electrical parameters of the circuits of PCG-4, PCG-D, PCG-B,
PCG- C* and PCG-C; R6, L4 - electric of forming elements for
circuits of PCG-C and PCG-C*) [5, 6]

Table 2
Technical characteristics of the high-voltage
high-current measuring shunt ShK-300M1 [17, 18]

Shunt name Characteristic’s value
Rg, mQ K, AIV Mass, kg
ShK-300M1 | 0.158+1 % | Ks=12625 3.1
Kg=6312

Note. K&2/Rg is the shunt conversion coefficient, A/V; Kgy is
the shunt conversion coefficient when measuring in the LCG
discharge circuit of ATPs of A- and D- components of artificial
lightning current, A/V (from the 1:1 coaxial connector of a
special voltage divider (SVD) type SDN-300); Kgc is the shunt
conversion coefficient when measuring in the LCG discharge
circuit of the ATPs of B-,C- and C’- components of the artificial
lightning current, A/V (from the 1:2 coaxial connector of the
SDN-300 voltage divider matched on)

Fig. 4. General view of a measuring disk shunt of a coaxial
design of the ShK-300M1 type, installed in a high-current
discharge circuit of a high-voltage test setup of the UITOM-1
type and used for simultaneous recording on the screens of three
storage oscilloscopes of ATPs of 4 (D)-, B- and C (C”)-
components of the artificial lightning current [17, 18]

Fig. 5. General view of the measuring disk coaxial shunt of the
ShK-300M1 type assembled with a shielded triaxial cable
communication line (70 m long) and a matched on special

voltage divider of the SDN-300 type with two coaxial
connectors 1:1 and 1:2 connected by short pieces of cable to the
coaxial inputs of the corresponding digital storage oscilloscopes
[7, 17]

Data in Fig. 3 shows that in the discharge circuits of
the PCG-4 and PCG-D generators a controlled three-
electrode air switch F; with massive steel electrodes for
voltage of £50 kV is installed, and in the discharge
circuits of the PCG-B, PCG-C and PCG-C* generators,
there is a two-electrode air switch F, with graphite
electrodes for voltage of +5 kV [5, 19]. After a
simultaneous charge from two parallel-operating from a
single-phase industrial network with frequency of 50 Hz
of the boost-rectifier devices of the high-voltage
capacitors of the corresponding PCGs of the UITOM-1
test facility to the required by the conditions of obtaining
in the TS of necessary by [3, 4] ATPs of the current
pulses of artificial lightning of constant electric voltage of
negative polarity (for capacitors of the PCG-4 and PCG-
D up to voltage Ucy in the range —(21-21.5) kV; for
capacitors of the PCG-B and PCG-C* up to voltage Ucc
in the range —(3.1-3.8) kV) and feeding from a special
generator developed by the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the National
Technical University «Kharkiv Polytechnic Institute» of
an igniting microsecond voltage pulse of negative polarity
with amplitude of up to 100 kV [5, 19] to switch F; (see
Fig. 3) there was a high-current discharge of pre-charged
high-voltage capacitors of the applied PCG generators on
the outer flat surface of the aircraft’s fuel tank panel TS.

Figure 6 shows the test circuit of the UITOM-1 type
high-voltage installation, corresponding to the case of
using for the purposes of experimental verification of
lightning resistibility of the TS of the fuel tank panels of
the aircraft to the effects on them only of C*- component
of artificial lightning current from the PCG- C*.

An experimental determination of the lightning
resistibility of the TS of the fuel tank panels of the aircraft
at the direct influence of the plasma channel of the
simulated lightning discharge on them was carried out on
the indicated UITOM-1 type test setup containing four
indicated PCGs (see Fig. 3). Moreover, when modeling
for the purpose of testing the TS of the artificial lightning
current pulses for zone 1A, three parallel operating PCGs
were used: PSG-4, PCG-B and PCG-C". During the
reproduction of simulated pulsed lightning currents during
the TS test for zone 2A, the following three parallel
operating PCGs: PCG-D, PCG-B and PCG-C” were used.
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Fig. 6. A test circuit using a high-voltage high-current
installation of the UITOM-1 type to determine the lightning
resistibility of prototypes of flat panels of a fuel tank of a
domestic aircraft at direct exposure to them of air lightning
discharge from PCG, simulating only the modified (shortened)
long-term C"- component of the artificial lightning current
(PCG-C"- generator, reproducing C'- component of lightning
current; TS - test sample; HVE - high-voltage electrode, on
which an electrically exploding thin copper wire is fixed; LTC -
light-tight camera for photographic recording of a thermal spark;
SC - shielded cable of a coaxial communication line; DSO -
digital oscilloscope; ShK - disk coaxial shunt for measuring
ATPs of artificial lightning current pulses having an active
resistance of Rg=(0.158+0.001) mQ and conversion coefficients
Kgequal to 12625 A/V (for measuring the 4- and D-
components of the lightning current) and 6312 A/V (for
measuring the B- and C*- components of the lightning current);
R~3.83 Q, Lc=11.43 mH, C~1.4 mF - electrical parameters of
the PCG-C” discharge circuit; F, - PCG-C" two-electrode air
switch for voltage £5 kV with graphite electrodes, controlled in
operation by applying an igniting microsecond voltage pulse
with an amplitude of —100 kV to a three-electrode air switch F
(voltage £50 kV) in the discharge circuit of PCG-4 (PCG-D);
Ucc - PCG- C” charging voltage)

Estimation of the lightning resistibility of the TS of
the aircraft’s fuel tank panels after feeding them of
required in accordance with the recommendations
specified in the US documents SAE ARP 5412 [3] and
SAE ARP 5416 [4] current pulses of artificial lightning
was carried out by:

e external inspection of the TS of the panels of the
aircraft’s fuel tank in order to determine the integrity of
their structure in the zone of direct impact in them of the
lightning channel;

e photo-recording with the help of the LTC and a
camera (Fig. 7) of possible thermal sparks from the
internal flat surface of the TS during direct exposure from
the above-mentioned high-voltage PCG generators of the
UITOM-1 type test installation to their external surface of
the corresponding current pulses of artificial lightning for
zones 1A and 2A;

e carrying out, after high-voltage high-current tests of
pilot duralumin panels on the LCG of the type UITOM-1,
of capillary control of the TS.

4. Test results for thermal lightning resistibility
of samples of aircraft’s fuel tank panels for zones 1A
and 2A. Figure 8 shows general view of the TS of the
panel being examined for lightning resistibility (A=3 mm)
of the aircraft’s fuel tank immediately after direct
exposure to it of the full normalized current of artificial
lightning, characteristic of zone 1A. Experimental
verification at the UITOM-1 type LCG (see Fig. 2) of the
thermal lightning resistibility of the TS of flat panels
4 mm, 3.5 mm, 3 mm, 2.5 mm, 2 mm, 1.8 mm and

Fig. 7. Appearance of a pyramidal LTC with a camera at its
small end (the camera is covered with a black lightproof
protective cover) during the current registration of thermal
sparks from the internal surface of the TS, rigidly and vertically

mounted on its large end

1.5 mm thick of the aircraft’s tank for zones 1A and 2A
showed that through penetration of their walls was not
visually observed.

I;
-

. -
Fig. 8. General view of the TS of a flat panel with a plan size of
550x800 mm (thickness A=3 mm) of the aircraft’s fuel tank,
vertically mounted on the end face of an insulating LTC and
connected by flexible massive copper buses to a high-current
discharge circuit of the UITOM-1 high-voltage test setup,
immediately after direct exposure to it (top right) of the plasma
channel of the discharge with pulsed current of artificial
lightning simulating the direct thermal effect on the TS of
normalized current pulses of the air lightning discharge
for zone 1A

The later processing of films from the camera
mounted on the end of the LTC and recording possible
thermal sparks from the inner surface of the TS of the
panels showed that there were no thermal points or
sparking on the inside of these panels either. At direct
impact on the indicated TS of the aircraft’s fuel tank
panels of the plasma high-current channel of artificial
lightning current with normalized ATPs of its 4 (D)-, B-
and C'- component, there was only local fusion of the
outer surface of the TS in the binding zone on it of this
high-current channel of air simulated lightning discharge
with the formation, firstly, of a rounded molten hole
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(from the action of 4 (D)- lightning current component)
with a diameter of up to 60 mm and a shallow depth (up
to 50 microns) and, secondly, of a central rounded reflow
crater (from the action of C'- lightning current
components) with a diameter of up to 7.4 mm and a depth
of up to 1.5 mm.

The experimental results of the laboratory capillary
inspection of the TS conducted later by the personnel of
the special unit of Antonov Company revealed the
penetration of a defectoscopic penetrant through
duralumin panels 1.5 mm and 1.8 mm thick tested for
zone 1A, and also through duralumin panels tested for
zone 2A with thickness #=1.5 mm. These results
indicate the presence in the TS of through defects for the
indicated cases.

The above experimental results correlate well with
the calculated data obtained by (4) for radius 7~3.6 mm
(at I,c=1110 A) and according to (5) for depth
hi=1.4 mm (at gc+=6.4 C) of a rounded penetration hole of
a wall of tested on the described powerful high-voltage
high-current LCG type UITOM-1 the flat duralumin panel
of the fuel tank of the designed aircraft.

Figures 9-11 show the oscillograms of the artificial
lightning current components typical for zone 1A that
act in the discharge circuit of the LCG type UITOM-1
on the IO of thickness #=1.5 mm of the flat duralumin
panel of the aircraft’s fuel tank. A visual examination of
this TS after testing it in the LCG circuit for thermal
lightning resistibility (Fig. 12) did not give direct results
on the presence of through penetration in its wall from a
direct impact of the simulated lightning current
components A-, B- and C'- with normalized ATPs. Only
the further application of the method of capillary control
of the place of thermal damage to the TS for zone 1A
confirmed the presence of through penetration of the
wall of the duralumin panel with thickness #=1.5 mm of
the aircraft’s fuel tank.

Figures 13-15 show the oscillograms of the
artificial lightning current components typical for zone
2A that act in the UITOM-1 type LCG discharge circuit
on the TS with thickness #=1.5 mm of a flat duralumin
panel of the aircraft’s fuel tank. From the data of a
visual inspection of this TS, it follows that for zone 2A,
the D-, B- and C"- components of the artificial lightning
used in tests of the TS of thickness #=1.5 mm of the
plane duralumin panel of the aircraft’s do not cause
through penetration of its wall visible to the naked eye.
This is also evidenced by the registration results for
zone 2A with the help of a camera installed in the LTS
of possible thermal sparks from the inner surface of the
TS with thickness #=1.5 mm of its wall. At the same
time, the possible through penetration in this case of the
wall under consideration with thickness #=1.5 mm of the
aircraft’s fuel tank is indicated by the calculated data by
(5) for the depth /#=1.3 mm (at g¢+~=6.16 C) and
according to (4) for radius r=3.7 mm (at /,c~=1148 A)
of the rounded hole of its penetration due to the action
of the lightning channel on it.
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Fig. 9. Oscillogram of the pulsed 4- component of the current of
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Fig. 10. Oscillogram of the intermediate B- component of the
current of artificial lightning acting on the TS (point 5, zone 1A)
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Fig. 12. General view from the binding zone on the outer surface
of the TS of a flat duralumin panel (4=1.5 mm) of the airplane’s
fuel tank of the plasma channel simulated at the U'TOM-1 type
installation of the lightning discharge of the results of the direct
impact on this TS for zone 1A of the normalized components of

the artificial lightning current, characterized by local thermal
damage of the wall of the TS of the panel at the place of impact
of the lightning channel to it
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Fig. 13. Oscillogram of the repeated pulsed D- component of the

lightning current acting on the TS (point 3, zone 2A) of
thickness #=1.5 mm
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Fig. 15. Oscillogram of the shortened long-term C"- component

of the lightning current acting on the TS (point 3, zone 1A) of
thickness #=1.5 mm
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7,c—=14.8 ms; gc»=—6.16 C)

The application at the final stage of the research
carried out to the tested for thermal lightning resistibility
in zone 2A in the discharge circuit of the UITOM-1
installation for a panel sample of high-strength aluminum
alloy grade B95 with thickness of A=1.5 mm of the
method of capillary control of the damage site of the TS
from a direct impact of the channel of simulated lightning
confirmed its through penetration.

Figure 16 shows the results of direct action for zone
1A on the TS of a flat duralumin panel with thickness
h=1.2 mm of the aircraft’s fuel tank of the corresponding
artificial lightning current components with normalized
ATPs. It is clearly seen that such an effect on the TS of the
simulated at the LCG type UITOM-I1 type the lightning
discharge channel leads to through penetration of the wall
of the duralumin panel of the aircraft’s tank in the place of
its (channel) binding on the outer surface of the TS. Here,
the ATPs of the components of the artificial lightning
current recorded in DSO for zones 1A and 2A did not differ
significantly from the numerical data characteristic of their
oscillograms shown in Fig. 9-11, 13-15.

7

Fig. 16. General view from the binding zone on the outer surface
of the TS of a flat duralumin panel (A=1.2 mm) of the aircraft‘s
fuel tank of the plasma channel simulated by the UITOM-1
installation of a lightning discharge of the results of direct
exposure to this TS for zone 1A of the normalized components
of the artificial lightning current, characterized by through local
penetration of the TS panel wall at the point of impact of the
lightning channel
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Note that this through penetration from the direct
thermal action of the plasma channel of the simulated
lightning discharge of the wall of a flat duralumin panel
with thickness #=1.2 mm of the aircraft’s fuel tank (see
Fig. 16) is unambiguously indicated by as the results of
photographic recording of thermal sparks with an
insulating pyramidal LTC from internal surface of the TS,
as well as by the calculated estimation by (5) of the depth
rr and by (4) of the radius r; of the hole for its penetration.

Figure 17 shows the results of direct thunderstorm
discharges effect simulated on the LCG type UITOM-1
with normalized values of the ATPs of their current
components for zone 1A to a wall with thickness of
h=1.2 mm of the TS from the side of its inner surface.
The experimental data shown in Fig. 17, confirm the
conclusion that the TS with the necessary protective
coatings of a panel made of an aluminum alloy of grade
B95 with thickness #=1.2 mm of the aircraft’s fuel tank
for zone 1A does not satisfy condition (1) and is thermally
unstable to direct action on it of 4-, B- and C’- current
components of artificial lightning with ATPs normalized
according to [3, 4].
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Fig. 17. General view of the TS of a flat duralumin panel
(h=1.2 mm) of the aircraft’s fuel tank from the side of its inner
surface, the outer surface of which at various points in the
discharge circuit of the UITOM-1 type installation was
subjected to direct impacts of pulsed components of artificial
lightning current corresponding to zone 1A

Conclusions.

1.The results of the calculation-experimental
investigations carried out at the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the National
Technical University «Kharkiv Polytechnic Institute»
regarding the thermal resistibility of prototypes with
required by technological conditions protective coatings
of flat rectangular panels of a fuel tank with size of 550
mm x 800 mm and thickness 4 from 1.2 to 4 mm made of
high-strength aluminum alloy of brand B95 of the
designed domestic aircraft to direct impact on them
according to the current requirements of US regulatory
documents SAE ARP 5412 and SAE ARP 5416 of 4-, B-
and C'- components of the current of artificial lightning
(1A zone), as well as D-, B- and C'- components of the
artificial lightning current (zone 2A) with normalized
ATPs indicate that the studied panels with thickness
h=1.2 mm, ~A=1.5 mm and #=1.8 mm for zone 1A, as well
as with thickness #=1.2 mm and /=1.5 mm for zone 2A
are thermally unstable (A<A;) to direct impacts in them of

a plasma channel of a lightning discharge simulated under
laboratory conditions with the used components of a
pulsed current of artificial lightning.

2. The thermal lightning resistibility of the studied
panels with thickness 4 of the aircraft’s fuel tank is
determined by the ATPs of the shortened long-term C'-
current component of the artificial lightning, which
causes the appearance of rounded penetration holes with
radius r; and depth /%, in them. To find the values of r;
and /4, in the indicated panels of the aircraft’s fuel tank,
struck in the earth's air atmosphere by a direct impact of
a simulated lightning discharge in them, approximate
calculated relationships (4), (5) are recommended. The
operability of these relationships is confirmed by the
results of field experiments performed using a powerful
generator of pulsed current of artificial lightning of the
UITOM-1 type.

3. In the event of a direct impact on a plane in an air
atmosphere of a lightning plasma channel with
normalized ATPs of the indicated components of its
pulsed current, to prevent ignition of fuel vapors in the
tank under study with walls made of high-strength
aluminum alloy grade B95 and corresponding double-
sided protective coatings of the designed aircraft and its
accident, the thickness % of the wall of this fuel tank must
be at least 1.8 mm when the tank is located in zone 2A of
its lightning strike and at least 2 mm the tank is located in
zone 1A of its lightning strike.
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Yu.V. Batygin, E.A. Chaplygin, S.A. Shinderuk, V.A. Strelnikova

NUMERICAL ESTIMATES OF CURRENTS AND FORCES
IN LINEAR TOOLS OF THE MAGNETIC-PULSE ATTRACTION OF METALS.
PART 2: HIGH ELECTRICAL CONDUCTANCE METALS

Purpose. The purpose of the present work is substantiating workability of the linear tools of the magnetic-pulse attraction of thin-
walled sheet metals with high electrical conductance, the principle of which is based on the force interaction of two conductors
with unidirectional currents during intensive penetration of the acting electromagnetic fields. Constructively, one of these
conductors in the linear tools is the so-called main current lead (an analog of the inductor in EMF) and the second one is the
part of the sheet metal which has to be deformed. Methodology. For numerical estimates the analytical dependences are obtained
with help of the methods of electromagnetic field theory as well the standard programs from the Wolfram Mathematica package
used. Results. The fulfilled calculations illustrate the amplitude-temporal dependences for the excited currents and forces under
the demanded decrease of the operating frequencies of the acting electromagnetic fields. The efficiency of the linear magnetic-
pulse tools is based on the excitation of the mutual attraction forces of conductors with low-frequency unidirectional currents.
Originality. By the example of aluminum, which is the main raw material in modern aviation and automotive industry, it has been
found that for processing the metals with high electrical conductance demand a significant decreasing operating frequencies,
what is necessary for intensifying the penetration processes of acting fields and, accordingly, for exciting the real attractive
forces. Practical value. The results of the work allow formulating the based recommendations for the creation and practical
application of the linear magnetic-pulse attraction tools for the progressive technologies of restoring the damaged areas of bodies
coatings from the thin-walled sheet metals with the high specific electrical conductivity. References 10, figures 4.

Key words: metals with high electrical conductance, intensive field penetration, magnetic-pulse attraction of conductors with
unidirectional currents, linear tools for eliminating dents in body coatings.

