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M.1. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 50: ROCKET-SPACE TECHNOLOGY DESIGNER WERNHER VON
BRAUN AND HIS ACCOMPLISHMENTS IN MISSILE DESIGN

Purpose. Preparation of short scientifically-historical essay about one of founders of world rocket production, distinguished
German-American designer of modern space-rocket technique Wernher von Braun. Methodology. Known scientific methods of
collection, analysis and analytical treatment of scientific and technical information, touching becoming and development in the
world of space-rocket technique and resulted in scientific monographs, journals and internet-reports. Results. A short
scientifically-historical essay is presented about the distinguished German-American designer of space-rocket technique Wernher
von Braun, becoming one of founders of world rocket production. Basic scientific and technical achievements of talented and
purposeful scientist Doctor of Physics Wernher von Braun in area of modern rocket production, getting over on persistent
initiative of the American special services after the defeat of Germany in World War II in the USA (1945) for continuation of the
work in area of missile technology (he was the main designer of the German battle ballistic rocket V-2 of midrange with a liquid
rocket engine (LRE), created in 1944), carrying military-strategic character by that time. It is shown that Wernher von Braun is
the founder of the space program of the USA and leader of developments of the American pilot-controlled spaceships of series
«Apolloy within the framework of the Lunar program of the USA. It is marked that under scientific and technical guidance of
Wernher von Braun in the USA powerful launch vehicles were created with LRE of battle series «Redstone» of midrange (1958,
military index of PGM-11) and space series «Saturn» (1969), due to which on a circumterrestrial orbit the first artificial satellite
of the USA «Explorer-1» launched (31 January, 1958 y.), and the American astronaut Neil Armstrong first in history of
humanity stepped on the surface of the Moon (20 July, 1969). Originality. Certain systematization is executed known from mass
media of scientific and technical materials, touching becoming and development in 20-th century of world rocket production, at
the sources of which the talented scientist Doctor of Physics and distinguished German-American designer of space-rocket
technique Wernher von Braun. Practical value. Scientific popularization and deepening for the students of higher school,
engineer and technical and scientific workers of physical and technical knowledge in area of world history of becoming and
development of modern rocket production, extending their scientific and technical range of interests and further development of
scientific and technical progress in society. References 18, tables 1, figures 10.

Key words: space-rocket technique, distinguished German-American designer of missile technology Wernher von Braun, his
basic achievements in a modern rocket production, scientifically-historical essay.

Ilpugedenuii Kopomxuii HAYKOGO-iCMOPUYHUT HAPUC NPO BUOAMHO20 HIMEUbKO-AMEPUKAHCLKO020 KOHCMPYKMOPA PAKEMHO-
Kocmiunoi mexniku Bepuepa ¢on bpayna, wio cmae 00num 3 0CHO60ROI0NCHUKIE C8IMO0B020 pakemoodyoyeanns. Onucaui
0CHOGHI HayKoeo-mexHiuni docaznennn Bepuepa ¢hon bpayna e zany3i cyuwacnozo paxkemodyoyeanns, w0 nepeopaecs 3a
HAnoe2NUB010 IHIYIamueo10 amMepuUKaHcLKux cneycayxcod nicna pozepomy Himeuuunu e /lpyziii ceimosiii ¢itini ¢ CLLA (1945
D.) 01 npo00eIHceHHA podomu ¢ odnacmi pakemnoi mexuiku, uio Hocumsp @ilicbkoeo-cmpameziunuii xapakmep. Iloxazano,
w0 Bepuep ¢pon bpayn € 3acnoenuxom rocmiunoi npozpamu CLIA i KepigHukom po3po6OK amepuKAHCLKUX KOCMIYHUX
kopabnie «Anonnony. Ilio iiozo naykoeo-mexniunum kepisnuymeom 6 CLIA 6ynu cmeopeni nomyscui pakemonocii cepii
«Peocmoyn» i «Camypny, 3a60AKu AKUM HA HAGKOJ03eMHYy 0opOimy 0ye 3anywjenuil nepuwiuii wimyunuii cynymuuk CILIIA
«Exkcnnopep-1» (1958 p.), a amepukancoKkuii acmponagm enepuie 6 icmopii 1roocmea cmynué na nosepxuio Micaysa (1969 p.).
Bi6a. 18, Tadn. 1, puc. 10.