Mema. Memoto pobomu € o00rpynmyeanus Oi€30amuocmi JNIHIUHUX [HCMPYMEHMIE MAZHIMHO-IMRYIbCHO20 RNPUMAZAHHA
MOHKOCMIHHUX JTUCMOBUX MEMAJi6 3 6UCOKOI) RUMOMOIO eJIeKMPONPOGIOHicmIO, npunyun Oii AKUX 3ACHOBAHUI HA CUNOGIN
63AEMO0IT NPOGIOHUKIE 3 0OHOCHPAMOBAHUMU CIIPYMAMU RPU IHMEHCUBHOMY RPOHUKHEHHI 30y0xcenux nonie. Memoouka. /[na
YUCENIbHUX  OUIHOK  GUKOPUCHMIOBYGANIUCA  AHANIMUYHI  3ANeHCHOCMI, OMpPUMAHI 34 OONOMO2010 Memooie  meopii
eneKmpomazHimmnozo nons, i cmanoapmui npozpamu 3 nakemy «Wolfram Mathematica». Pezynomamu. Ilposedeni oouucnenns
inrocmpyrome amniaimyono-4acosi 3anexcHocmi 01 30y0)4ceHuUx cmpymie i cun npu HeoOXiOHOMY 3HUMNCEHHI PodoOUUX uacmom
Oitouux enekmpomazHimnux nouaie. O0rpynmoesano 0icgicmo NIHIIHUX MACHIMHO-IMRYIbCHUX [HCIMPYMEHMIB, 3ACHOBANUX HA
30y0)cenni cunl 63AEMHO20 NPUMAAHHA NPOGIOHUKIE 3 HU3LKOYACMOMHUMU O0OHOChpAmosanumu cmpymamu. Haykoea
Hosusna. Ha npuknadi 3 aniominiem, AKuil € 0CHOBHUM CUPOSUHHUM MAMEPIAIOM Y CYUACHOMY aAgia- ma agmomooinedyoysanti,
6CMAHO61EHO, WO O/1A Memasié 3 6UCOKOI0 NUNIOMOIO eeKMPONPOGIOHICHII0 NOMPIOHO 3HAYHE 3HUIICEHHA POOOYUX yacmom,
w0 HeoOXiOno 0na inmeHcuikayii npouecie NPOHUKHEHHA OiIOYUX NONIE I, 6ION0GIOHO, 071 30Y0MHCEHHA PEANbHUX CUT
npumsazannus. Ilpakmuune 3nauenna. Pezynomamu pobomu 003601:a10mey chopmynioeamu 00rpyHmoeani peKomeHoayii w000
CHIGOPEHHA MA NPAKMUYHO20 3ACHOCYSAHHA JIHIIHUX [HCIMPYMEHMie MAZHIMHO-IMAYIbCHO20 NPUMAZAHHA 6 NPOZPECUBHUX
MeXHON02IAX 6IOH0B/IEHHA NOWIKOONHCEHUX OINAHOK KOPNYCHUX NOKPUMMIE 3 MOHKOCHMIHHUX JUCMOBUX Memaiié 3 6UCOKOI0
numomoro enexkmponposgionicmio. bion. 10, puc. 4.

Knrouoei cnosa: Meranu 3 BUCOKOI NHUTOMOIO €JeKTPONPOBiIHICTIO, IHTEHCHBHE NIPOHMKHEHHH I0JIsl, MATHITHO-IMIIyJIbCHE
NPUTATAHHSA NPOBIIHUKIB 3 OJHOCHPSAMOBAHUMM CTPYMaMH, JiHiliHHIl IHCTPYMEHT YCYHeHHSl BM'ATHH B KOPILyCHHUX
MOKPHUTTSX.

ILlenv. Ilenvro pabomour sensiemcs 060CHO8aHUE 0€eCROCOOHOCMU JIUHEHHBIX UHCHMPYMEHMOE MAZHUMHO-UMNYIbCHO2O0
APUMAINCEHUsT MOHKOCHEHHbIX JIUCHIOBbIX MEMAJI068 C GbICOKOU YOeNbHOU INeKMPONPOGOOHOCHIbIO, HNPUHUUR OeliCmeusl
KOMOpbIX OCHO8AH HA CUNOBOM 63AUMOOCIICMGUU NPOGOOHUKOE C OOHOHANPAGNEHHLIMU MOKAMU RPU UHIMEHCUBHOM
NPOHUKHOGeHUU 8030Yicoaemblx noneii. Memoouxa. /[nsa YucieHHBIX OUEHOK UCNOIL30BANUCH AHANUMUYECKUE 3A8UCUMOCU,
ROTLyYeHHDIE C NOMOWBIO MEMO008 Mmeopuu INeKMPOMAZHUMHO20 NONA, U CMAHOapmhble hpozpammsl u3z nakema «Wolfram
Mathematica». Pe3ynomamot. Ilposedennvie 6vluuCIeHUA UNTIOCMPUPYIOM AMAJIUMYOHO-BPEMEHHbBIE 3ABUCUMOCMU O
6030Y#c0AEMbIX MOKOG U CUNL NPU MPEOdyeMOM NOHUNCEHUU PAdOUUX YACMOmM OelCMEYIOUUX IIeKMPOMAZHUMHBIX noJell.
Obocnosana 0eiicmeeHHOCHb JIUHEIHBIX MAZHUMHO-UMRYIbCHOIX UHCIMPYMEHNO8, OCHOBAHHBLIX HA B030YHCOEHUU CUT
63AUMHO20 NPUMAICEHUA NPOGOOHUKOE C HUZKOUACMOMHbIMU 00HOHanpasiennbimu mokamu. Hayunas nosusna. Ha npumepe
C aloMuUHUEeM, KOMOPbLIL AGIACMCA OCHOGHLIM CHIPLEGLIM MAMEPUAIOM 6 COBPEMEHHOM AGUA- U AGMOMOOUIECMPOeHUU,
YCIMAHO061eHo, YMO ONA MEMmanios ¢ blCOKOU YOenbHOU INIeKMPONPOBOOHOCHbIO mpedyemca 3HauumenbHoe NOHUIICEHUE
pabouux uacmom, uUmo HeOOXOOUMO ONA UHMEHCUPUKAUUU RPOUECCO8 NPOHUKHOBEHUA OelCmEyIouux noaei u,
COOMEEeMCcmeenno, 0nsa 6030yxicoenus peanvhvlx cun npumsaxcenus. IIpakmuueckoe 3nauenue. Pezynomamut pabomut
no3601s10m chopmynuposams 0060CHOBAHHBIE PEKOMEHOAUUU RO CO30AHUIO U RPAKMUYECKOMY HPUMEHEHUIO TUHEHHbIX
UHCHPYMENMO6 MAZHUMHO-UMAYIbCHOZ0 RPUMANCEHUA 8 NPOZPECCUBHBIX MEXHOIO2UAX GOCCHMAHOGIEHUA NOBPENHCOEHHBIX
YUACMKO6 KOPRYCHBIX ROKPbIMUIL U3 MOHKOCHIEHHBIX JIUCHIOGLIX MEMANI06 C GbICOKOU YOCNbHOU IJIEKMPONPOEOOHOCHbIO.
bu6. 10, puc. 4.

Kniouesvie croea: MeTallIbl ¢ BBICOKOH y/eJbHO# 3JIEKTPONPOBOAHOCTHI0, HHTEHCHBHOE MPOHUKHOBEHHE I0JIsl, MATHUTHO-
HMIYJIbCHOE MPHTSIKeHNe NMPOBOAHMKOB C OTHOHANPABJIEHHbBIMH TOKAMH, JUHEHbIHi WHCTPYMEHT yCTPaHEHUs] BMSITHH B
KOPIYCHBIX MOKPBITHSIX.

Introduction. The growing interest in advanced Dbased on the use of pulsed magnetic field energy is due to
environmentally friendly high-performance technologies
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the practical needs of various branches of modern
industry, including not only the production of
nomenclature products, but also their recovery from
damage during operation [1-3].

An extensive sector of processing technologies, the
development of which is determined by the requirements
of, for example, vehicle manufacturers, combines a set of
methods for the restoration of metal coatings of the
elemental base of their hull components. The demand for
such technologies follows from the negatives of
operational practice. So, dents on the surface of the
aircraft lead to a change in its acrodynamic characteristics
and a number of possible emergency situations. Damage
to the bodies of water and land vehicles is not only a
violation of aesthetics. In some force majeure
circumstances, they can cause crashes on the water and
deaths on the roads [4].

Literature review. Well-known and widespread
mechanical dent-cleansing technologies are simple and
relatively cheap to implement. But their performance,
reliability, quality and environmental performance remain
very low. So, quite often, the mechanical pulling of a dent
metal leads to a violation of its integrity. The problem that
has arisen requires its own separate approach to solving it.

Using the energy of pulsed magnetic fields opens up
new possibilities for creating progressive restoration
technologies that are free from the above disadvantages.
Among them, the elimination of dents using linear tools
of magnetic-pulse attraction of damaged sections of thin-
walled sheet metal coatings of automobile bodies,
airframes and water vehicles. The effectiveness of such
tools is based on Ampere law, according to which
conductors with unidirectional currents experience mutual
attraction [5, 6]. Structurally, such conductors in a linear
tool are the main current lead (an analog of an inductor in
traditional magnetic pulse metal processing [1, 3]) and a
restored area of damaged metal. Geometrically, they
(current lead and processed metal) are parallel.
Electrically, their connection with respect to common
point contacts with a high-voltage power source can be
parallel or serial [1, 7, 8]. As follows from physical
considerations, the main obstacle to the effective
excitation of the electrodynamic forces of interaction
between the conductors in such a system is the induction
effects, and, respectively, which the current in the main
current lead induces a countercurrent in the sheet
workpiece, and the current in its metal induces a
countercurrent in the main conductor.

In general, the main advantages of a linear tool of
magnetic-pulse attraction of sheet metals are, first of all,
the simplicity of technical implementation, high
production rates and the reliability of the production
operation performed (in the sense of preservation of the
restored object) [8]. Among the promising technologies of
magnetic-pulse attraction of sheet metals, allowing the
restoration of damaged areas from the outside of the
vehicle bodies, it is worth noting the theoretically and
experimentally sound proposals formulated by the authors
of [9, 10].

Concluding our review of publications on this topic,
we emphasize the versatility of magnetic-pulse power
tools on sheet metals with various electrophysical
characteristics. The objects of processing can be not only
of steel, but also of aluminum alloys. Moreover, the latter
are increasingly used for the manufacture of light and
durable technical structures for various purposes. From
the physical point of view, the noted universality is
provided by the possibilities of adjusting the operating
frequencies from the source of the acting electromagnetic
fields, which allows the attraction or repulsion of
predetermined sections of sheet metals in any stamping
and restoration production operations [1, 3, 7].

The goal of the paper is determination of conditions
and performance assessment of linear tools of magnetic-
pulse attraction of specified sections of sheet metals with
a high value of electrical conductance.

To achieve this goal, it is necessary to calculate the
characteristics of electrodynamic processes while
lowering the operating frequencies of current pulses,
which, physically, allows to vary the intensity of the
penetration of excited fields into the metal elements of the
object of study. The result of the calculations should be
the numerical estimates and the physical and
mathematical illustrations necessary to determine the
conditions for the effective excitation of electrodynamic
forces in the working areas of linear tools of magnetic-
pulse attraction. In fairness, it should be noted that a
similar problem has already been considered by the
authors of publications [7, 8]. However, the direct use of
the formulas obtained by them for calculations and
analysis of the ongoing processes is not possible due to
the limited results found in [7, 8] for the formulation and
solution of the problems under consideration.

In solving this problem, we use the physic-
mathematical model of the magnetic-pulse attraction tool
under study and the functional dependencies for the
characteristics of the ongoing electrodynamic processes
described in [6]. For clarity of the further presentation, we
indicate the main provisions, partially repeating the
publication material [6].

Accepted assumptions and problem definition:

e schematic diagrams of the implementation of
magnetic-pulse attraction of thin-walled metals in linear
tools, as well as the calculation model (cross section of
the system under study) are presented in Fig. 1;

e non-magnetic sheet metal (for example, aluminum
or its alloys) with sufficiently large transverse
dimensions, the thickness d and the electrical conductance
y is subject to attraction;

e there is geometric symmetry with respect to the
ZOX coordinate plane. Along the abscissa axis OX, the
system under study has a sufficiently large extent, so that
the corresponding differentiation operator is 6/0x = 0;

e in the main current lead connected to the high-
voltage power source and in a parallel section of sheet
metal, exciting currents with given amplitude-temporal
characteristics flow only in the longitudinal direction
(Fig. 1,b).
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Fig. 1. Linear tools of magnetic-pulse attraction of thin-walled sheet metals:
a — circuit diagram of parallel connection, b — circuit diagram of serial connection; ¢ — calculation model;
C — capacitive energy storage, K — switch; J; , — flowing currents in the current lead and the metal being processed

Solution algorithm. As follows from the
assumptions made, nontrivial components of the
electromagnetic field vector are excited in the system
under study: E, # 0, H,. # 0, which are found by
integrating the Maxwell equations.

From Ohm law in differential form, the currents
induced in the main current lead and the corresponding
section of the sheet metal are determined from the known
electric field strength. The superposition of the current
from the high-voltage power source and the induced
current makes it possible to find the amplitude-temporal
characteristics of the total currents in each of the
conductive elements of the linear tool of magnetic-pulse
attraction.

To maximize the force interaction of the conductors,
the currents flowing in them should be the same (this
condition is practically ensured by the appropriate choice
of the parameters of the linear tool). In this case,
according to Ampere law, the force of attraction, excited
in the working area between the main current lead and
sheet metal, is found as a value proportional to the square
of the currents flowing in them.

Omitting the cumbersome calculated analytical
dependences rather strictly justified and given in [6], we
turn to numerical estimates of the characteristics and
analysis of processes in a linear tool of magnetic-pulse
attraction.

Numerical estimates are carried out for the
following initial data:

I. Aluminum sheet samples with thickness of
d = 0.0008 m and the specific conductance of
y=3.75-10" 1/Q-m are subject to deformation.

2. The tool’s main current lead is also made of
aluminum of the same thickness as the object being

processed (the electrodynamic «aluminum-
aluminumy is considered).

3. The length and width of the working area
/[ =0.06 ... 0.1 m and 2a = 0.01 m, respectively, the
distance between the conductors of the linear tool is
h=0.002 m.

4. The main current lead and the given section of the
metal being processed are identical, geometrically and
electrically parallel, so that the exciting currents flowing
in the circuit of each of them are the same.

Note. According to Ampere law, the last initial
premise makes it possible to achieve maximum forces of
interaction of conductors with unidirectional currents
[5, 6].

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 the
Department of Physics of Kharkiv National Automobile
and Highway University [1]. We assume that for the
specified electrical installation:

1. The maximum voltage on the capacitive storage is
U=2000V.

2. The natural operating frequency (in a short-circuit
discharge circuit) is fnx = 7000 Hz and the relative
attenuation coefficient is &/w = 0.3.

3. The temporal shape of the exciting current in the
attraction operation is an aperiodic unipolar signal with
operating frequency of f, = 1000 ... 1500 Hz and the
relative attenuation coefficient of J/w = 0.3.

4. The tool is connected to the power source through a
matching device, providing a decrease in the operating
frequency to the required value, with the coefficient of
energy transfer to the working area of K = 4.

system
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The calculations were carried out similarly to how it
was done in [6] using standard programs from the
Wolfram Mathematica package. Separately, it should be
pointed out that the mathematical rigor of the performed
calculations (with an average error up to ~ 7.5 %) was
established by the appropriate choice of the intervals of
numerical integration and the number of terms in the
sums of discrete expansions in the expressions for the
characteristics of the electromagnetic processes under
study.

Graphs of excited currents and electrodynamic
attractive forces depending on their phase (¢ = w't, o is
the circular frequency, ¢ is time) are presented in Fig. 2-4.
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Fig. 3. Total current in each of the conductors of the linear tool
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Fig. 4. Excited magnetic-pulse attraction force

An analysis of the results of the calculations shows
that:

e in the accepted operating conditions of a linear
instrument, induction effects have a significant influence
on electromagnetic processes in the conductors of the
system under study;

o the amplitude of the total current in the main current
lead and sheet metal decreases and is up to ~ 49 % of the
current amplitude from a high-voltage power source
(~ 32 kA - source, ~ 15.7 kA — induced current,
~16.3 kA — total current);

o the amplitude of the excited attractive force is close
to ~ 1520 N;

e under accepted conditions, this force indicator
should provide magnetic-pulse attraction of sheet
aluminum (metal with high electrical conductance) using
the linear tool under consideration [3];

e an appropriate choice of the geometry of the
working zone and the temporal characteristics of the
exciting current makes it possible to obtain fairly close
numerical indicators of electrodynamic processes in the
system under study when working with both aluminum
and steel [6].

Conclusions.

1.On the example of aluminum processing, the
performance conditions of linear tools of magnetic-pulse
attraction of specified sections of sheet metals with high
value of electrical conductance are determined.

2.1t has been established that successful magnetic-
pulse attraction is possible at sufficiently low operating
frequencies of exciting currents (~ 1500 Hz), which
provides intensive penetration of electromagnetic fields
into the conductors of the tool of the production operation
and the excitation of powerful forces of magnetic pressure
from the outside.

3.1t is shown that, under the accepted conditions,
induction effects have a significant influence on
electromagnetic processes in the conductors of a linear
tool and reduce the excited currents by ~ 45 % relative to
the current from the high-voltage power source.
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G.V. Bezprozvannych, A.V. Roginskiy

EFFICIENCY OF APPLICATION OF SEMICONDUCTIVE COATINGS FOR
REGULATION OF ELECTRIC FIELD IN HIGH-VOLTAGE INSULATION OF
ELECTRIC MACHINES

Introduction. Intensification of competition and the desire to reduce the cost of high-voltage electric machines due to a significant
increase in the electrical and thermal loads of the electrical insulation system complicate the operation of anti-corona coatings on
the insulation surface of the stator winding and increase the intensity of discharge processes, which significantly reduce the life
of the insulation in case of failure of the coatings. Purpose. The analysis of the efficiency of alignment of the electric field along
the insulation surface of the stator winding of high-voltage electric machines with semiconductor anti-corona coatings.
Methodology. A method for calculating the electric potential distribution along the surface of the winding insulation during the
use of semiconductive coatings providing alignment decrease the electric field and eliminating the appearance of moving
discharges. The reliability of the calculations is confirmed by experimental studies of the potential distribution over the surface of
the anti-corona semiconducting non-linear coating along the frontal part of the samples of the rod of the hydrogenerator for a
linear voltage of 20 kV. Practical value. The proposed methodology for calculating the distribution of the electric field over the
surface of the insulation and the anti-corona semiconductive coating can be applied to justify the length of the coating in the
frontal part of high-voltage electrical machines depending on the electrophysical characteristics of the coating, electrical
insulation, and thickness. The results of an experimental verification of the stability of the nonlinear properties of coatings
during prolonged electrical and thermal aging of specially made coating samples are presented. References 14, figures 6.