Kniouogi cnosa: pakeTHO-KOCMiYHA TeXHiKa, BHIATHUN HiMelbKO-aMePUKAHCBKMII KOHCTPYKTOP pakeTHoi TexHiku Bepuep
¢on BpayH, /ioro 0ocHOBHi J0CATHEeHHS Y Cy4acCHOMY pakeTo0yAyBaHHi, HAYKOBO-iCTOpHYHMII Hapuc.

Ilpugeden Kpamkuii HAYYHO-UCMOPUUECKUI O0YEPK O 6blOAIOULEMCA HEMEUKO-AMEPUKAHCKOM KOHCMPYKMOope paKemHo-
Kocmuueckoil mexuuku Bepuepe ¢pon bpayne, cmasuiem 00HUM U3 OCHOBONOI0HCHUKOG MUPO8020 pakemocmpoenus. Onucanl
OCHOBHble HayuHO-mexHuueckue oocmucenus Bepnepa ¢on bpayna ¢ obnacmu cospemennozo pakemocmpoeHus,
nepeodpasuiecocs no HACMOUYUGON UHUYUAMUGE AMEPUKAHCKUX cneycyxncd nocre paszpoma I'epmanuu 60 Bmopoit muposoi
eoutne ¢ CLLUA (1945 2.) Oona npodonscenus padomwvl 6 oOAACMU PAKEMHOU MEXHUKU, HOCAULCIl 60CHHO-CIMPAMeZUYecKuil
xapaxkmep. Ilokazano, umo Bepnep ¢pon bpayn aenaemcsa ocnosamenem xocmuueckou npozpammol CIIIA u pykoeooumenem
Paspadomox amepukanckux Kocmuueckux kopaonei «Anonnomny. Iloo e2o nayuno-mexnuueckum pyxoeoocmeom ¢ CILIA ovinu
co30anvl mouinvle pakemonocumenu cepuu «Peocmoyny u «Camypny», 61a200apsa KoOmopvim HA OKON03eMHYI0 opoumy 0ol
3anyuien nepeutii uckyccmeennwtii cnymuux CIIA «3kcnnopep-1» (1958 2.), a amepuxanckuii acmponagm énepegvle é UCMopuu
uenogeuecmea cmynui na nogepxrnocms Jlynot (1969 2.). bu6n. 18, tabn. 1, puc. 10.

Kniouesvie cro6a: pakeTHO-KOCMHYECKasi TEXHHKA, BBIAAIOLIUIICS HeMEIKO-aMePUKAHCKHI KOHCTPYKTOP PAKeTHOH TeXHHUKH
BepHnep ¢on BpayH, ero ocHOBHbIE 10CTH:KEHHsSI B COBPEMEHHOM PAKEeTOCTPOEHUH, HAYYHO-HCTOPHYECKHUIl 0UepK.

Introduction. World literature is replete with a huge
number of human stories, in the plot of which is human
passion. We know how this feeling can lower a person in
the «eyes» and consciousness of other people and how
can raise him high above the ever-changing «ocean» of
events and human emotions on our planet. Akin to human
passion and the talent of man — the gift of God! Talent

flashing with its «flame» of the knowledge of the world
around us the human soul and pushing the chosen person
to surrender and realize his planned goal by any means.
Here, the direction of the goal (two extreme points of
reference for it — for a good cause and the creation of
weapons of mass destruction of people) and the problem
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of morality for such a person can also be moved,
consciously or unconsciously, to the background. By and
large, the true vocation of a person is higher and more
important than the prevailing political conditions and
systems in which such a person has to work and live.
Wernher von Braun (his full name in German is Wernher
Magnus Maximilian Freiherr von Braun), an outstanding
German-American designer of rocket and space
technology, turned out to be one of such talented people,
to which all of the above can be fully attributed. This
scientific and historical essay is devoted to brief
description of the life and career of this internationally
recognized scientist, Doctor of Physics and design
engineer in the field of rocketry (Fig. 1).

The goal of the paper is preparation of a brief
scientific and historical essay on one of the founders of
world rocket production, an outstanding German-
American designer of modern rocket and space
technology Wernher von Braun.