Key words: frontal part of the rod, external partial discharges, electric field, regulation of the electric field, semiconductive
coating, surface resistivity, distribution of electric potential, stability of nonlinear properties, long-term electric and
thermal aging.

Ilpeocmaenena memoouka po3paxynKy poO3noOiLy eneKmpuunoz0 hnoas no NOGepxXHi i3onauii i NPOMUKOPOHHO20
HAnienpoeioH020 ROKpUmMMA 6 10006il YACMUHI CHPUICHA GUCOKOBOIbMHOL eeKmpuuHoi mawunu. Ompumano 6 3anexicnocmi
6i0 NUMOMO20 NOBEPXHEE020 ONOPY HANIGNPOGIOHOZO0 NOKPpUMMA PO3NOOIN eNeKMPUYHO20 NOMeHUianry no NnoeepxHi
HPOMUKOPOHHO020 ROKpummsa ma izonayii. O6rpynmosano 0iana3on 3HaA4eHb NUNOMO20 ROBEPXHEE020 ONOPY NPOMUKOPOHHOZ0
nokpummsa 011 eeKmusHo20  pezynio6anHa  eNeKmpuuno2o hoas. Jlocmogipuicmos  po3paxynkie - niomeeposceHo
EKCRePpUMEHMATbHUMU O0CTIIONCEHHAMU PO3NOOINY ROMEHYIANY NO NOBEPXHI NPOMUKOPOHHO20 HANIGNPOBIOHO20 HENIHINHO20
noKpumms y3008xc 1000601 yacmuHuu 3paskie cmpuoicnie ziopozenepamopa Ha niniiiny nanpyey 20 kB. Ilpeocmaeneno
pe3yiomamu eKcnepumMenmanbHoi nepegipku cmabdinonocmi HeNHIIHUX 61acmueocmeil NOKpUmmie 6 npouyeci mpueanozo
eNIeKMPUYHO20 | MENn08020 CMAPIHHA CREWianbHO 6U20MOoe1eHux 3paskie noxkpumms. Egexkmusnicmv pezyniosanns
eNeKMPUYHO20 NOAA HANIGRPOGIOHUMU HOKPUMMAMU RIOMEEPOIHCEHO pe3ybmamamu 6unpodyeans 3pasKie CHMPUICHIG
2iopozenepamopa CB -1500 / 100-12 ¢ nouamkoeomy cmai i nicia KOMNIEKCHO20 MPUBATIOZ0 GNTIUEY €IeKMPUYHO20 RONA i
memnepamypu. bi6n. 14, puc. 6.

Kniouogi cnosa: 1000Ba 4acTHHA CTPHKHS, 30BHIlIHI 4acTKOBI po3psiau, eJIeKTpUYHe I10JIe, PeryJIOBAHHS eJeKTPUYHOIO
NoJisi, NPOTHKOPOHHEe HANIBNPOBiIHEe NOKPHUTTHA, NUTOMHIl NOBEPXHEBMIl oOmip, PO3MOALI eJeKTPUYHOIO0 MOTeHUialy,
cTalinbHicTh HeliHIHHMX BJIACTHBOCTEH, TPHBAJIE eJIEeKTPHYHE i TenJIoBe CTAPiHHS.

Ilpeocmaenena memoouka pacuema pacnpedenenus INEKMPULEcKO20 NOAA N0 NOGEPXHOCHU U30TAUUU U NPOMUGCOKOPOHHO20
HOJLYNPOBOOAULEZ0 NOKPLIMUS 6 JI00060I YACMU CHIEPIHCHS 6bICOKO0GOIbMHOU Inekmpuueckoi mawunol. ITonyueno 6
3a8UCUMOCIU O YOENbHO20 NOBEPXHOCIINO20 CONPOMUBTIEHUS NOJIYRPOBOOAULE20 NOKPLIMUA pachpedenenue INeKmpudecKozo
nOMeENHYUanNa no NOBEPXHOCMU NPOMUBOKOPOHHO20 NOKpbimus u uzonayuu. O06ocHosan Ouana3on 3Ha4eHUil y0enbHO20
HOGEPXHOCMHO20 CONPOMUBTIEHUS NPOMUBOKOPOHHO20 ROKPLIMUS 0151 IPPEeKMUGH020 pezynuposanus INeKmMpuecKozo noJisi.
Jocmosepnocme pacuemos nooOmMeepiyHcOeHa IKCNEPUMEHMATIbHBIMU UCCIC008AHUAMU  PACAPEOe]eHUs NOMEHYUAla no
nogepxHocmu NPOMUGOKOPOHHOZ0 ROIYRPOGOOAULE20 HENUHENN020 NOKPLIMUA 600J1b J100080i Yacmu 00pasyoe cmpexyicHeil
2uopozenepamopa Ha JauHeinoe Hanpsaycenue 20 kB. Ilpeocmaenenvl pezynbmamel IKCHEPUMEHMATbHOU NPOGEPKU
CMAadUILHOCMU  HEIUHEHNbIX CGOIUCME ROKPbIMUil 6 npouecce OJIUMENLHOZ0 INIEKMPUYECKO20 U MEn1068020 CHAPEHUs
CREWUANbHO  U320MOGNEHHLIX  00pazyoe  NoKpvimus.  Iekmusnocms  pecynuposanus  INEKMPUYEcKo20  NoOaA
ROYRPOBOOAUWUMU NOKPLIMUAMU NOOMEEPHCOCHA PE3YTbMAMAMU UCHBIMAHUIL 00pa3yoe cmpedcuei zuopozenepamopa CB
1500/100-12 ¢ wucxo0nom cocmoanuu u nOCAe KOMNIEKCHO20 OJIUMENbHO20 8030€liCeuUa I1eKmMpuUiecKkozo noana u
memnepamypui . bubn. 14, puc. 6.

Kniouesvie cnosa: 1060Basi 4acTh CTeP:KHS, BHELNIHHE 4YACTHYHbIE Ppa3psiabl, JJIeKTPHYECKOE TMOJe, peryjinpoBaHHe
JJeKTPHYECKOr0 MOJs, NPOTHBOKOPOHHOE IOJYNPOBOJsINEee NOKPBLITHEe, YyHeJbHOe IMOBEPXHOCTHOE COMPOTHBIEHHE,
pacrnpenesieHne YIeKTPHYECKOT0 MOTEeHINAIA, CTA0MJILHOCTh HeJTHHEHHBIX CBOCTB, JJINTEILHOE YJIeKTPHIECcKOe H TENJI0Boe
cTapeHmHe.

Introduction. One of the main problems in the slot part of the winding due to the potential difference
manufacture of high-voltage electric machines is the between the insulation surface and the stator core and in
suppression of external partial discharges that occur in the
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the frontal part due to a sharp jump in the electric field at
the exit of the winding from the slot [1-3].

The regulation of the electric field in the insulation
of the stator winding, which suppresses partial discharges
in the air gaps between the insulation surface and the slot
walls and elimination of the sliding discharges along the
insulation surface in the places where the windings exit
the stator slot, consists in the use of conductive and
semiconductive coatings. Intensification of competition
and the desire to reduce the cost of high-voltage electric
machines due to a significant increase in the electrical and
thermal loads of the -electrical insulation system
complicate the operation of anti-corona coatings on the
insulation surface of the stator winding and increase the
intensity of discharge processes, which significantly
reduce the life of the insulation in case of coating failure
[4-9]. In connection with the foregoing, the need arises
for the use of anti-corona coatings that provide effective
regulation of the electric field during operation of high-
voltage electric machines.

The goal of the paper is analysis of the efficiency
of alignment of the electric field along the insulation
surface of the stator winding of high-voltage electric
machines with semiconductive anti-corona coatings.

Problem definition. Case insulation of the stator
winding is the most loaded element, subjected to the
simultaneous influence of an electric field, temperature
and thermomechanical stresses. Particularly high
requirements for modern insulation systems are imposed
in connection with the design and manufacture of
powerful air-cooled turbo-generators. The permissible
working electric field strength of the case insulation (in
the region of the flat side of the rod) reaches values
(3-3.2) kV/mm for insulation made by vacuum-injection
impregnation for conductors with optimized geometry
(with rounded corners) [2, 3]. An increase in the
requirements for the reliability of powerful electric
machines has led to the need to use in the manufacture of
stator case insulation of materials characterized by
increased stability of physico-chemical and electrical
insulation properties. Traditionally, combined mica tapes
are used for this purpose, in which glass tapes are used as
a substrate, and mica papers impregnated with epoxy
resin are used as a dielectric barrier. The increase in the
content of mica in mica paper provides a significant
increase in long-term electrical insulation strength [10].
The level of electric field at which the electrical insulation
of the slot of the rod works depends on the nominal
voltage of the machine, the thickness of the insulation,
and the configuration of the surface of the copper of the
rod and the slot of the stator. As a rule, modern powerful
turbogenerators have slots and rods of a rectangular
shape. With this shape of the electrodes, the maximum
values of the electric field strength [11] occur at the
corners of the current-carrying rod (Fig. 1, curve 5: the
equipotential surface is ¢ = z, the force line number is
w = 0), and the insulation is extremely irregularly loaded
over the slot volume. In the corner of the slot, i.e. for
@ = 0 and y = 0, the electric field strength is 0 (Fig. 1,

curve 3). The degree of alignment of the electric field in
the stator slot is characterized by the coefficient of
electric field non-uniformity K equal to the ratio of the
maximum field strength E,, taking place in the slot to
the uniform field strength E,,;,, i.e. at a sufficient distance
from the angle of the current-carrying rod (Fig. 1, curve 1:
equipotential surface ¢ = /2 and y— ).

The slot part of the stator winding section is installed
in the slot of the core freely, the existing irregularities and
the spread in the dimensions of the slot of the core and
section determine the presence of some air gap (not more
than 1 mm) between the insulation surface and the core. A
two-layer insulation system is formed: solid insulation —
gaseous dielectric (air). Breakdown of the air interlayer
(partial discharge), which is under conditions of a strong
inhomogeneous electric field, will occur at a voltage
lower than the working one [11-13].

K=E / Emidl
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Fig. 1. The coefficient of non-uniformity of the electric field K
in the slot of the stator winding of the turbogenerator for linear
voltage of 20 kV:
curve 1 — p=n/2 and y—o0;
curve 2 — p=n/4 and y=0; curve 3 — p=0 and y=0;
curve 4 — ¢=3/4x and y=0; curve 5 — p=n and y=0
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A semiconductive coating electrically connected to
the walls of the slot is applied over the insulation of the
rod. Such a coating with a low value of specific surface
resistance («conductive») provides contact at many
points between the coating and the walls of the slot, that
is, the entire surface of the slot part is grounded. As a
result, the potential difference between the insulation
surface and the slot wall is eliminated. This is usually
graphite-based tape or varnish. On the one hand, the
conductivity of the coating should be sufficient to
eliminate partial discharges in the slot, which develop
when a potential difference occurs between the
insulation surface and the stator. On the other hand, it
should not be less than a certain level at which the stator
sheets are closed, which in turn leads to the appearance
of eddy currents and an increase in losses. The specific
surface resistance of the slot coating ps lies in the range
(10> — 10%) Q, which reduces the probability of
breakdown of air gaps between the rod and the slot wall.

In the frontal parts, the rods with insulation are in a
gas environment. Most of the voltage falls on the gas
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gaps. In this case, the component of the electric field
strength along the surface becomes less than the critical
intensity of the beginning of ionization of air or
hydrogen [11-13]. The slot (conductive) coating extends
beyond the slot to eliminate corona at the exit of the
winding from the slot, where the electric field strength
in the air is high enough for the development of
discharge processes. In the absence of protective
measures at the place where the rod exits from the slot,
there is a sharp jump in the electric field strength, which
can lead to the appearance of external edge discharges
(corona and discharges along the surface of solid
insulation) on the surface of the frontal part of the coil
or rod of the electric machine. To eliminate the effect of
corona, it is necessary to ensure a smooth distribution of
the electric potential over the insulation surface of the
frontal parts of the rods.

Regulation of the electric field in the frontal part
of the insulation of the stator winding of high-voltage
electric machines. An anti-corona coating which has
large values of specific surface resistance (10°-10%) Q is
used in the frontal part [6-8]. In the frontal parts, a
semiconductive layer is applied over a length of 20-25
cm. For this purpose, semiconductive coatings made on
the basis of enamel are used [6-8], in which fillers are
conductive powders: carbon black or graphite with a
linear current-voltage characteristic. The dispersion of
carbon black or graphite significantly affects the
operational properties of anti-corona protection [9].

Most preferred are nonlinear coatings with a
pronounced increasing dependence of the specific surface
conductivity on the electric field strength (Fig. 2).

The coating creates a section of length [ with
specific surface resistance p, (Fig. 3), and the surface
resistance of the coating is much less than the surface
insulation resistance p;,. Because p,<<p;.s; then the
component of the electric field strength Ey, along the
insulation surface at the point O decreases. But at the end
of the coating (at point K), a new region is formed with a
sharply uniform field.
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Fig. 2. Experimental dependence of the electric field strength of
the rectified frequency of the specific surface resistance of the
anti-corona coating based on a nonlinear compound (curve 1)

and the coating in the form of a tape (curve 2)
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l Electrical
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Conductive
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Fig. 3. Schematic representation of a fragment of the frontal
Part of the rod with insulation and anti-corona coating

In the absence of a semiconductive coating, the
electric field strength at point O

Ey=U, \/wpinsscs =U, \/wpinss goelh, (1)

where U, is the potential (voltage) at the point O; o= 27f
is the circular frequency; C; = &e& / h is the insulation
capacitance of thickness /# with dielectric permeability &
& = 8.85-1072 F/n is the electric constant.

In the presence of a semiconductive coating, the
electric field becomes equal

Eos=U,op,s9elh 2)
i.e. coating provides a reduction of E,, in /p;. /pg

times.

Capacitive  currents  flowing  through a
semiconductive coating cause a voltage drop along the
coating, resulting in Ex becomes less in comparison with
E,, ie. in the absence of coating. The electric field
strength at the edge of the coating is determined by the
expression

Eg =2U, \Jopinseoe | hexp(—Japsege 1 2h-1, ). (3)

By choosing the values of / and p;, it is possible to
reduce E,, and E to acceptable levels at which there are
no surface discharges.

The condition for choosing the values of the specific
surface resistance p; of the semiconductive coating is the
inequality Eo, < Eo, which together with expression (1)
for determining the electric field strength at the point O
E,, makes it possible to determine the upper boundary of
the specific surface resistance of the semiconductive
coating

Eoq h
; )

Ps=——""73"
weyeU g,
where U,, is the calculated voltage value, Ey; is the
permissible electric field strength at point O (in air, at the
highest operating voltage of power frequency),
determined, for example, on the basis of the Paschen

empirical law for gaseous dielectrics [13, 14].
The choice of coating length I is determined
from the condition

wpP; o€
> |2 h{wm Pinss£0 J )
wpsepe | Exy h
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The permissible value of the electric field strength
Ex, at point K depends on the thickness of the insulation
h, the electrical characteristics of the insulation and the
semiconductive coating, respectively.

Figure 4 shows the influence of the specific surface
resistance of the anti-corona coating p,; on the potential
distribution over the semiconductive coating (curves 1, 2,
and 3) and over the insulation surface (curves 1', 2', and
3") of the stator winding of the high-voltage electric
machine on the linear voltage U, =20 kV along the frontal
part of the rods. Curves 1 and 1’ correspond to the values
of the specific surface resistance of the anti-corona
coating p; =5-10° Q; curves 2 and 2’ — ps =5-10" Q; curves
3 and 3’ — p, =510 Q (Fig. 4). Higher values of the
specific surface resistance of the semiconductive layers
lead to lower voltages on the insulation of the frontal parts
of the rods (compare curves 1’ and 3’ in the region of
small /; values). An increase in the specific surface
resistance of the coating causes a decrease in the length of
the semiconductive coating.

0.25 0.3

0 0.05 0.1 0.15 0.2 0.35 0.4

Is, m

Fig. 4. Potential distribution over the surface of the anti-corona
coating (curves 1, 2, and 3) and insulation (curves 1°, 2°, and
3), respectively

An increase in p, from 5-10° Q to 5-10° Q leads to
the intersection of the potential distribution curves over
the surface of the anti-corona coating and insulation, i.e.
equality of potentials, with significantly smaller, more
than 25 times, values of the distance /; (compare curves 1,
1’ and 3, 3’ in Fig. 4). The length of the semiconductive
coating, which ensures a decrease in potential at point K
of no less than 10 times relative to the maximum value at
point O, can be taken equal to 27.5 cm and 7 cm for
coatings with specific surface resistance values of 5-10" Q
and 5-10° Q, respectively (see curves 2' and 3' in Fig. 4).
In this case, the voltage on the insulation surface does not
exceed 1 kV. For a semiconductive coating with a specific
surface resistance of 5-10° Q, the electric field alignment
efficiency is extremely low (see curve 1’ in Fig. 4).

The correspondence between the calculated (curves
1 and 2) and experimental (points No. 3—6) results of the
distribution of the electric potential over the surface of the
anti-corona coating along the frontal part is shown in Fig.
5. In the samples of the rod of the hydrogenerator CB
1500/100-12, an anti-corona coating based on a nonlinear

compound (symbols under No. 3, 4) and in the form of a
tape (symbols under No. 5, 6) is used. The applied voltage
of the rectified frequency corresponds to 10.5 kV
(symbols under No. 3, 5 in Fig. 5) and 15.75 kV (symbols
under No. 4, 6 in Fig. 5), respectively. The model
dependencies of the potential distribution over a
semiconductive coating (curves 1 and 2 in Fig. 5) for the
stator winding of a high-voltage electric machine with
linear voltage of 20 kV correspond to a specific surface
resistance of 5-10° Q (curve 1) and 5-10" Q (curve 2),
respectively.

Us, V T T

10°

2
10o

0.05 0.1 0.15 0.2
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Fig. 5. On the reliability of the results of calculating the
potential distribution over the surface of the anti-corona coating
along the frontal part of the rods of a high-voltage electric
machine

Stability of  nonlinear properties of
semiconductive anti-corona coatings during the
process of electric and thermal aging. The stability
verification of the nonlinear properties of the coatings
was carried out according to the results of prolonged
electrical and thermal aging of specially manufactured
samples. Samples of 10 pieces for each type of coating
were subjected to electric aging at electric field of 2.5
kV/cm of power frequency for 220 hours, followed by
thermal aging at temperature of 175 °C for 100 hours.
Electric aging was carried out in two cycles: the first
was 60 hours, the second was 160 hours. In the initial
state and after each cycle of electric and thermal aging,
the measurements of the specific surface resistance were
carried out at the rectified test voltage. Figure 6 shows a
3D diagram of the dynamics of changes in the specific
surface resistance of nonlinear anti-corona coating
samples during aging (p,,) relative to the initial, before
aging, state (p,) depending on the electric field strength.
The numbers in Fig. 6 relate to: anti-corona coating
based on a nonlinear compound — 1, 2, 3; anti-corona
nonlinear coating in the form of a tape in one layer in
the half-overlap — 4, 5, 6 and in two layers in the half-
overlap — 7, 8, 9 after the cycles of electrical and
thermal aging, respectively.
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Fig. 6. Dynamics of changes in the specific surface resistance of
anti-corona semiconductive coatings during the process of
prolonged electrical and thermal aging of samples

For a nonlinear coating in the form of a compound,
an increase in the specific surface resistance after aging
cycles is observed, which is, probably, due to the
additional polymerization of the compound under the
influence of electric and thermal effects, which act as
initiators of the polymerization process. For a nonlinear
coating in the form of a tape after cycles of electric aging,
an increase in the specific surface resistance relative to
the initial state is also noted. After heat aging, there is a
slight decrease in py;. It is important that the nonlinearity
of the specific surface resistance of the coatings is
maintained in the entire range of the electric field
strength. After thermal aging, the lower boundary of p;
corresponds to 107 Q (see Fig. 6, No. 3, 6, 9), which
indicates that the regulation of the electric field is
sufficient (see Fig. 5, curves 1 and 2).