Fig. 1. Distinguished designer of rocket and space technology
Wernher von Braun (23.03.1912-16.06.1977) [1]

1. The beginning of the life and career of
Wernher von Braun. He was born on March 23, 1912 in
the city of Wirsitz (province of Posen, the German
Empire, now it is the city of Wyrzysk, Poland) [1]. His
parents belonged to the ancient aristocratic families.
Therefore, their son Wernher inherited the title
«Freiherr», corresponding to the Baronial title. His father,
Magnus von Braun (1878-1972), held the high post of
Minister of Food and Agriculture in the German
government of the Weimar Republic [1].

His mother, Emmy von Quistorp (1886-1959), who
had royal «roots» along the line of ancestors, which
ascended to Rurik [2], instilled in young Wernher a love
of music and art. In the period of training (1925-1930) in
a boarding school with strict Prussian orders, located near
the city of Weimar, he became interested in the book by
Hermann Oberth «The Rocket into Interplanetary Space»
[2]. This forced him to actively engage in physics and
mathematics, which he needed to independently design
handicraft rockets at that time. In 1930, Wernher von
Braun entered the Berlin Higher Technical School (now
this is known in the world the Berlin Technical
University), where he joined the research group «Space
Travel Society» and together with H. Oberth (1894-1989)

he participated in testing first liquid rocket engines (LRE)
[1]. At this time, he firmly decided to devote his life to
penetration into extraterrestrial space [1, 2]. It is believed
that it was H. Oberth who had a great influence on the
formation of Wernher von Braun as a future rocket maker.
Later, Wernher von Braun wrote about this German
pioneer of rocket science [1]: «... Personally, I see in him
not only the guiding star of my life, but also I owe him my
first contacts with theoretical and practical issues of
rocket engineering and space flights». In 1932, he was
admitted to the military missile scientific group of Walter
Dornberger (then captain of artillery, who became Major
General in 1941), engaged in the development and
creation for the Reichswehr (German military) both solid-
fuel missiles and missiles with LRE. In April 1934,
Wernher von Braun successfully defended at the Friedrich
Wilhelm Berlin University his Doctoral Thesis on the
topic [1] «Design, theoretical and experimental
approaches to the problem of creating a liquid-fuel
rocket» (at one time this Thesis was classified and its
materials were not published until 1960 [2]). For this
scientific work (the supervisor of this Thesis was German
physicist Erich Schumann [1]), he was awarded the
degree of Doctor of Physics (rocket science).

2. The main achievements of Wernher von Braun
in the field of rocket science (German period 1934-
1945). In 1933, the Nazi regime in Germany prohibited
the conduct of civilian experiments in rocket production
in the country and all relevant amateur scientific societies
were eliminated. Rockets were allowed to build only by
the military. For these purposes, in the north of Germany
(on the island Usedom in the Baltic Sea with the village
of Peenemiinde) large German rocket center and a test site
were built in 1937, the Military Head of which was W.
Dornberger, and the Technical Director was Wernher von
Braun [1, 2] . Under these conditions, Wernher von Braun
was forced to join the National Socialist Party of
Germany (May 1937). In addition, it is believed that from
May 1940 to May 1945 he was an SS officer (he began
his service from the rank of Untersturmfithrer —
Lieutenant and rose to the rank of Sturmbannfiihrer —
Lieutenant Colonel) [1, 2]. The specified period of work
and military service of Wernher von Braun in Germany is
a «black spot» in his biography (this information was
subsequently hidden for a long time by the secret services
from the American public). Despite this SS trail in the life
of the essay's main person, Wernher von Braun and his
team managed to create an A-4 (V-2) combat rocket
launcher by the fall of 1944, capable of hitting cities in
the UK and other countries of Europe from a long
distance. The first combat missile V-2 (Fig. 2) was
launched to London on September 7, 1944 (21 months
after the official adoption «at the top» of this German
project «The Weapon of Retribution») [1, 2]. Note that
the first launches of prototypes of the V-2 rocket from the
Peenemiinde test site began in October 1942 [3]. The cost
of one such rocket, despite the use of free labor by
prisoners in its production, amounted to 300 thousand
Reichsmarks [3]. Table 1 shows the main tactical and
technical characteristics of the V-2 rocket [3, 4].
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Fig. 2. Gee;z;l view of the single-stage combat missile V-2 with
LRE during its preparation on the launch pad for launch (photo
of 1944; Peenemiinde test site) [3]