The stability of the properties of nonlinear anti-
corona semiconductive coatings is confirmed by the test
results of the samples of the rod of the CB 1500/100-12
hydrogenerator in the initial state and after the combined
exposure to an electric field of power frequency voltage
of 2.5-U,/3 and temperature of 120 °C for 260 hours. In
the initial state: by the distribution of electric potential
along a nonlinear anti-corona coating along the length of
the frontal part (see Fig. 3). After complex exposure: by
visual absence of glow when applying test voltage
exceeding the nominal voltage by 50%; by visual absence
of sliding discharges when testing the insulation of the
slot part of the rods with test voltage equal to
(3U/N3)+3) kV; by appearance of the coating; by high
values of insulation overlap voltage.

Conclusions. A technique is proposed for
calculating the distribution of electric potential over the
insulation surface along the frontal part of the rods of a
high-voltage electric machine using semiconductive
coatings that ensure equalization of the electric field
strength and elimination of sliding discharges.

The distribution of electric potential over the surface
of the anti-corona coating and insulation in the frontal
part of the rod of the high-voltage electric machine is
obtained with variations in the specific surface resistance
of the semiconductive coating.

The proposed technique can be applied to justify the
length of the coating in the frontal part of high-voltage
electrical machines, depending on the electrophysical
characteristics of the coating, electrical insulation and
thickness.

The calculated data obtained are consistent with
experimental studies of the potential distribution over the
surface of the anti-corona semiconductive nonlinear
coating along the frontal part of the samples of the
hydrogenerator rods for linear voltage of 20 kV.

An experimental verification has been made of the
stability of the nonlinear properties of specially made
coating samples during long-term electrical and thermal
aging, as well as of samples of CB 1500/100-12
hydrogenerator rods in the initial state and after complex
exposure to electric field of 26.25 kV of power frequency
and temperature of 120 °C for 260 hours.
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EFFICIENT SHIELDING OF THREE-PHASE CABLE LINE MAGNETIC FIELD
BY PASSIVE LOOP UNDER LIMITED THERMAL EFFECT ON POWER CABLES

This paper deals with a mitigation of a three-phase cable line magnetic field by a new type of passive shield. We consider a cable
line with a flat arrangement of cables. The developed single-loop shield has an asymmetric magnetic coupling with the cable line,
due to the use of two different ferromagnetic cores. Its high shielding efficiency is experimentally confirmed. As the developed
shield is 0.2+0.3 m away from the cable line, its thermal effect on the cable line is negligible. As the result, we obtain expressions
for the shielding efficiency, parameters of the shield and the cores. References 18, figures 5.

Index terms: cable line, magnetic field, passive loop, shielding, magnetic core.

3anpononosano Ho6uIll MUN RACUBHO20 €KPAHY 011 3MEHWIEHHA MAZHIMHO20 NoNa mpuasnux KabeavHux JiHii
enekmponepeoaui i3 NPOKNAdanHAmM Kabenie 3a cxemow «y naowunin. Pospobnenuit oonoxonmypnuii expan mae
HecumMempuyHull MazHIMHUIL 36'A30K 3 KAOEIbHOIO0 NIHIEI0, 00YMO6IEeH UL BUKOPUCIMAHHAM 080X PI3HUX hepomazHimHuux ocepov,
ma Xapakmepusyemuvca NiOMeEepOHCeHol eKCRePUMEHMANbHO GUCOKOK e(eKmMUBHICHIO eKPAHYSAHHA NPU MIHIMATbHOMY
mennoeomy énnuei Ha KabenvHy NiHil0 3a PAXyHOK 6i00anennsa 6i0 Hel eKpanHux Kabenie na giocmansy 0,2+0,3 m. Ompumano
CRigeiOHOWEHHA 0151 BU3HAYEHHA eheKMUGHOCMI eKPAHY8anHs, napamempis ekpany ma ocepds. bioin. 18, puc. 5.

Knrouoei cnosa: kabesbHa JiiHisl, MAarHiTHE M0JIe, eKPAHYBAaHHS, KOHTYPHUIi eKpaH, (pepomMarHiTHe oceps.

Ilpeonosicen nO6bIII MuUn RNACCUBHOZ0 IKPAHA ONA YMEHLUMEHUs MAZHUMHO20 MO MPEXPa3HbIX KaOenbHbIX TUHUI
J/1eKmponepedayu ¢ RPOKAAOKol Kabeneli no cxeme «8 niaockocmuy. Paspabomannvlii 00HOKOHMYpHGIL IKpan umeem
HECUMMEMPUYUHYIO MAZHUMHYIO C61A3b C KAOEIbHOU UHUEl, 00YCI06IEHHYI0 UCHOTb306AHUEM OYX PAHBIX (PePPOMAZHUMHDIX
CepOeUnUKO8, U XAPAKMEPUIYEMC NOOMBEPHCOCHHOU IKCHEPUMEHMANIBHO BbICOKOU IPPHeKmusHoCmpIo IKPAHUPOGANUS NpU
MUHUMATBHOM MEN1060M 6030€iiCmEUN HA KADEeIbHYI0O TUHUIO 34 CUem yOdleHus om Hee IKPAHHBIX Kabenell Ha paccmosanue
0,2+0,3 m. Ilonyuenvt coomnouwienusn 01s onpedeyenus Ihhexmuenocmu IKpaHupoBanus, NApamempos IKPana u cepoeyHuKos.

bu6n. 18, puc. 5.

Kniouesvie cnosa: kadenbHasi IMHUSA, MATHUTHOE 110J1¢, JKPAHUPOBAHUE, KOHTYPHBIi 3KpaH, eppOMATrHUTHBII cep/leYHHK.

Introduction. High-voltage three-phase cable lines
are widely used in developed countries for the electric
energy transmission in cities, and as well they have good
prospects in Ukraine. The fact is that cable lines have
several advantages over traditional overhead lines.

Firstly, the width of the protection zone of widely
used in cities 110 kV overhead lines is 40 m, while the
width of the protection zone of 110 kV cable lines does
not exceed 2 m [1]. Therefore, the cable line route does
not require the alienation of large and expensive urban
land. Secondly, the magnetic field level of overhead lines
does not meet modern requirements in terms of
environmental safety. According to [1,2] the power
frequency magnetic field should not exceed 0.5 uT in a
living space and 10 puT in an urban area. In [3, 4] it was
shown experimentally and by numerical simulation, that
the magnetic field can exceed the reference level of
0.5 uT in houses located near overhead lines. At the same
time, this standard is usually fulfilled for the cable line
magnetic field, since the distance between cables is an
order less than the distance between overhead line
conductors. So the magnetic field decreases faster when
moving away from the cable line [5].

However the magnetic field often exceeds the
reference level of 10 uT for urban areas directly above the
cable line. Modern three-phase cable lines are made of
single-core cables with XLPE insulation. The distance
between cables is at least 0.5 m [1, 2] in junction zones of
35+110 kV cable lines. In this case the magnetic field can
exceed the allowable level more than 4 times, that forces
to take measures to reduce it.

Various types of passive shields [6—12] and systems
of active shielding [13, 14] are used to reduce the cable

line magnetic field. An advantage of passive shields is the
absence of electrical energy sources, used in active
systems to create a compensating magnetic field. By the
criteria of operating principle, passive shields can be
divided into electromagnetic shields [6, 7], magnetic
shields [8,9], and passive loops [10-12]. The most
technologically advanced shield is a passive loop type
HMCPL with ferromagnetic elements, through the use of
which a relatively high efficiency of the magnetic field
shielding is achieved [10, 11]. Fig. 1 shows an example of
a practical implementation of HMCPL. A significant
disadvantage of this type of shield is a proximity of cables
of the shield to cables of the cable line, that is necessary
to ensure the required shielding efficiency. This leads to
the additional heating of the cable line and to the reducing
of its capacity.

ll SHELDING
E2opEs CABLES(12)
Uil N\ Sy

Fig. 1. Passive loop type HMCPL with ferromagnetic cores and
cables of shield arranged on cable line
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The goal of the paper is the development of a
passive loop to reduce the magnetic field in junction
zones of cable lines, that has a minimal thermal effect on
the cable line while maintaining high shielding efficiency.

The object of the study is the magnetic field of the
cable line with flat arrangement of cables used in junction
zones [1, 2].

The main idea of this work is to use a shield made of
a passive loop and two ferromagnetic cores to compensate
the dipole component of the cable line magnetic field
(Fig. 2). The dipole component prevails at reference
points, that are distant from the cable line by two cable
line width or more. Wherein cables of the shield are
0.2+0.3 m away from the cable line, that allows to
minimize the thermal effect. Ferromagnetic cores enhance
the magnetic coupling between the shield and the cable
line and ensure high shielding efficiency.

Single-loop shield with ferromagnetic cores and
asymmetric magnetic coupling with cable line. It was
shown in [15] that the Clarke transformation allows to
represent three-phase current as a superposition of three
components: a-, -, and “zero” component. If the power
line is symmetrical, the currents of the “zero” component
are equal to zero. Based on this, in [16] the magnetic field
of a three-phase power line with the conductors arranged
in the same plane (horizontal or vertical) is considered as
a superposition of the a- and B-component of the
magnetic field, which are created by the corresponding
current components. Also it was shown that the B-
component of the magnetic field is several times greater
than the a-component. A qualitative explanation is given
in [17]. It is noted that the -component of the cable line
magnetic field is essentially its dipole component.

According to [15], the B-component of currents of
the flat cable line flows in a closed contour formed by
conductors of two outer cables. The amplitude of the [3-

component current is 3 /2 times greater than the

amplitude of the conductor current, and the phase shift
relative to the conductor current is +7/6 depending on

the cable. To compensate the B-component of the cable
line magnetic field, sections PP, and P;P; of the
proposed single-loop shield (Fig. 2, a) are parallel to the
cable line. These sections are distant from the cable line
and they are arranged at some height H to minimize the
thermal effect of the shield currents on the cable line.

The length of sections PP, and P;P, is denoted by /.
The characteristic dimensions of sections P,P; and P,P;
are much smaller than /, so [ can be considered as the
length of the shield.

Two ferromagnetic cores are installed on outer
cables in the section P4P,. Each core covers the shield
cable and the corresponding cable of the cable line. Each
core is splittable to simplify the installation of the
proposed single-loop shield (Fig. 2, b). Marking letters of
cores correspond to cables of the cable line. Each core is
characterized by three parameters: effective magnetic
permeability p, cross-section S, and length /.. of the
core midline.

S(‘(We

Fig. 2. Design of proposed single-loop shield (@)
with ferromagnetic cores (b)

In general, the presented single-loop shield is
characterized by the following parameters:

— the height H of the arrangement above the cable line;

— the width 2a, of the shield (the distance between
parallel sections PP, and P;P,);

—the length / of the shield (the length of sections
P|P2 and P3P4),

— conductivity ¢ and cross-sectional radius » of the
shield cables;

—set of parameters W, S, l.ore for each of cores
(where the index “core” takes values 4 and C for the core
on the left and right cable, respectively).

Single-loop shield efficiency. Since the shield
length [ is several times greater than 2a, and the
characteristic dimension of the section P4P;, then we
analyze the magnetic field in the two-dimensional
approximation. We choose the coordinate system with the
abscissa axis located 0.5 m height above the ground level.
So the abscissa axis matches the reference plane of the
magnetic field normalization. The ordinate axis passes
through the central cable of the cable line (Fig. 3). Then
among the points from the x-axis, the non-shielded
magnetic field of the cable line is maximum at the origin.

1 y 1
cables of B ; E
shigd 1% L

reference
plane

Fig. 3. Cross-section of cable line (black points)
and cables of single-loop shield (gray points)
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We consider a three-phase cable line with a positive
sequence of conductor currents. Then current phasors in
cables of the cable line are the following:

o 27
['A:\/Elej:;,jB:\/El, I.C:\/Elej:;, (1)
where / is the RMS current in the cable line; j is an
imaginary unit.

Applying the Clarke transform to the system of
currents (1) and calculating the RMS values of a- and f3-
components of the cable line magnetic field at the origin,
we obtain:

sl g bl ,
27 hy a12+h1 27y a12+h12
where 4, is the distance from the cable line to the reference
plane of the magnetic field normalization; a; is the
distance between adjacent cables of the cable line;

1o=4m1-10" H/m is a vacuum permeability.

Since vectors of the a- and B-components of the
cable line magnetic field are mutually perpendicular at the
origin, then the magnetic field is equal to the square root
of the sum of squares B, and Bs. We obtain the expression
for the maximum shielding factor SF' from (2) and the
accepted assumption about the compensation of the B-
component magnetic field by the single-loop shield:

2 2 2
J—JH RS

Ba aj

To reach the maximum shielding factor, the field
created by the single-loop shield at the origin must be
opposite to the B-component of the cable line magnetic
field. This condition gives the expression for the required
phasor current in the single-loop shield:

arh

2

2, .2

. . a; aj) +h
[2:_]1._1.%’ (4)

a a) +h1

where h, is the distance from shield cables to the

reference plane; fl = j\/g I is the phasor of the B-

component of cable line currents.

Note that the height of the arrangement of the shield
above the cable line (outside the core location area) is
H:hl—hz.

Calculation of parameters of ferromagnetic
cores. We use the approach from [18] to analyze the
current induced in the single-loop shield. Using complex
forms of Ohm's law and Faraday's law of induction, we
write down the following relation for a closed contour of
the shield:

jz'ZR:—ja)'(d)l'f‘cbz'f'd)A'f'(bc), (5)
where R :Z/ (672'1’2) is a DC resistance of the section
P,P,; ®=2m-50s" is an angular current frequency;
®,,®, are phasors of magnetic flux of cable line
currents and shield currents, respectively, through the
closed contour of the shield; ® 4, ® are phasors of
magnetic flux running through 4 and C cores located on
the left and on the right cables, respectively.

Expressions for magnetic fluxes have the following
form:

b, =M -] M:1.&.ln(“1+“2)2+(h1—h2)2
27 (ay—ay )+ (g —hy )

by =11, L:,.&.[lﬂnﬂj,

7 \ 4 r (6)
- P HHyS 4
b =-Ly(iy~1y), L= o4,
A
~ L HHoSc
CDC:Lc‘(Ic-Flz), LC:l—.
C

We substitute (6) into (5) and solve the resulting
equation with respect to iz. Comparing (4) and the
solution, we obtain the following:

23R a a% +h22

® ay af +h}’

oLy —Le)L-243RM
oly-Lc)-23R

The expressions (6)—(7) allow to calculate values of
inductances introduced by ferromagnetic cores and to
determine their parameters. Note that inductances L, and
Lc can take both positive or negative values. The
inductance sign determines the mutual orientation of the
core and the shield contour (Fig. 4).

In general, values of L, and Lc are different and can
differ by an order or more. This is one of the
characteristic features of the proposed shield, that can be
classified as a single-loop shield with asymmetric
magnetic coupling with a cable line.

Design features of single-loop shield with
asymmetric magnetic coupling. There are two
competing factors when choosing the height H of the
shield above the cable line and the width 2a, of the shield.
On the one hand, a decrease of these parameters leads to
an increase of the required shield current according to (4).
Also it leads to the convergence of the shield and the
cable line. Accordingly, the thermal effect on the cable
line increases. On the other hand, the analysis of the
magnetic field distribution along the x-axis shows that the
decrease of H and 2a, allows to ensure the high shielding
efficiency of the magnetic field in a wider region.

Ly—Lc=
(7

LA+LC =—

'VA [ }
4z allm PUZ%

core C

]

A B C A B c
a b
Fig. 4. Mutual orientation of cores and shield contour:
(a) La>0, Lc>0; (b) La>0, Lc<0
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The carried out analysis together with the results of
the heat problem solution, which are not presented in this
paper, allow to recommend H=0.4-a,+0.6:a;, a,=1.5-a;. In
other words, if the distance between adjacent cables of the
cable line is taken as a unit of length, then the
recommended width of the shield is 3 units, and it is
recommended to arrange cables of the shield at a height of
0.4+0.6 units above the cable line. At these conditions the
shield practically does not affect the thermal mode of the
cable line.

The technique from [2] can be used to find the
length / of the shield (Fig. 2).

The required inductances L, and Lc of ferromagnetic
cores used in the shield design are calculated using (7).

If L, and L are positive, then cores are installed as
shown in Fig. 4, a. If one of the values is negative, then
the orientation of the shield current direction relative to
the core should be reversed. In this case, the mutual
arrangement of cores and the shield contour is shown in
Fig. 4, b.

The magnetic permeability, the cross-sectional area,
and the length of the midline of each core are chosen
according to (6) based on the absolute value of its
inductance.

A full-scale model of the proposed single-loop
shield with asymmetric magnetic coupling was
experimentally studied. An experimental setup contains a
10 m long physical model of a three-phase cable line
(Fig. 5). The reference plane of the magnetic field
normalization is 2 m height above the cable line, the
distance between adjacent cables is 0.5 m. The loop of the
shield is made of a single-core copper cable. Cores are
made of transformer steel. The experiment was carried
out when the width of the shield is 1.5 m and the height of
shield arrangement above the cable line is 0.3 m. The
experimentally confirmed shielding efficiency of the
magnetic field is 7.

cables of shield

5 s 3. b
Fig. 5. Experimental setup for studying efficiency of shielding
of cable line magnetic field by single-loop shield with
asymmetric magnetic coupling

Conclusions.

1.We propose a single-loop shield with
ferromagnetic cores and asymmetric magnetic coupling. It
ensures high shielding efficiency of the magnetic field,
and it is distant from the cable line by a height equal to
0.4+0.6 of the distance between adjacent power cables.
This allows to minimize the thermal effect on the cable

line in comparison with known passive loops having
similar shielding efficiency.

2. We theoretically justified and experimentally
confirmed that the shielding factor is equal to 7, when the
distance between adjacent cables of the cable line is 0.5 m
(typical for junction zones), the recommended width of
the shield is 1.5 m, the shield is 0.3 m height above the
cable line, and the reference plane of the magnetic field
normalization is 2 m height above the cable line.

This work was funded by the fiscal program
“Iliompumka po3eumKy npiopumemnux HaAnpAMie HAYKOBUX
oocnioxcens (KIIKBK 6541230)”.
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A. Hinda, M. Khiat, Z. Boudjema

FUZZY SECOND ORDER SLIDING MODE CONTROL
OF A UNIFIED POWER FLOW CONTROLLER

Purpose. This paper presents an advanced control scheme based on fuzzy logic and second order sliding mode of a unified power
flow controller. This controller offers advantages in terms of static and dynamic operation of the power system such as the control
law is synthesized using three types of controllers: proportional integral , and sliding mode controller and Fuzzy logic second
order sliding mode controller. Their respective performances are compared in terms of reference tracking, sensitivity to
perturbations and robustness. We have to study the problem of controlling power in electric system by UPFC. The simulation
results show the effectiveness of the proposed method especially in chattering-free behavior, response to sudden load variations
and robustness. All the simulations for the above work have been carried out using MATLAB / Simulink. Various simulations
have given very satisfactory results and we have successfully improved the real and reactive power flows on a transmission line as
well as to regulate voltage at the bus where it is connected, the studies and illustrate the effectiveness and capability of UPFC in
improving power. References 25, tables 2, figures 10.

Key words: UPFC, FACTS, PI, second order sliding mode, fuzzy logic.

Ilens. B nacmoaweii cmamove npeocmasnena ycoeepuieHCmE06aHHaAA CXeMa YnpaeneHus, OCHOGAHHAA HA HE4emKoll JlozuxKe u
pedcume CKObIHCEHUs GIMOPO20 NOPAOKA YHUDUUUPOBAHHO20 KOHMPOTIEpA nOmMoKa mowinocmu. /lannvlii KoHmponnep ooénaoaem
npeuMywiecimeamy ¢ MOuKU 3PeHUs CIMAMU4ecKol U OUHAMUYECKOU pabomvl IHEPZOCUCHEMbl, HANPUMED, 3AKOH YNPAGIEHUs
CUHME3UPYEMCA C UCHOIb306AHUEM MPEX MUNOE KOHMPOINEPOs: NPONnOPUUOHANbHO-UHMEZPATbHOZ0, KOHIMPONNEPA CKONb3AULE20
pexcuma u KOHMpoNnepa CKONb3Aue20 pexrcuma Heuemkoll 102uKu 6mopozo nopaoxka. Hx coomeemcmeyrwujue xapaxkmepucmuku
CPAGHUBAIOMCA C MOYKU 3DEHUA OMCAEHCUSAHUA IMATIOHO06, UYECMEUMENbHOCHU K 803MyMwieHUAM U Hadexchocmu. Heooxooumo
u3yuUmy nPoOIEMy YNpaeieHUs MOUHOCIBIO 6 IHEP2OCUCHIEME C NOMOWLIO YHUDUUUPOSAHHO20 KOHMPOEPA NOMOKA MOUWHOCIU
(UPFC). Pe3ynbmampl mo0enuposanus noKazuleaiom IIQhekmuenocmo npedioHceHHo20 memood, 0CO0eHHO 6 OMHOWIeHUU
omcymemeus eubpayuu, peaKyuu Ha 6He3AnHble UIMEHEHUA HAZPY3KU U ycmoiuusocmu. Bee pacuemut ona eviueykasannoit padomot
Oblnu evinonnensl ¢ ucnonvsosanuem MATLAB/Simulink. Paznuunsie pacuemnsle ucciedo8anus 0anu 6ecoma yooei1emeopunenvHole
Ppe3yibmamol, U Mbl YCHEWIHO YIIYHWIUIU NOMOKU PEansHOl U PeakmuGHoil MOWHOCIU HA JIUHUN IJIeKmponepeoayu, a makice
pecynuposanue HAnNpAMNCeHUA HA wiuHe, K KOMOpOI OHA NOOKTIOHeHA, YMO NO360NACH U3YHUUMb U RPOUIIOCIPUPOSAMY
apghexmuerocme u 603moxcnocmu UPFC ona yeenuuenusn mowgpocmu. bu6n. 25, tabn. 2, puc. 10.

Knrouegvie cnosa: ynnpuuupoBannbiii kKoHTposuiep noroka MomHoctu (UPFC), ru0kas cucrema nepesadu IepeMEHHOIO TOKA

(FACTS), PI (nponopuuoHaJbHO-HHTErPAIbHBII) KOHTPOJLIEP, CKOIBL3SIIMIA PeKIM BTOPOI'0 HOPSI/IKA, HeYeTKas JTOTHKA.

Introduction. In recent years, the electrical power
distribution system are suffering from significant power
flow quality (PQ) problems, which are characterized by
low power factor, poor voltage profile, voltage stability,
load unbalancing, and supply interruptions. These power
quality issues have attracted attention to the researchers
both in academic and industry. As a result, many power
quality standards were proposed in [1]. By the reason of
these power quality issues, the use of flexible AC
transmission system (FACTS) controllers in power system
has been of worldwide interest for increasing the power
transfer capability and enhancing power system
controllability and stability due to their speed and
flexibility. In addition, converter based FACTS
controllers are capable of independently controlling both
active and reactive power flow in the power system [2].

Unified power flow controller (UPFC) is the member
of FACTS device. It is the most versatile and powerful
FACTS device [3]. The fundamental theory of UPFC is
that, the phase angle affects flow of real power and the
magnitude of voltage affects flow of reactive power [4, 5].

This device consists of two other FACTS devices:
the Static Synchronous Series Compensator (SSSC) and
the Static Synchronous Compensator (STATCOM), the
SSSC injects a an almost sinusoidal voltage, of variable
magnitude in series with the system voltage provides the
most cost effective solution to mitigate voltage sags by
improving power quality level that is required by
customer and the STATCOM connected by a common
DC link capacitor. It can simultaneously perform the

function of transmission line real/reactive power flow
control in addition to UPFC bus voltage/shunt reactive
power control [6].

Though UPFC implies many advantages, but its
controller design still being a matter of challenge since it
is a multi-variable controller. In literature, a lot of works
have been presented with diverse control diagrams of
UPFC for various power system applications. Recently,
the sliding mode control (SMC) method has been widely
used for robust control of nonlinear systems. Several papers
have been published based on SMC of UPFC [7-9].
Nevertheless, the deficiency of this type of control, which is
the chattering phenomenon caused by the discontinuous
control action. To resolve this problem, several
modifications to the usual control law have been
proposed, the most popular being the boundary layer
approach [10, 11].

Fuzzy logic is a technology based on engineering
experience and observations. In fuzzy logic, an exact
mathematical model is not necessary because linguistic
variables are used to define system behavior rapidly. One
way to improve sliding mode controller performance is to
combine it with fuzzy logic to form a fuzzy sliding mode
controller. The design of a sliding mode controller
incorporating fuzzy control helps in achieving reduced
chattering, simple rule base, and robustness against
disturbances and nonlinearities.

This paper discusses the capability of UPFC on
controlling independently the active and reactive power in
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the power transmission line and the improvement of the
transient and dynamic stability of the power system by the
UPFC are examined. Active and reactive powers are
controlled using three types of controllers: Proportional-
Integral (PI) and SMC and Fuzzy logic second order sliding
mode controller (FLSOSMC). Their performances are
compared in terms of reference tracking, sensitivity to
perturbations and robustness.

Structure of the UPFC. For many years, UPFC is
considered as the most versatile of the FACTS device one
that can be used to enhance steady state stability, dynamic
stability and transient stability, which combines the good
features of STATCOM and SSSC. Fig. 1 shows the basic
structure of UPFC which is consists of two voltage
sourced converters (VSC) and used to provide galvanic
isolation and adjust the voltage levels in the supply
system. It is composed of two inverters with PWM
control (Pulse Width Modulation), which are operated
from a DC link provided by a dc storage capacitor. One is
connected in parallel and the other in series with the
transmission line [12]. The detailed structure and the
functionality of the UPFC can be found in [13].

sending efd receiving

d

Series

en
Transformer
LACAA
Y YN Transformer

VSCl o v§C2
ﬁz - ﬁz

Fig. 1. Basic structure of the UPFC.

Shunt

The modeling of the UPFC. Figure 2 represents the
simplified model circuit of the UPFC.

r L Is

‘Fﬁfw—’
T

(Sending End) (Receiving End)

Fig. 2. Equivalent circuit of the UPFC

Applying Kirchhoff law on equivalent circuit shown
in Fig. 2, the dynamic equations of the UPFC series
branch is

J Iy, —-r/L 0 0 Iy,

Z Isb = 0 —I’/L 0 Isb +
I 0 0 —r/L I 0
1/ L 0 0 Vsa - Vca - Vra

+| 0 l/L 0 Vsb _Vcb _Vrb .

0 0 1/L|V,-

v,

cc ™

v,

rc

Using Park transformation, the equations (1) will be
written as

d | Lsa _ —r/L +o ||y N
dt [sq a - - I"/L ISL]
i I/L 0 Vsd _Vcd _Vrd
0 1L|Vs—Veg=Vn i
The modeling of the UPFC shunt branch. The

complete mathematical model of the UPFC shunt is given
similarly by the following matrix

@

| ~r,/L, 0 0 1,
E Ipb = 0 — p/Lp 0 Ipb +
1 0 0 —-r /L 1
pe p/-p pe
3)
YL, 0 0 [Viu=Veu—Vra
+ 0 l/Lp 0 Vpb_Vcb_Vrb N
0 0 YLy | Vye—VeeVie

Since the system is assumed to be a balanced one, it
can be transformed into a synchronous d-q-o frame by
applying Park’s transformation. The matrix form (3) is

given as follows
2 :||:Ipd:|
- p/ Ly [ {pq

d1pa|_|=rp/Lp
dt | 1 pg e

. l/Lp 0 WVpd=Vea =V
0 l/Lp Vg =Veqg =V
The modeling of the UPFC continues branch. For
the DC-side circuit, based on the power balance equation
in the output and input of UPFC, The net real power
exchanged by both the converters through DC side should
be zero to keep the capacitor voltage constant [14]. The

DC voltage V,. dynamics across the capacitor is given by
the following equation
dVy, 1

dt :%(Pe_})ep)v (5)

where P, — active power absorbed of the AC system

Pe = vca'i.va + Vcb'isb + Vcc'isc;
where P,, — active power injected by the shunt inverter
AC system

“

Py, = Voaripg T Vopripy + Vperlipe-
By performing Park transformation, the DC voltage
V4. dynamics across the capacitor can be described by the
following equations
dv, 1
Td(:: CVye (vl’d Apa*VpgLpg=Ved Ird ~Veq '[rq)' (©)
Control of the parallel converter. The ordinary
working principle of the parallel compensation of
STATCOM is described as follows: active power control
which means stabling the capacitor voltage of the DC
side; reactive power control which means stabling the
terminal voltage [15]. According to the system of
equations (2) the control strategy of parallel compensation
(STATCOM) is decoupling of the two current loops
control, to reduce the interaction between the active and
reactive power. The control block diagram is shown
in Fig. 3.
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Table 1
Optimal parameters of the proposed controllers

Lygrer | _

Reference

v,y| Current Parallel

" +
>
1 »q

paref | =

Fig. 3. Control system of shunt part

Control of the series converter. The SSSC regulate
the active and reactive power flow on the transmission
line where the UPFC is installed by injection voltage of
which the amplitude and the phase both can be adjusted.
The control strategy of the series compensator is
decoupling of the two current loops control. The diagram
of control circuits of SSSC is given in the Fig. 4.

1 sd_ref I sd
Regulator > >
+ UPFC
Series
Isarver + Model
Regulator » >
- I sq

Fig. 4. Control system of series part

In this section, we have chosen to compare the
performances of the UPFC with two different controllers:
PI and SMC.

PI controller. This controller is simple to elaborate.
Fig. 5 shows the block diagram of the system
implemented with this controller. The terms k, and k;
represent respectively the proportional and integral gains.

!re,f + 1 I
K.+ »
Ps S+t
L
T,
de ref K K; N 2 o
S I o P
) Vl!'c

Fig. 5. System with PI controller

The regulator terms are calculated with a pole
compensation method. The time response of the
controlled system will be fixed at 7= 5 ms. This value is
sufficient for our application and a lower value might
involve transients with important overshoots. The
calculated terms are represented in Table 1.

Controller | Controller shunt Controller
series part part continues branch
K, 1z /7 C-/2
| e (2
* K; —|K — K Céo
Regulator J_A i ( p p
+ . - UPFC L Ly

It is important to specify that the pole compensation
is not the only method to calculate a PI regulator but it is
simple to elaborate with a first order transfer-function and
it is sufficient in our case to compare with other
regulators.

Sliding mode controller. Sliding mode control is
one of the effective nonlinear robust control approaches
since it provides system dynamics with an invariance
property to uncertainties once the system dynamics are
controlled in the sliding mode [16-18]. The main feature
of Sliding mode controller (SMC) is that it only needs to
drive the error to a switching surface it consists of three
parts Fig. 6.

Sliding
surface

x(to) Reaching
\ Phase
>

Sliding phase

Fig. 6. Phase portrait of sliding mode control

The switching surface choice. The design of the
control system will be demonstrated for a nonlinear
system presented in the canonical form [17]:

X = f(x,t)+ B(x,t)- V(x,t),
xeRnV e Rm,ran(B(x,t)) =m,
where flx, £), B(x, f) — two continuous and uncertain non-
linear functions, supposed limited.
We take the general equation to determine the
sliding surface proposed by J.J. Slotine [20, 21] given by

(N

n—1
S(X)z(%+/1j e e=x —x, ®)

where e — error on the signal to be adjusted; 4 — a positive
coefficient; n — system order; x* — desired signal; x — state
variable of the control signal.

Convergence condition. The convergence condition
is defined by the Lyapunov equation [14]; it makes the
surface attractive and invariant :

5-S<0. )

Control calculation. The control algorithm is

defined by the relation [17]:

yen=y yyt, (10)
where V" is the control vector, V! is the equivalent
control vector, V" is the correction factor and must be

calculated so that the stability conditions for the selected
control are satisfied

V" =Ksat(S(X)/5),
sign(S) if |S|>5;
S/s if |S]<s;

an

sat(S(X)/8)= (12)
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where sat(S(x)/0) is the proposed saturation function,
o is the boundary layer thickness.

In our study, the errors between the references and
measured /; and /, currents have been chosen as sliding
mode surfaces, so we can write the following expression

Sd:[sdiref_lsd; (13)
Sq =Lsq_ref ~Lsq-

The first order derivate of (8) gives
S:d:I'sdiref_{sd; (14)
Sq =Lsq_ref ~1sq-

Taking its derivative and replacing it in the current
I <4 and I sq eXpression (2) we get

. . r 1
Sd :[sdiref _a)lsq +Z[sd _Z(vsd ~Ved _Vrd);
(15)
. : r 1 (
Sq :Isqiref +a)[sd +Z[sq _I Vsq ~Veq ~ Vg

Replacing the expression of v, and v, in (10) by
their expressions given in (15), one obtains

. : r 1
Sd :[sdiref _w[sq +z[sd _Z(vsd _(ng +V§Z)_vrd)

(16)

. ; r 1
Sq = 1sq_ref T Olsa + 7 1sq _z("sq _(ng +Vgg)_vrq)

1, will be the component of the control vector used

to constraint the system to converge to S=0. The control

vector v/ is obtain by imposing S=0 so the equivalent
control components are given by the following relation

VA ==Ly yor + Lol gy~ oy + Vg =V an

eq _
ch - _Llsqiref _La)lsd _ﬂsq +Vsq _qu'

Using the same procedures as for part shunt we get
the following expression:

eq _ _ / _ _ .
Ved = Lplpdiref +Lpa)1pq rplpd +vpd Vid s

. (18)
vgg:—Lpl a)lpd—rl +v,, —V

pq,ref_Lp pipqg " Vpqg T Vrq-

To obtain good performances, dynamic an
commutation around the surface, the control vector is
imposed as follows [19]

v=v" + K -sign(S). (19)

The sliding mode will exist only if the following

condition is met
5-5<0. (20)

Fuzzy logic second order sliding mode controller
(FLSOSMC). The sliding mode control is a widely
studied control scheme that provides robustness to certain
disturbances and system uncertainties [7, 9] Nevertheless,
a few drawbacks arise in its practical implementation,
such as chattering phenomenon Such chattering has many
negative effects in real world applications since it may
damage the control actuator and excite the undesirable
unmodeled dynamics In order to reduce the effects of
these problems, second order sliding mode seems to be a
very attractive solution [22].

This method generalizes the essential sliding mode
idea by acting on the higher order time derivatives of the
sliding manifold, instead of influencing the first time

derivative as it is the case in SMC, therefore reducing
chattering and while preserving SMC advantages [23].

In order to ensure the active and reactive power
convergence to their reference, a second order sliding
mode control (SOSMC) is used. Considering the sliding
mode surface given by (15), the following expression can
be written:

. . r 1
Sd =Lsa_ref =®lsq+ 7 Lsa =7 (Vsa =Ved = Vra)

S.d = Yl(ta x)+ Al(t’ x)vcd’
and

1)

Sq =Lsq_ref
S, =Yyt x)+ Ay (t, x v,
where Yi(t, x), Ya(¢, x), 4:(¢, x) and A,(¢, x) — uncertain
functions which satisfy
Yl > 0, Y1|>j,1, 0<Km1 <A2 < KMI’
Y2 > 0, |Y2|>},2, O<Km2 <A2 < KMZ'

Basing on the super twisting algorithm introduced
by Levant in [24], the proposed high order sliding mode
controller contains two parts [25]

V

r 1
—olgy +Z[sq _Y(Vsq “Veq _qu)

e

Ved =V +V2 . (23)
With
v =—ky -sign(Sy);
vy =—1-|Sy|" - sign(Sy); (24)
Veg =W + W
and with

iy =k, -sign(S, )

wy =[] -sign(S,).

In order to ensure the convergence of the sliding
manifolds to zero in finite time, the gains can be chosen
as follows [25]

ki>i

mi
liz > 44; .KMi(ki"'/li);
K,%,i Kpi (ki = 7;)
0 < y< 05.

=12;

In order to improve the SOSMC of the UPFC and
more and more decrease the adverse effect caused by the
sign function, we propose in this paper to use the
(FLSOSMC).

For the proposed FLSOSMC, the universes of
discourses are first partitioned into the seven linguistic
variables NB, NM, NS, EZ, PS, PM, PB, triangular and
trapezoidal membership functions are chosen to represent
the linguistic variables for the inputs and outputs of the
controllers.

The fuzzy labels used in this study are negative big
(NB), negative medium (NM), negative small (NS), equal
zero (EZ), positive small (PS), positive medium (PM) and
positive big (PB).