Table 1
The main tactical and technical characteristics of a combat
German single-stage ballistic missile with LRE V-2 [3, 4]

No. Characteristic Value
1 |Total length, m 13,9
2 |Diameter, m 1,6
3 |Weight of the warhead, kg 1000
4 |Maximum thrust of the LRE:

- near the surface of the Earth, t 26

- at flight altitude, t 30
5 |Starting weight, t 13
6 |Maximum range in near-earth space, km 300
7 | Type of liquid fuel for LRE 80 % ethanol
8 [Mass of liquid fuel, kg 3600
9 IIiAI'{l]sEs, Eg oxidizer (liquid oxygen) for 5000
10 ls\g:::,nrl:/t; flight speed in near-earth 1500
11 |LRE operating time, s 65
12 |Maximum flight height above Earth, km 95
13 [Speed when meeting with hit target, m/s 800

From the data of Table 1 it can be seen that the V-2
rocket, when flying in near-Earth space, could move at
speed of about 5,400 km/h, which significantly exceeded
the speed of sound in air, which at normal atmospheric
conditions is about 1,194 km/ h (331.8 m/s ) [5]. The V-2
missiles were made by foreign workers, prisoners of war
and prisoners of concentration camps at the huge

underground factory Mittelwerk near the city of
Nordhausen in German Thuringia [3]. The design
capacity of this plant was up to 30 rockets per day. In
1944, the power of this military plant was brought to
release 600 rockets per month [3]. German specialists
involved in the V-2 missile solved an important and
fundamental task: ensuring its launch from the vertical
position on the launch pad [3, 4].

Why is this combat single-stage ballistic missile
called the V-2? It is believed that this name comes from
the first letter of the German word «Vergelfungswaffee»,
meaning «Weapon of Retribution» [2]. By the way, the
German competitors of Wernher von Braun, engaged in
the development and creation of only ballistic missiles in
Germany, from the air force set up an industrial
production of combat projectiles (cruise missiles), which
they called V-1 a little earlier [2, 6]. Note that on June 13,
1944, London was subjected to the first bombardment of
V-1 cruise missiles. However, the effect of the combat
use of German V-1 missiles with ground targets was
extremely weak [2, 3]: such missiles flew at subsonic
speeds and could be relatively easily hit by anti-aircraft
forces; their accuracy in hitting the target was low; the
autonomous mechanism for controlling their flight was
poorly  protected from external electromagnetic
interference (in this connection, due to the directional
impact of the English radars on them, they fell off the
flight path and often fell into the sea). The V-2 ballistic
missiles have no these disadvantages (project scientific
manager for its development was Wernher von Braun;
military and administrative Head of this project was
Wehrmacht Lieutenant General W. Dornberger),
including a «mechanicaly computer, a turbopump unit,
gyros, electromechanical controls of the flight of a rocket,
a cooled combustion chamber of liquid fuel in the LRE,
and many other devices characteristic of a modern
powerful rocket with LRE [7]. Ballistic missiles V-2,
made in a total quantity of up to 4300 pcs. (for the period
September 1944 — March 1945), inflicted on the British
city of London (from the occupied territory of the north of
France the said German rocket reached it in just about 6
minutes) and the Dutch city of Antwerp enormous
material damage and irreparable human damage (13029
people became their victims) [2, 3]. It should be noted
that because of the relatively quick, primarily due to the
offensive actions of the USSR and its main allies (USA
and Great Britain), approaching the end of the Second
World War in Europe and the collapse of Nazi Germany
that followed in May 1945, the German strategic project
(the Head of works was W. von Braun), associated with
the development and creation of an intercontinental two-
stage ballistic missile A-9/10 with a range of 5000 km,
was unrealized [2, 4].