These choices are described in Fig. 7.
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Input Membership function

NB

Degree of
Membership

>

10 6 4 2 0 2 4 6 -10

Output Membership function

NB NS Ejz PS PM PB

Degree of
Membership

>

10 6 4 -2 0 2 4 6 .10
Fig. 7. Fuzzy sets and its memberships functions

Simulations and results. In this section, simulations
are realized with a UPFC coupled to a 220V/50Hz grid.
The system parameters are given in Table 2. The whole
system is simulated using the Matlab/Simulink software.
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Table 2
The parameters of the laboratory UPFC model

Parameter name Symbol | Value | Unit
Network voltage V. 220 | V
Voltage of the receiver Vs 220 | V
DC voltage Ve 280 | V
Network frequency f 50 |HZ
The capacity of the common circuit DC C 2 | mF
Inductance 1 L 1.125 | mH
Resistance 1 r 100 | Q
Inductance 2 L, 1.125 | mH
Resistance 2 7 100 | Q

In the objective to evaluate the performances of the
controllers, three categories of tests have been realized:
pursuit test, sensitivity to introducing perturbation and
robustness facing variation of the reactance XL.

Pursuit test. This test has for goal the study of the
three controllers (PI, SMC and FLSOSMC) behavior in
reference tracking. The simulation results are presented in
Fig. 8. As it’s shown by this figure, for the 3 controllers,
the active and reactive power track almost perfectly their
references but with an important response time for the PI
controller compared to the SMC and FLSOSMC. Therefore
it can be considered that the two types of sliding mode
controllers have a very good performance for this test.

1500

I
1000 | it

~ 500 _
©
b
o]
3
a8 0 -
()
=
&
[9)
II -500 | T T -
| | |
| | |
| Qs-reference
-1000 - - ; ‘ - = Qs-PI H
‘ ‘ Qs-SMC
} } Qs-FLSOSMC
_1500 1 | | |
0 0.2 0.4 0.6 0.8 1

Current Ids (A)

Ids-SMC M

Ids-FLSOSMC

2 ‘ ‘ ; ;

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 8. Reference tracking test
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Robustness. We tested the robustness of the used
controllers for a variation of the reactance XL. The results
presented in Fig. 9 show that reactance variation presents
a clear effect on the active and reactive powers of the two

1500

1000

|
|
|
500 ! |
|
s 1
O | —
6 |
; |
[e] |
o |
2 500 ; _
o |
< |
|
|
-1000 ! : -
Ps-reference | l
1500 Ps-PI | ‘
el Ps-SMC I Tpm——"—
Ps-FLSOSMC | |
2000 l l l l
0 0.2 0.4 0.6 0.8 1

Time (s)

used controllers and that the effect appears more
significant for PI controller than that with the SMC and
FLSOSMC. Thus it can be concluded that these last are
robust against this parameter variation.
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— 500 N
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2
[
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[
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-1000 --| — Qs-PI -
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-1500 : :
0 0.4 0.6 0.8 1

Time (s)

Fig. 9. Sensitivity to the reactance variation (XL —30 %)

Sensitivity to a sub-voltage perturbation. The aim
of this test is to analyze the influence of a sub-voltage
perturbation (+50 %) in the time interval ¢+ = 0.6 s and
t = 0.62 s on active and reactive powers for the
3 controllers. The simulation results are shown in Fig. 10.
This figure expresses that the introducing perturbation
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produced a slight effect on the power curves with PI
controller. While the effects are almost negligible for the
system with the two other controllers. This result is
attractive for UPFC applications to ensure stability and
quality of the active and reactive powers when the voltage
is varying.
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— 500 ,,,,,, S $r_ _ _ _ _ _ I— — =
5 : |
% | |
| |
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Fig. 10. Sensitivity to sub-voltage perturbation (+50 %)

Conclusion. A robust control method based on
variable structure technique of a UPFC has been
presented in this paper. Simulation results verified the
effectiveness of the control strategy that allows
independent control and decoupled active and reactive

power of these devices by minimizing the interaction
effect between these powers. The Fuzzy logic second
order sliding mode controller controller ensures a perfect
decoupling between the two axes comparatively to the PI
one where the coupling effect between them is very clear.
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Results comparison between conventional PI Controller
and the proposed Fuzzy logic second order sliding mode
controller based controller for UPFC indicates that the
proposed Fuzzy logic second order sliding mode
controller based controller has less steeling time and less
overshoot and compared with the conventional
Proportional-Integral Controller.

Basing on all these results the UPFC device, can
adjust the distribution the system power flow among the
transmission line quickly and smoothly, and have no
significant impact to other operating parameters of the
system.
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UNBALANCED LOAD FLOW WITH HYBRID WAVELET TRANSFORM AND
SUPPORT VECTOR MACHINE BASED ERROR-CORRECTING OUTPUT CODES FOR
POWER QUALITY DISTURBANCES CLASSIFICATION INCLUDING WIND ENERGY

Purpose. The most common methods to design a multiclass classification consist to determine a set of binary classifiers and to
combine them. In this paper support vector machine with Error-Correcting Output Codes (ECOC-SVM) classifier is proposed to
classify and characterize the power quality disturbances such as harmonic distortion, voltage sag, and voltage swell include wind
farms generator in power transmission systems. Firstly three phases unbalanced load flow analysis is executed to calculate
difference electric network characteristics, levels of voltage, active and reactive power. After, discrete wavelet transform is
combined with the probabilistic ECOC-SVM model to construct the classifier. Finally, the ECOC-SVM classifies and identifies
the disturbance type according to the energy deviation of the discrete wavelet transform. The proposed method gives satisfactory
accuracy with 99.2% compared with well known methods and shows that each power quality disturbances has specific deviations
firom the pure sinusoidal waveform, this is good at recognizing and specifies the type of disturbance generated from the wind
Ppower generator. References 22, tables 8, figures 9.

Key words: unbalanced load flow, wavelet transform (WT), support vector machines (SVM), power quality disturbance,
wavelet energy.

Leny. Haubonee pacnpocmpanennsle Memoobl ROCMPOECHUA MYTbIMUKAACCOGOU KNACCUDUKAYUU 3aKIIOUAIOMCA 8 Onpedesienuu
Habopa 06oUYHBIX Kaaccuuxkamopoe u ux o6veounenuu. B Ooannoii cmamove npeonoxicenHa Mauiuna ONOPHLIX 6€KMOPO8 C
Knaccugukamopom 6vIxo0uvIx k0006 ucnpaenenusa ownooxk (ECOC-SVM) ¢ yenvio knaccuguyuposame u xapaxmepusoeamso
makue HapyuwieHUs Kavyecmea 3JIeKMpPOIHEPIUU, KAK 2aAPMOHUYECKUE UCKANCCHUA, NAOeHUEe HANPANCEHUA U CKAYOK
HARpPAJCEHUA, GKNIOUAA 2eHEPamop GempoGvIX INEKMPOCMAHUUL 6 cucmemax nepedauu nekmpodrnepeuu. Crauana
GLINOIHACMCA AHAU3 NOMOKA HEeCUMMEmPUYHON HAzPy3Ku mpex a3 0nsa pacuema pazHOCHMHBLIX XAPAKMEPUCHMUK
INEKMPUYEcKoil cemu, ypoeHeil HANPANCEHUs, AKMUGHOU u peakmugnoii mownocmu. Ilocne ymozo Oouckpemnoe egeiignem-
npeobpazosanue o00veounsemcsa ¢ eepoamuocmuoi mooeavto ECOC-SVM ona nocmpoenus knaccuguxamopa. Haroneu,
ECOC-SVM knaccugpuyupyem u udenmuuyupyem mun 603IMYW|CHUsA 6 COOMGENICEUU ¢ OMKIOHEHUeM IHepeuuU
oucKkpemnozo geiignem-npeoopazoeanus. Ilpeonosrcennviit memoo oaem yooenemeopumenvuyio mounocms 99,2% no
CPAGHEHUIO C XOPOWIO U36ECHIHbIMU MEMOOaMU U NOKA3bleAeN, YMo Kajcooe HapyweHue Kauecmea 31eKmpoInepzun umeem
onpeodenennvie OMKIOHEHUA OM YUCHO CUHYCOUOANLHOU (OPMBL 6ONIHBL, UMO CROCOOCIMEYem PACNO3HAGAHUIO U ONPeeeHUI0
muna 03MyuieHUsA, 2EHEPUPYEMO20 8eMPOBLIM 2eHepamopom. bubn. 22, tabm. 8, puc. 9.

Kniouesvie crnoea: HecOaIaHCHPOBAHHBIN NMOTOK HArpy3KH, BeiiBier-npeoOpazoBanue (WT), MalIuHbI ONOPHBIX BEKTOPOB

(SVM), HapyuieHHe KayecTBa JJIeKTPOIHEPIrHH, JHepPIrus BeiiBiera.

Introduction. The quality of energy has become an
important issue for electric users and their customers.
With the rapid increase of wind energy, this quality can
be easily disturbed by the distortion in the supply of the
electric power network that can lead to high costs and
create many problems.

Problem statement and definition. To improve and
ensure the quality of the electrical energy, the
disturbances must be detected and if possible the
detection must be close to the source of these
disturbances. Several criteria can set the quality of energy
which includes the voltage waveform, harmonics, inter
harmonics, transient voltage, frequency voltage,
frequency stability, voltage fluctuations (flicker)...etc [1].
To improve the power quality in [2] found that the load
flow analysis is an important part and essential step for
any power system network computation and it has always
been useful by many power system engineers in this
domain. Furthermore, they propose a novel approach
using a 25 IEEE bus test system to solve the reorder of the
unbalanced distribution network including optimal
distribution network including optimal location of
dispersed production units. By the comparison with other
results obtained before, the results of this new technique
are better to reduce losses and improve the PQ
characteristics in distribution network level. With a same
way, In [3] a modification has been done for the CPC
power theory to four-wire unbalanced power, for

objective to gives the smallest possible line losses in the
same transferred of the active power to the load in non
symmetrical and unbalanced distribute voltage. For this
reason a load flow is an important analysis tool to
improve the PQ [4].

On the other hand, the wavelet transform has an
important part in power system, and the development of
this tool allowed many scientists to operate in various
domains among them power quality. First applied of
wavelets transform in power system by Ribeiro and
Robertson in 1994 [5, 6]. From this year till now the
number of publications in this domain has increased and
the most popular wavelet analysis in power systems are
used and applied for amelioration of power quality.

Overview of the most well-known evolutionary
classifier on the topic. In the literature various methods
based on wavelet transform (WT), fuzzy logic, neural
network (NN), support vector machine (SVM), particle
swarm optimization (PSO) and genetic algorithm (GA)
have been proposed and implemented for PQD
identification and classification.

In [7] present a combination of binary classifiers
method, the proposed PQD classifier is based on WT and
SVM, this method uses a one-vs-one multiclass SVM
(four SVM nodes) each node is contain one event and
trained individually allowing them to be parallelized. In
general, the results display a good performance and the
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PQ events can be detected. A novel method of automatic
classification of hybrid or single PQD is proposed by [1],
this proposed algorithm depend of the Discrete Wavelet
Transform (DWT) and Probabilistic NN based Artificial
Bee Colony (PNN-ABC) optimal feature selection of
PQD, the DWT utilized for the feature extraction of the
disturbances and the PNN is applied as an operative and
dynamic classifier for the classification of the PQD. After
the results, they found that the proposed algorithm is a
significantly upper technique forcharacterize and
identifying the single and various PQD. On the other
hand, [8] are presents a new approach consisting linear
Kalman filter and fuzzy-xpert system for identification
and classification of voltage and current disturbances in
power systems. Linear Kalman filter together with DWT
is used to extract the parameters and these parameters are
the inputs to fuzzy-xpert system that uses to identify the
class of the PQD. A new method to classify and detect
PQD in power system based fuzzy logic (FL) and neural
networks basis radial function (RBFNN) are suggested in
[9], RBFNN used the feature extracted by wavelet as
inputs to generate membership function in FL and
features to collect various events using FL detection and
classification. The comparison showed that the
classification accuracy of the fuzzy logic is improved just
by the help of PSO, more details in [10]. Other techniques
based on fuzzy and WT have been presented in [10, 11].
In [12] is presented another methodology that uses a
maximal overlap discrete wavelet transform (MODWT)
technique to recognition and locating of different PQD,
the coefficients extracted from MODWT used like input
for the classifiers. The obtained results show that the
Decision Tree (DT) provides better classification
accuracy than the SVM at every case with and without
noise. Otherwise, the selection tree is working
satisfactorily ~ with  synthesized or real signals.
Probabilistic neural network (PNN) has been used in [13]
as a function approximation tool for PQD classification
and genetic algorithm (GA) is used to optimize the PNN
parameter and the results demonstrate that the method is
more accurate than the other methods presented. Another
method has been presented in [14], S-transform with
double-resolution (DRST) combined with directed acyclic
graph based on support vector machines (DAG-SVMs).
First, DRST are used for an effective feature extraction
from power signals. Then, the DAG-SVMs classify and
predict the PQD. Obtained results of this proposed show
that the automatic classification algorithm is powerful and
has the ability to distinguish and to detect different power
quality phenomena classes easily. In [15] is displayed a
performance enhancement scheme for the recently
developed extreme learning machine (ELM) for
classifying PQD wusing particle swarm optimization
(PSO), the results indicated that the proposed algorithm
faster and more accurate in discriminating PQD, and
overall accuracy was 97.6 %. Other methods based on
SVM and WT have been presented in [7, 16], wavelet and
neural network [1, 17].

Generally, each research has a different strategy and
this is good for providing information and to predict the
classes of PQD and each method has its negatives and
positives, also the significance of the importance of

unbalanced load flow analysis is needed for more
information and good contribution and to generalize all
PQD especially in transmission network to reduce power
losses and to improve the PQ characteristics for electric
users and their customers.

The goal of the paper is to overcome the
advantages we propose in this paper a recognized method
based unbalanced load flow to extract and calculate
difference system data such as voltage, reactive and active
power. After, this data are used to calculate the energy
deviation of the waveform signal using the discrete
wavelet transform, in which the support vector machines
with  Error-Correcting Output Codes (ECOC-SVM)
locates the importance values including to classify some
kinds of power quality disturbances produced from the
wind energy.

Wavelet transform. Discrete wavelet transform
(DWT) is an implementation using a discrete set of scales
and wavelet translations obeying certain rules. With

a=ay and b=nbyay , where ay > 1, by > 0, and m, n
are integers
+00
DWT = (m,n)= Ix(t)y*(t)dt , )
—00
where «m» scale and «n» shift (translation)
ﬂ
Vet lninfat) o
In other words, this technique decompose the signal
into a set of mutually orthogonal wavelets, which is the
major difference with continuous wavelet transform.
Energy of signal. The energy of the disturbed signal
will divided into different resolution levels by different
ways depending on the power quality events at hand. So,
the standard deviation at different resolution levels of the
decomposed signal (Equations (1) and (2)) and MRA is
proposed in this technique as feature to classify different
power quality problems. The energy used in our study in
equations (3), is the vector containing the percentages of
energy corresponding to the details at different resolution

levels, given by
C
Ed(K):—Z( ZKz)z

where C is the vector contains the wavelet decomposition
and C, is the vector contains the detail coefficients at
level k, using the DWT.

All of the waveforms in this paper are simulated in
MATLAB Simulink with IEEE 9 Bus system [18]. We
generated pure sine wave (frequency 60 Hz and the
amplitude in p.u).

Proposed method. The block diagram in Fig. 1
demonstrate the proposed method. Where the Support
Vector Machine (SVM) with Error-Correcting Output
Codes (ECOC) classifier is proposed to classify and
characterize the power quality disturbances such as
voltage sag, voltage swell and harmonic distortion, which
are possible to be produced from the wind energy.

100, 3)
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Fig. 1. Block diagram representing the simulation steps

Firstly, 3 phases unbalanced load flow analysis is
executed to calculate different electric network
characteristics, levels of voltage, active and reactive power.
After, a wavelet transform is applied to decompose the
signal by DWT. Using the equation (3), we calculate the
energy of the decomposed signal. Finally, the ECOC-SVM

Bus B

SRS

Bus2 ™

classifies and identifies the disturbance type according to
the energy deviation of the DWT.

Applications and results. Possible causes of the
voltage sag include short circuit faults, electric motors
starting, turning on of heavy equipment, capacitor
switching, etc. Sag can occur on multiple-phase or on a
single phase, and are often accompanied by voltage swells
on other healthy phases. Where, the harmonic currents
produced by some nonlinear loads on the system, such as
adjustable speed drives, arc furnace loads, computers,
copiers, etc. The wind power generator has a possibility to
generate all this kinds of disturbances. By this way, we
have generated different power quality problems using the
IEEE 9 Bus model (Fig. 2).

Fig. 2. IEEE 9 bus system network

In this study, sag and swell voltages caused by a
short circuit fault at bus 6 and the rectifiers (diode) are
used in our study as source of harmonics on the network
at the same bus with 90 % power factor (cos6 = 0.9) in
Bus 6, take in consideration the main characteristics of
event in power system [19].

Unbalanced Load Flow Results. Load flow
analysis is an important part and essential step for any
power system network computation and it has always
been useful by many power system engineers in this
domain to improve the power quality and to reduce the
power losses. Most methods use a balanced load flow
(single or simple phase), this gives low information
quantity, especially in three phase system in transmission
or distributed network. For this reason, unbalanced load
flow is needed to extract a maximum of information in

each phase. Table 1, 2 and Fig. 3 presents 3 phase
unbalanced load flow results.

Phaze A
e NG

+—Fall
+—Hamonics |

Valage (F.u)

Watage (P u)

$44

1 1 1 1 ki ]
: 5 n 5 & s 4 5
Bus

Fig. 3. Voltage profile of the three phase load flow results
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Table 1 represents the phase magnitude voltage,
angle, active and reactive powers in each generator bus and
Table 2 represent the load buses. It can be seen the non-
symmetrical values in some buses, especially in case of the
manager's fault (phase C), where Fig. 3 shows in detail the
voltage profile and the minimum voltage found in case 4
(harmonics + fault), especially in phase C at bus 6 and its
observed also near to this bus. Furthermore, in the
harmonic disturbance results, there is a difference between
all buses, this is due to the location of the harmonic source
(bus 6) and the total distortion harmonic (THD) in each bus
when THD in bus 1 was 1.16 % in bus 6 30.29 % and 21.3
% in bus 5, The same thing for the other disturbances.

DWT Results. The appropriate select of the mother
wavelet perform an important part in detecting, localizing
and analysing different kinds of signal variations, the
choice relies on the nature of the application. For
detection of low amplitude, short duration, fast decaying
and oscillating type of signals, the most popular wavelets
are Daubechies and Symlets families (db2, db3 and sym2,
sym3... etc). Wavelet Daubechies «db4» is used to
execute the DWT with 11 decomposition levels.

Figure 4 shows the distorted energy distribution at
each level, we could not actually recognize the features.
High and low frequency disturbance come in 5th, 6th and
9th level. The results showed that the sag energy
deviation levels are less than the pure energy deviation
levels, and minimum values concentrates between 6th and
9th levels. Contrary to the value of energy in voltage
swell is more than the pure signal, also the voltage swell
has the maximum energy deviation at level 8. These
figures have been tested and proved using the IEEE 9-bus
network (Fig. 2).

Sag disturbance

e 22 g0 |[—Pure signal
o 340 lI- = ~Voltage Sag /
22 2
2 )

O]

T2 3 4 5 s 7 8 9 w©on T 5 7 e o 0 1
Decomposition levels Decomposition levels
Swell disturbance

o 80 o 80 P
= = ®[|——Pure signal \
@ o
) 3% |- - ~Voltage Swell
So S
2 g
) S= /
- =
T s« s s 7 e

K

12 3 4 5 & 7 8 o W n 1
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Harmonics
[—Pure signal A
10|~ = ~Harmonics A\
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2 s 4 s

vz 3 4 s 8 7 8 v W m 1 s 7 & v 1w om
Decomposition levels Decomposition levels

Fig. 4. Distortion energy distribution in each level

Table 1
Unbalanced load flow results for the Generators Buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage Power

pu |angle| MW |Mvar| pu | angle | MW | Mvar | pu | angle | MW |Mvar| p.u |angle| MW | Mvar

Normal (pure) | 1.04 | 0 | 274 |-0.67| 1.04 | -120 | 274 | -0.67 | 1.04 | 120 | 274 |-0.67| 1.04 0 |8221|-2.02

BUS 1 Harmonics 1.04 | 0 |2589|2.04|1.04 | —120 [25.89| 2.04 | 1.04 | 120 | 25.89 | 2.04 | 1.04 0 |77.67| 6.13
Fault (phase C) | 1.04 | 0 |25.72| 3.87 | 1.04 | —120 [31.33|-15.15| 1.04 | 120 |106.98|31.07| 1.04 0 [164.04| 19.80
Harm + Fault | 1.04 | 0 | 8.85| 881 | 1.04 | —120 |12.92|-18.22| 1.04 | 120 |106.74|47.96| 1.04 0 [128.51| 38.57

Normal (pure) |1.025| 9.54 |54.32|-2.36|1.025|—110.46 |54.32| —2.36 [1.025|129.54| 54.32 |-2.36| 1.025 | 9.54 |162.97 | —7.07
Harmonics  |1.025] 9.96 |54.33|—1.54|1.025|-110.04 | 54.33| —1.54 |1.025|129.96 | 54.33 |-1.54| 1.025 | 9.96 | 163 | —4.63

BUS 2 Fault (phase C) | 1.025|14.26|54.33 | 0.53 | 1.025| —114.3 |54.33| —2.4 |1.025|113.85| 54.33 | 6.30 | 1.141 | 4.61 | 163 | 4.44
Harm + Fault |1.025|19.15|54.33|-4.82(1.025|-111.17|54.33| —9.57 | 1.025|114.46| 54.33 | 2.58 |1.0091| 7.49 | 163 |-11.81

Normal (pure) |1.025] 2.74 | 28.3 | 7.61 | 1.025|-117.26| 28.3 | 7.61 |1.025|122.74| 283 | 7.61 | 1.025 | 2.74 | 84.90 | 22.83

BUS 3 Harmonics  |1.025] 3.16 |28.33| 9.14 |1.025|-116.54|28.33| 9.14 |1.025|123.46| 28.33 | 9.14 | 1.025 | 3.46 | 85 | 27.42
Fault (phase C) [1.025] 9.93 |28.33| 2.43 |1.025|-122.03 |28.33| 20.59 |1.025|101.67 | 28.33 |38.26|1.0042|-3.46| 85 | 61.28
Harm + Fault |1.025]15.32|28.33|-3.53|1.025|-118.58|28.33| 20.94 |1.025|100.97 | 28.32 |51.27|0.9942|-0.73 | 84.99 | 68.69
Table 2

Unbalanced load flow for the Load Buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage Power

pu |angle| MW |Mvar| p.u angle | MW |Mvar| p.u | angle | MW |[Mvar| pu | angle | MW |Mvar

Normal (pure) |0.9777 |-3.66|41.63[16.58|0.9777 | —123.66 |41.63|16.580.9777|116.34 |41.63|16.58|0.9777 | —3.66 | 124.89 (49.75
Harmonics | 0.9748 |-3.44|41.67|16.67|0.9748 |—-123.44 |41.67|16.67|0.9748 | 116.56|41.67|16.67|0.9748 | -3.44 | 125 50

Bus3 Fault (phase C) |0.9713|-1.85|41.67|16.67|0.9957 | —125.56 | 41.67 | 16.67|0.9093 | 104.58 | 41.67|16.67|0.9541 | -7.42 | 125 50
Harm + Fault | 1.0103| 2.33 [41.67|16.67|1.0495| —122.4 |41.67|16.67|0.9413|105.86|41.67|16.67|0.9933 | —-4.48 | 125 50
Normal (pure) |0.9879(—4.73(29.88| 9.93 |0.9879|—124.73 |29.88| 9.93 |0.9879|115.27|29.88| 9.93 |0.9879 | —4.73 | 89.64 (29.78
Harmonics |0.9789|-3.86(28.47| 13.8 |0.9789|-123.86 |28.47 | 13.8 |0.9789|116.14|28.47| 13.8 |0.9789| -3.86 | 85.4 |41.4

pUs e Fault (phase C) | 1.0646 |-0.74| 30 10 {0.9382|-124.77| 30 10 |0.7239| 86.77 | 30 10 |0.8835[-10.62| 90 30
Harm + Fault | 1.0933| 2.09 [28.47| 13.8 |0.9448|-119.96 |28.46| 13.8 | 0.5869| 80.18 |28.45| 13.8 | 0.8369 | —7.67 | 85.38 |41.39
Normal (pure) |0.9661 |—1.72(33.42|11.65|0.9661 | —121.72 {33.42|11.65|0.9661 | 118.28 |33.42 | 11.65|0.9661 | —1.72 | 100.25 |34.94
Harmonics | 0.9651| —1.1 [33.33|11.67/0.9651 | —121.1 |33.33|11.67/0.9651 | 118.9 |33.33|11.67|0.9651 | —1.1 100 | 35

BuSs Fault (phase C) | 0.9788 | 4.54 |33.33|11.67|0.9475| —126.1 |33.33|11.67|0.9023 | 99.21 {33.33|11.67|0.9276| —7.09 | 100 | 35
Harm + Fault |0.9984|10.31(33.33|11.67/0.9572|-122.34|33.33|11.67|0.8940| 99.2 |33.33|11.67|0.9273| -3.54 | 100 | 35
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Using the proposed rules extracted from MRA
technique at different levels with MRA curve the
recognizing waveform problem becomes more easily and
we can localize and detect and also classify several PQ
events. When sag occurs, the 8th level also when the
signal suffers harmonic distortion the 5th and 6th levels
show noticeable variations, and this is clear in Fig. 5.

The percentages of energy depend on many factors,
value of the disturbance, the duration, the location of this
disturbance (in which bus) also the parameter of the
network system as lines, load, voltage source...etc.

However, to preserve the complete information Std-
MRA curve values of all levels of MRA are considered as
an input to SVM to classify the power quality events.

T T
—Voltage Swell
Swell and I - - ~Puresignal
Sag zone Voltage Sag
I —Harmonics [
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>
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cak
w Y
High and low
frequency zone
(Harmonics)

becomposition levels
Fig. 5. Families of energy deviation curve for different PQD

Support Vector Machine results. A Support
Vector Machine (SVM) is a special classifier formally
and known by a separating hyperplane. In the other
words, given name as training data (supervised or control
learning), the algorithm outputs an optimal hyperplane
which classify new examples (Fig. 6). For that reason our
objective should be to obtain the line passing as far as
possible from all points. Then, the process of the SVM
algorithm is based on locate the optimal hyperplane that
determinate the largest distance between the two class to
the training examples. In this case, the classification
becomes very dynamic and more precise. Different kernel
functions are used and applied in the literature. The
Gaussian kernel (Equation (4)) is an example of radial
basis function kernel which gives the best results is
selected [20]

- oA

klx,y)=exp| ———|. 4
(x,7)=exp 3 C)
The adjustable parameter o represent a significant
role in the behavior of kernel, and should be carefully
adjust to the problem at hand. If overestimated, the
exponential will behave almost linearly and the higher-
dimensional projection and forecast will start to lose its
non-linear capacity. In the other hand, if underestimated
the function will miss regularization and the decision limit

will be highly sensitive to unrest in training data.
Two-Class Support Vector Machine. From the
simulated signals, DWT is applied to the signals
waveforms. After, the energy of the decomposition levels

obtained using the DWT are used for SVM. The basic
idea of SVM is to plan the training data from the input
area into a higher dimensional feature space through
Gaussian kernel function. By this away, space optimal
hyper plane is specified and determined to maximize the
generalization ability of the classifier. Before the training
process, input data are normalized and divided into 500
sets for training and 300 sets for test. A structure of the
support vector machines consists of 2 or 3 inputs (Energy
level), for example [Ed6 — Ed8] or [Ed6 — Ed8— Ed9] as
illustrated in Table 3. The output variables of the support
vector machines are designated as value range from 1 to
6, which corresponds to the different power quality
problems:

A: «1» corresponds to Voltage swell;

B: «2» corresponds to Voltage sag;

C: «3» corresponds to Harmonic;

D: «4» corresponds to Voltage swell + Harmonic;

E: «5» corresponds to Voltage sag + Harmonic;

F: «6» corresponds to pure (without problems).

We have 5 Two-Class SVM models are used and
each model contains 2 types of the power quality
problems (Table 3). For each SVM model, the adjusted
parameters out-of sample classification error are
investigated as the most appropriate parameters so that the
obtained output is only specified or determined the effect
of choice or with energy level are good for the training of
the SVM and also for the classification. After the training
process, case studies are varied so that the decision
algorithm capability can be verified. The total numbers of
the case studies are 300.
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Fig. 6. Classification by two-class SVM between Voltage swell
and Voltage swell + Harmonic

Table 3
Out-of sample classification error for two-class SVM
l\/?(ZiI:Ils Ed6 & Ed9 | Ed8 & Ed6 | Ed8 & Ed9 Ed6]<§chgd8&
A&B 0% 2% 2% 0%
B&C 0% 0% 0% 0%
C&E 27 % 7% 10 % 0%
C&D 16 % 13% 21 % 9%
D&E 12 % 3% 5% 0%
Average 12 % 5% 7.6 % 1.8 %
Multi-Class SVM (ECOC-SVM). The most

common framework or methods already used Kernel
functions. Well known classic SVM was developed for
binary classification, if a multi class classifier is needed
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such as the case of PQD classification, particularly where
the signals include more than one disturbance or more
problems, in this situation the SVM needs to be achieved
in several steps. The natural extension is to combine
various binary classifiers to response and to comply a
binary decision tree. Error-Correcting Output Codes
(ECOC) represent a effective structure to handling with
these kinds of problems. However, the performance is
influenced by the size and degree of the problem. In
addition, for the particular case analyzed in this paper,
multi ECOC technique or Fit multiclass models for
support vector machines (fitcecoc) are used [21]. Multi
ECOC technique is based on a reduction of multiclass
classification problems to a set and combination of binary
SVM where certain decoding scheme and coding design
are used for the prediction of classification results
according to binary SVM predictions (Fig. 7):

- max objective evaluations of 30 reached;

- total function evaluations: 30;

- total elapsed time: 50.6946 sec;

- total objective function evaluation time: 8.1846.
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Fig. 7. Min objective vs Number of function evaluations
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Fig. 9. Frequency, current and voltage waveform at bus 3

In this part we will divide the signal produced from
the wind generator at bus 3 into 3 parts (0-0.5 s, 0.5-1 s,
1-5 s), and we will try to detect the different perturbation
on this signal using ECOC-SVM classifier. Table 5 shows
the classification results.
Table 5
PQD classification generated by the wind generator
using Ecoc-SVM classifier

SIGNAL PART | [0-0.5s] | [0.5—15s] | [1.5-4.55]
PQD class D E F

Comparing performance with other classifiers.
Tables 6 and 7 demonstrate the ability of the proposed
method to identify and classify PQD with very high
accuracies averaging to 99.2 %.

Table 6
Percentage of classification by ECOC-SVM

Table 4 d oth .. lassifi
Out-of sample classification error for ECOC-SVM and other existing classifiers
Ed 8 & | Ed 6 & Ed | All Energy levels Type of power | ST with | S-transformand | Proposed
Ed6 | 8&Ed 10 (Ed1-Ed11) quality problem |CFDT [22]| DAG-SVMs [14] | ECOC-SVM

P A 98.66 % 98.5 % 100 %

Out-of sample classification 10.8 % 10 % 329 ° 0 °
error ECOC-SVM B 97.33 % 99 % 100 %

C 100 % 99.5 % 98 %

Wind turbine simulation and results. In this D 98 % 97 % 98 %
section, reconﬁguratlor} of the transmission network in thp E B 995 % 100 %

presence of power wind generator. As we know, this . . ;
reconfiguration can disturb the network parameters and Average 98.49 % B.7% 99.2%

create some PQD (Harmonics and voltage perturbation), Table 7

as seen in Fig. 9, by replacing the generator in bus 3 by a
wind farm power generation and keeping the same power
generation 85 MW (figure 2).

Figures 8 and 9 represent the simulation results,
where Fig. 8 represent the mechanical power of the
turbine and the speed of the asynchronous machine. On
the other hand, Fig. 9 present the frequency, current and
voltage waveform at bus 3 and table 8 represent the 3
phase load flow results with and without wind energy.

Classification accuracy rate of the proposed method compared
with other methods

Method Classification
Proposed method (ECOC-SVM) 99.20 %
Neural network with DWT and fuzzy logic [10]| 98.17 %
Wavelet and fuzzy logic [11] 98.02 %
Wavelet and SVM [7] 93.43 %
PSO-ELM [15] 97.60 %
Fast Dyadic ST with CFDT [22] 98.66 %
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The performance and the efficiency of the proposed
method and algorithm is also compared with other
existing classifiers, including wavelet transform and
neural network, wavelet transform and neural fuzzy,
wavelet and SVM. The most common methods to design
multiclass classification is to determine a series of binary
classifiers and to combine or collect them [14-16]. This

work represents an effective framework to compact with
these types of problems.

The results showed significant performance by
different device and strategy of new problem dependent
designs based on the ternary ECOC-SVM with out-of
sample classification error are relatively low with 3.2 %
(Table 4).

Table 8
Load flow results with and without wind energy in some buses
Phase A Phase B Phase C Total
Voltage Power Voltage Power Voltage Power Voltage \ Power
pu |angle| MW [Mvar| p.u angle | MW |Mvar| p.u | angle | MW |Mvar| p.u |angle| MW | Mvar
Without wind | 1.025 | 2.74 | 28.3 | 7.61 | 1.025 |-117.26 | 28.3 | 7.61 | 1.025 | 122.74| 28.3 | 7.61 | 1.025 | 2.74 | 84.90 | 22.83
BUS 3
With wind 1.02 | 1.11 |28.33| 5.14 | 1.02 | —116.1 [28.33| 5.14 | 1.02 | 123.5 |28.33| 5.14 | 1.02 | 1.15 85 15.42
Without wind | 0.9661 |—1.72|33.42 | 11.65|0.9661 | —121.72 {33.42|11.65|0.9661 | 118.28 |33.42|11.65|0.9661 |—1.72 | 100.25 | 34.94
BUS 8
With wind 0.9555| 2.1 [33.99]10.41{0.9555| —117.9 {33.99|10.41|0.9555{121.9633.99|10.41|0.9555| 1.88 | 101.97| 31.23
Without wind | 0.9879 |—4.7329.88| 9.93 |0.9879 | -124.73 |29.88| 9.93 | 0.9879 | 115.27|29.88| 9.93 {0.9879 |4.73 | 89.64 | 29.78
BUS 6
With wind | 0.9620 | 3.27 {29.77| 8.96 |0.9620 | —-115.84 |29.77 | 8.96 |0.9620|122.90(29.77| 8.96 | 0.9620 | 3.52 | 89.33 | 29.6
Conclusion. distribution systems. Advances in Electrical and Computer

The paper introduces the application and the
implementation of wavelet transform and multiresolution
analysis signal decomposition as a powerful analysis tool
in power system, the property of this wavelet demonstrate
the capacity of this technique to extract significant
information from the analyzed distorted signal. This
information is partitioned into different zones where each
zone can be used to observe and classify power quality
problems. The results show clearly that the precision of
the combination of discrete wavelet transform and support
vector machines algorithm is highly acceptable as shown
in previous tables. In the other hand, the proposed method
is able to recognize and classify different power
disturbance types efficiently with 99.2 % compared with
well known methods. The further work will be the
improvement of the algorithm by taking in consideration
the real signals for the development of the practical
protection system, it can also help in finding and locating
the source and the cause of disturbance.
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CONSTRUCTIVE SOLUTION OF HIGHLY EFFECTIVE PHOTOENERGY MODULE:
DEVELOPMENT AND EXPERIMENTAL TESTING

Based on experimental study and computer modeling of working temperature influence on the efficiency of Chinese production
silicon solar cells identified temperature dependence of efficiency shows the feasibility of using Chinese production Si-SC in the
construction of photovoltaic thermal system, which together with the heat pump is part of a combined system for hot water supply,
heating and air conditioning. Based on a detailed analysis of the working temperature influence on the efficiency of photovoltaic
processes that determine the solar cells work, it has been developed the optimal construction and technological solution of hybrid
solar generated module, the main feature of which is the heat exchange block, designed to reduce the solar cells working
temperature. The experimental testing of hybrid modules samples equipped with developed cooling system, high-voltage part of
power take-off system demonstrates their reliability and high efficiency which allow to achieve the such module efficiency up to
18.5 %. References 19, tables 1, figures 8.

Keywords: silicon solar cells, working temperature, efficiency dependence, diode and output parameters, cooling system, solar
irradiation concentration, hybrid solar generating module.

Ha ocnoge IKcnepumenmanbHoz0 UCCIe006AHUA 6 KOMRIEKCe ¢ KOMRBIOMEPHLIM MOOEIUPOGaHuem 6IUAHUA paboyei
memnepamypol Ha  IPHEKMUBHOCIb KPEMHUEEIX COJHEUHBIX INIEMEHMO6 KUMAIICKO20 NPOU3BOOCHEA  6blAGIeHA
memnepamypuaa 3agucumocms ux Ipgpexmusnocmu. Temnepamypnas 3asucumocmsv noOKa3zvléaem uenecooopasHocms
UCHONB306ANUA CONHEUHBIX INIEMEHNO06 KUMAIICKO20 RPOU3600CmEa 6 cocmase (homodneKmpuuecKkoil menniogoil cucmembol,
Komopasa emecme ¢ MeNN06bIM HACOCOM AGNAEMCA HACHIbI0 KOMOUHUPOGAHHOUW CUCHEMbL 20pAYEZ0 6000CHADICEHUS,
omonnenua u KoHOuuyuonupoeanus 6o030yxa. Ha ocnoge Oemanvnozo ananusza enusanusa paboyeil memnepamypsl Ha
appexmusnocmo pomodrnexkmpuueckux npoyueccos, OnpedeAIWUX pPAdomy COTHEYHBIX INEMEHNO08, Obl10 pa3padsomano
onmumanvHoe KOHCHMPYKMUGHO-MEXHOIO0ZUYECKOe peutenue ZUOPUOHO20 COJIHEUHO20 2eHEpUpyIouiez0 Mooy, OCHOGHOI
0COOEHHOCMBIO KOMOPO2O ABNIAEMCA MENN000MEHHBLIL 10K, NPEOHA3HAYEH 01 CHUNCEHUA PAboUeli meMnepamypsl COTHEYHbIX
nemenmos. DKCnepuUMeHmAanbHble UCHLIMARUA 00PA3U06 MAKUX MOOYiell, OCHAU{EHHBIX pA3PAOOMAHHOL CUCHEMOU
0XNaMcOenus U GbICOKOBOILMHOI CUCMEMON O0MOOPa MOWHOCIU, OEMOHCHIPUPYIOM UX HAOEHCHOCHL U  GbICOKYIO
sppexmusnocmo, nozsonarougue docmuuv KII/[ zubpuonozo mooyns oo 18,5 %. butn. 19, rab6n. 1, puc. 8.

Kniouesvie cnosa: KpeMHUeBbIe COJTHEYHBIE JeMEHTHI, padodasi TeMepaTypa, 3aBHCHMOCTE 3¢ (eKTHBHOCTH, THOAHBIE U
BBIXOJHBIE TAPAMeTPhI, CHCTeMA OXJIAKIeHHs, KOHIEHTPAILUS COJHEYHOr0 H3Ty4eHHs], THOPUIAHBII COJHEeYHBIH MOy Ib.

Introduction. Now by increasing the efficiency of
industrial production monocrystalline silicon solar cells
(Si-SC) up to 17-18 % while significantly reducing their
cost Chinese manufacturers were the largest exporters of
photovoltaic products in the world [1]. A significant part
of the manufacturers engaged in industrial production of
solar modules, using Chinese-made solar cells. In
addition, the largest segment of the market of imported
solar modules also is occupied by Chinese
manufacturers. For selling solar cells Chinese
manufacturers in addition to efficiency and output
parameters indicate the open circuit voltage (U,.), short-
circuit current density (J,.), the fill factor (FF) of the
illuminated current-voltage characteristic (CVC) which
are measured at room temperature 25 °C.

However, during Si-SC working, according to the
efficiency value only a small part of solar energy using to
generate electricity. The majority of solar radiation has
converted to heat in the device structure. This leads to an
increase of Si-SC working temperature, which reduces
their efficiency. In a significant amount of research works
have been analyzed the influence of temperature on the
efficiency of monocrystalline Si-SC, which are produced
in European countries and Russia (see, [2-4]). Thus,
established physical mechanisms lead to lower efficiency.
At the same time, similar studies of Chinese production
Si-SC with a few exceptions was not carried out [5]. Now
a popular option for increasing a power of solar energy
stations is the equipment of solar generating module
(SGM) by low solar concentration system. Using low-

concentration of solar radiation is economically justified.
The equipment of photovoltaic modules, by concentrators
single or double-sided flat focline type, as shown in
Fig. 1, with the degree of concentration up to 2, which is
optimal for solar cells of conventional design based on
single-crystal silicon allows to twice reduce the number of
used solar cells, thereby reducing consumption of
semiconductor material.

However, preliminary calculations of thermal
parameters for SGM equipped with concentrator show
that without cooling systems such wusing low-
concentration solar radiation increases the SGM
equilibrium temperature up to 55 °C, close to the
maximum operating temperature of the Si-SC.

. e -
Fig. 1. Example of SGM module, equipped with a one-sided
low solar concentration system
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Thus, the study of temperature influence on the
efficiency of photovoltaic processes in industrial samples
of Chinese production Si-SC should be consider as
relevant research objective, which has great practical
importance. In the first phase were carried out, the
experimental study the effect of temperature on the output
diode parameters of industrial samples Chinese
production Si-SC.

In the second stage, we analyze the physical
mechanisms of the temperature effect on the output and
diode parameters industrial samples of investigated
Si-SC. Based on the experimental data obtained in the
third step was the development of a hybrid solar
generating module concept.

Aim of the investigation development of highly
effective photoenergy module based on silicon solar cells
construction solution and their experimental testing.

1. Experimental technique. According to the
equivalent Si-SC circuit quantitative characteristics of
photovoltaic processes that occur in such device
structures are diode characteristics: density of the
photocurrent (J,;), the diode saturation current density
(J/,), the coefficient of diode ideality (4), series
resistance (R,) and shunt resistance (Ry;), calculated per
unit area of SC.

By the analyzing the literature [6], it can be shown
that with increasing J; Ry, and with decreasing J,, 4, R,
increases the efficiency of solar cells. The photocurrent
density, which quantifies the effectiveness of
nonequilibrium charge carriers generation and diffusion
processes, determined by the number of photons arriving
to the base layer, a quantum yield of the photoelectric
effect and the of nonequilibrium charge carriers lifetime
in the base layer. The values of the ideality coefficient
and density of diode saturation current, which
quantitatively characterize the efficiency of the of
nonequilibrium charge carriers separation in Si-SC,
controlled by the recombination speed in the space charge
area and the energy structure of the separation barrier.
Shunt resistance is included in the equivalent circuit of
solar cells in order to take into account the influence on
the efficiency photovoltaic processes of low resistivity
local parts of the device structure and the end surfaces.
The series resistance of solar cells, the amount of which
determines the nonequilibrium charge carriers collection
efficiency depends on the electrical conductivity of the
base Si-SC layer, the contact resistance and the
recombination speed of nonequilibrium charge carriers on
the back and front contacts.

In this work calculation of output and diode
parameters for investigated SC was carried out using the
developed analytical processing program based on an
approximation of the experimental illuminated CVC by the
theoretical expression from [6]. Illuminated CVC Si-SC
measured by the loaded method during Illumination SC
by the solar radiation simulator for terrestrial conditions
with the light power up to 100 mW/cm®. Measuring
scheme, which has shown in Fig. 2,a, as a source of
simulating solar radiation includes LED Illuminator
(Fig. 2,b) with microcontroller control.

The variable load resistance having six decades with
the corresponding resistance values, which allows

precisely vary value when measuring the CVC in the
range from 0.01 up to 1000 Ohm. Registering of voltage
value on load resistance has carried out by digital
multimeter Mastech MS8226 DMM. Initial registering
and control during measurements the value of radiation
power on the SC front surface, were performed using
standard Si-SC having a known value of the short-circuit
current, and place it near the investigated Si-SC. By
changing, the distance between the Si-SC and LED
illuminator emitting element achieved the compliance
with the actual value of I, for standard Si-SC to its value
at 100 mW/cm? irradiance power, after that investigated
Si-SC has been connected to the measuring circuit.

£l |

Fig. 2. Measuring scheme for investigated loaded current-
voltage characteristics (@) and the appearance of the LED
illuminator (b), the inset shows the location of the LEDs on the
radiating element
(I — LED Illuminator; 2 — investigated Si-SC; 3 — variable load
resistance; 4 — multimeter to measure the voltage on the load
resistance)

3. Results and its discussion. For the experimental
studies of the temperature effect on the output and diode
parameters of Si-SC were selected monocrystalline
Chinese production Si-SC with the characteristic values
of efficiency, which represent the minimum, maximum
and average values for the device structures on the
market.

For this samples at temperatures from 0 °C up to
50 °C illuminated CVC were measured. As a result of
subsequent analytical processing measured illuminated
CVC were determined output and diode parameters
investigated Si-SC.
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The analysis shows that with increasing temperature,
observed practically linear decrease of efficiency (Fig. 3,
on this and other figures 1, 2, 3 is the numbers of
investigated SC).

0 10 20 30 40 1°% 60
Fig. 3. Effect of working temperature on the Si-SC efficiency

The reduction factor, which describes the relative
change of efficiency when the temperature changes by
one degree, is 0.7 %/°C. For the open-circuit voltage and
short circuit current density also observed reduce their
values with increasing operating temperature (Fig. 4,a,b).
Fill factor of the illuminated CVC does not change
substantially with increasing temperature.
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Fig. 4. Effect of working temperature on the Si-SC short circuit
current density (a) and the open circuit voltage (b)

Analysis of the diode parameters showed that the
recorded decrease of efficiency due to the increase of the
diode saturation current density (Fig. 5,4) and a decrease
of shunt resistance (Fig. 5,b).

The analysis of the physical mechanisms of the
temperature effect on the output and diode parameters for
Chinese production Si-SC industrial samples shown that
experimental results are only partially can be commented
upon in the framework of traditional ideas about the
influence of temperature on the efficiency of photovoltaic
processes in the Si-SC, which has described in [7].
According to traditional views, which correspond to the
experimental studies of Si-SC at increasing the

temperature the diffusion length of the nonequilibrium
carriers in Si increases. This is because the diffusion
coefficient is not changed or increased, and the minority
carrier lifetime increases with increasing temperature. The
increase of minority carriers diffusion length leads to an
increase of short circuit current density with increasing
temperature. However, this effect is small and its value on
level 0.07 %/°C. Reduction of the open circuit voltage
significantly exceeds the increase of short circuit current
density and its value is up to 0.4 %/°C. Smoother shape of
illuminated CVC at higher temperatures leads to reduce
the fill factor of illuminated CVC. Overall, therefore,
increase of temperature leads to a relative decrease of the
efficiency on level of 0.5 %/°C.

6107" |
Jo.
Alsm?*

3000 F
Rsh,

Ohm-sm*
2000
1500 | 1
1000 -

500 -
O L 1 L 1 L 1

0 10 20 30 40 9% 60

b

Fig. 5. Effect of working temperature on the density of diode
saturation current (a) and shunt resistance ()

According to the experimental data practically for
Chinese-made solar cells relative efficiency reduction
higher and its value is at 0.7 %/°C. At this the short-
circuit current density decreases, and the fill factor of
illuminated CVC practically unchanged.

According to the existing physical representations
the density of the diode saturation current is the most
important diode parameter, which effect on changes of SC
output parameters with changes the working temperature.
The exponential increase of diode saturation current
density evidence that basic physical mechanism of J,
increase is thermally activated growth of the charge
carrier’s concentration. Since experimental dependence
Jo(T) is not a linearized in InJ, — 1000/T coordinates, the
mechanism is not only one, above mentioned. On its
existence indicates the experimentally established
unconventional decline of short-circuit current density
with increasing of working temperature.

Analysis of diode parameters shows that the
abnormally high efficiency reduction and non-traditional
decrease of short-circuit current density due to
experimentally registered decrease of shunt resistance.

72 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.6



Current in high conductivity areas reduce the contribution
of the photocurrent in the short-circuit current and this
current is additional physical mechanism that reduces
efficiency.

Development of a hybrid photovoltaic module
concept carried out based on experimentally established
data about high speed of efficiency reduction for China
production Si-SC. This fact reduces their relatively high
initial output parameters and determines the feasibility of
using them as a part of the hybrid solar generating module
(HSGM), which is a hybrid of solar cells and solar
thermal collector and allows to ensure cooling of the
silicon device structure due to coolant circulation.
Depending on the necessary technological requirements
worked out three basic modes of HSGM working [8]:
ensuring the most efficient power generation, ensuring
maximum efficiency of thermal energy and maximizing
the overall efficiency. In [9] developed designs that for
maximize the electric power ensure the heat extraction
from SC front surface to the environment and from the
rear surface to the coolant circuit. The main feature of the
module design that meets this working regime is the
absence of air layer between the solar cells and
translucent coating. With this working regime, the coolant
temperature in the circuit must be less than 35 °C.
However, since fluid heated by module has a low
temperature, it is required that a further heating, which
leads to the need for additional hardware. For example,
this HSGM working regime enables combined system for
hot water supply, heating and air conditioning based on
heat pump and HSGM [10].

In this paper, for cooling Chinese production Si-SC
we propose a simple and reliable design of a hybrid solar
generated module. To realize the cooling system via a
compound with heat conductivity (1.04-1.44) W/(m'K) is
assumed to provide a thermal contact between the back
surface of the solar module and aluminum absorber to
which are welded aluminum tubes through which water
flows.

We propose to gluing by this compound plate
aluminum absorber with welded tubes directly to the back
surface of the solar module (see Fig. 6).

Fig. 6. General view of HSGM module, equipped
with a cooling system on the back side

Temperature changes were calculated in the layers
included in the standard solar module design (see Fig. 7).

3 e

-

Fig. 7. Construction of hybrid solar generated module:
1 — glass; 2, 4 — EVA film for laminating; 3 — silicon SC;
5 — protective PVC layer; 6 — heat conductive compound;
7 — aluminium absorber; 8 — coolant (water)

In calculating we the expected natural air cooling
from front surface and cooling of back surface with the
coolant. Area of SC with size 158 mm x 158 mm was
0.02496 m’, thermal energy, absorbing by SC taking into
account the conversion of solar energy into electrical
energy is 24.96 W/m’. Thermal resistances R,(K/W) and
temperature changes A7(K) on the layers that make up the
construction solar module were calculated [11, 12].
Results are presented in Table 1.

Table 1
Calculated values of heat resistance R(K/W) and temperature
differences AT(K) on layers that make up a construction of
hybrid solar generated module

Thickness Heat conc!uction R. AT,
Layers 4, um coefficient, K/W K
i W/(m'K)

Glass 4 1.15 0.1390 -3.48
EVA 0.5 0.33 0.0161 -1.52

Si-SC 0.15 150 0 0
PVC 0.5 0.33 0.0110 -1.52
EVA 0.5 0.19 0.1050 -2.63
Compound 0.25 1.28 0.0080 -0.20
Al absorber 2 236 3.4-10* | -0.01

For minimize expends of generated electrical energy
to coolant circulation, we proposed to use a thermosiphon
system with slight overheating (5-7)° against to the
environment. Then, taking into account the calculated
temperature differences in the layers of the solar module
its overheating against to the environment is reduced up
to a (10-12) °C, which reduces the efficiency losses from
heat more than twice.

Based on the analysis of Table 1, the highest thermal
resistance after the obligatory top glass has a protective
PVC film. Changing it to a thin PET (polyethylene
terephthalate or polyester), which is produced in thickness
(20-150) um and is close to the PVC value of the thermal
conductivity ¥ = 0.24 W/(m'K) will reduce the AT in the
protective layer up to (0.2-0.4) °K. It is also possible to
reduce the EVA layer thickness from 0.5 mm to 0.3 mm,
which will reduce AT in this layer up to 0.9 °K. As a
result of measures to reduce the system thermal resistance
we can achieve the excess of SC temperature above water
temperature less 1.5°C.

In addition to the heat exchange units which fixed
directly on the HSGM, cooling system also includes the
supply and offtake coolant collectors, radiator which cools
the coolant, expansion tank and connecting hoses [12-14].
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Collectors are used to organize the coolant flow and
carried out the distribution of uniform coolant flow from
the radiator into the six flows in the number of heat
exchange blocks and reverse association coolant flow at
the outlet of heat exchanging blocks for supplying the
radiator. Collectors are made from standard water pipes.
Joining the collectors (Fig. 6) with a heat exchange block
to prevent galvanic corrosion and thermal stress
compensation is performed through the adapter in the
form of segments of reinforced PVC hose. Cooling of the
coolant, in which can be used as water or ethylene glycol
aqueous solution, is carried out by passing it through the
radiator of the tubular structure, made of steel tubing.
Tubular radiator design simplifies manufacturing and
provides sufficient heat dissipation area for effective heat
dissipation extracted from cooled HSGM [15].

Since the cooling circuit is closed, at change the
temperature changes the volume of fluid and to
compensate for changes in the volumes it is necessary to
use expansion tanks. The proposed cooling system can
use standard diaphragm expansion tanks, designed for
heating systems with solar collectors. They have a
working pressure of 6 atm, maximum up to 10 atm, the
maximum flow temperature 70 °C, volume (33-40) 1 and
equipped with the necessary fastening elements [16-18].

The experimental testing of the developed HSGM
constructive solution carried out by field testing during
the week by using generating stand consist from two
HSGM samples, equipped according to the developed
constructive solution and using a high-voltage power
take-off system.

The experimental dependence of generated power
distribution during the day is shown on Fig. 8. The
analysis of this dependence makes it possible to conclude
that the results of the calculation the optimal values of
HSGM vertical installation angle allowed to achieve the
character of power, generated by HSGM dependence
which corresponds to the position of the Sun on the sky.
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Fig. 8. Distribution of relative power generated by HSGM
depending on daytime

During the tests, the working of HSGM cooling
system, high-voltage part of power take-off system and
the accuracy of HSGM installation angles were checked.
The HSGM cooling system, built on the principle of
coolant thermosiphon circulation, has been showed high
efficiency — depending on the intensity of the incident
solar radiation and the ambient temperature, the module
temperature does not exceed 20-25 °C. Due to the design

features, the cooling system operates completely
autonomously, and coolant circulation is only ensured
when HSGM photoreceiving surface is actually heated.
The absence of temperature sensors and circulation
pumps increases its reliability and minimizes energy
needed for its working.

Concentrators of sunlight, made in the form of flat
mirrors and installed on HSGM, have shown their
resistance to wind and rain. The implemented angle of
concentrators installation provides an effective self-
cleaning from rain drops, while washing away the dust.

High-voltage DC-DC power take-off system [19]
demonstrates their high reliability during testing.

In general, the implementation of the developed
HSGM design solution allowed to achieve the efficiency
this modules up to 18.5 %.

Conclusions.

The study of working temperature influence on the
efficiency of Chinese production silicon solar cells shows
that the reduction of efficiency is 0,07 %/°C when
working temperature increases, that is significantly higher
than in the device structures of European and Russian
production and a due to the unconventional decrease of
short circuit current density.

By the computer modeling of the quantitative
influence of diode parameters on efficiency, it has been
shown that Chinese production Si-SC efficiency decrease
is due to not only by the growth of the traditional diode
saturation current density, but also a decrease of shunt
resistance.

Identified temperature dependence of -efficiency
shows the feasibility of using Chinese production Si-SC
in the construction of photovoltaic thermal system, which
together with the heat pump is part of a combined system
for hot water supply, heating and air conditioning. Based
on a detailed analysis of the working temperature
influence on the efficiency of photovoltaic processes that
determine the solar cells work, it was proposed the
optimal construction and technological solution hybrid
solar generated module, the main feature of which is the
heat exchange block, designed to reduce the HSGM
working temperature.

The experimental testing of HSGM samples with
developed cooling system, high-voltage part of power
take-off system demonstrates their reliability and high
efficiency which allow to achieve the HSGM efficiency
up to 18.5 %.
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