According to the authoritative opinion of the
prominent Soviet specialist in the field of rocket engine
technology (the General Designer of the RD-253 type
LRE widely known all over the world [6]), twice Hero of
Labor, Academician of the Academy of Sciences of the
USSR V.P. Glushko [2]: «... The creation of the V-2
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rocket was a great technical achievement in the field of
rocket productiony.

According to archival data, a prototype of the V-2
rocket launched from the German Peenemiinde rocket test
site on October 3, 1942 exceeded the speed of sound in
the air for the first time in the history of rocketry [7]. It is
known that space begins from a height of 70 km above
the surface of the Earth [6, 7]. In this regard, it can be
argued that the V-2 rocket is the first apparatus of
terrestrial origin that has fallen into outer space. The
reason for this is that the prototype of the V-2 rocket
launched with instruments on February 17, 1943 reached
a height above the Earth of 190 km [7]. By the way,
Wernher von Braun launched to the same height later in
the USA with the help of his new Redstone ballistic
missile also the first two American astronauts —
A. Shepard (May 5, 1961, 185 km) and V. Grissom (July
211961, 190 km) [7].

It is also necessary to point out that military rocket
technology in the former USSR and the USA began with
the V-2 ballistic missiles, the technical documentation for
which, and the very prototypes of which were promptly
obtained by the intelligence services of these countries,
were carefully studied and used in the respective design
offices [4, 7]. Note that the first Soviet ballistic missile
P-1 was an exact replica of the German V-2 missile, only
manufactured at our factories according to domestic
drawings and of domestic materials [4, 7].

Was the relatively young 32-year-old and
undoubtedly talented Wernher von Braun the «father» of
the V-2 ballistic missile in 1944 (the year when the
combat model of the V-2 missile was created)? According
to the memoirs of the military and administrative Head of
work on the creation of this German rocket W.
Dornberger [8]: «... The V-2 was directly developed by the
design bureau led by Walter Riedel. Successes in
designing the engine for this rocket were mainly due to
the works of Walter Thiel. Although von Braun and Riedel
also contributed many ideas to the design of the engine.
Riedel, with his calm nature, deep thinking and extensive
knowledge, was a good counterbalance to the overly
temperamental von Braun. Von Braun’s main concern
was the elimination of the difficulties encountered in the
work. Von Braun’s talent as a leader was not without
flaws. His undoubted leadership qualities were not
always accomplished. However, Wernher von Braun’s
personal contribution to all areas of the development of
the V-2 rocket was decisive, guiding, and truly
invaluable». Summarizing the scientific and technical
history of the creation of the V-2 rocket, the former
German Wehrmacht Lieutenant General Walter
Dornberger (Head of the German Peenemiinde test site) in
his memoirs came to the deeply thoughtful conclusion
that its creation cannot be associated with one person [8]:
«.. Days of lonely creative geniuses are over. Such
achievements can only be the fruit of the work of a team
of unknown researchers and experts who can work side
by side without self-indulgence».

On May 2, 1945, in the Bavarian Alps (southern
Germany), Wernher von Braun, along with the V-2
rocket documentation and most of the specialists (first
out of 115, and later out of 650 people) from the
German rocket group, surrendered to the troops of the
advancing American the army (specifically the militants
of the 44th US Infantry Division), whose intelligence
services already had instructions for a targeted «hunt»
for them [3, 7]. In the course of secretly planned US
operations, codenamed «Paperclip», they were all taken
out of defeated Germany to America and were placed first
in Fort Bliss, Texas, which became a major base of the
US Army [3]. The US Department of State, through the
Joint Intelligence Objectives Agency, developed fictitious
biographies for all 765 German experts in rocket
technology and removed information about their
connection with the Nazi regime in Germany [1, 2]. In
this way, the American government provided the
German rocket scientists, who had become «state
scientists», with the necessary security guarantees for
their work in the United States. To this we should add
the fact that in 1945, 350 railway cars with valuable
technical equipment and nodes for V-2 missiles were
delivered by sea to the USA [9].

3. The main achievements of Wernher von Braun
in the field of rocket science (the American period
1945-1975). According to the available historical
materials typical for Wernher von Braun was that if he set
himself a goal, he always achieved it [9]. Largely due to
his will and purposefulness, and not only to his talent, he,
as a born scientific leader and design engineer, has
reached unattainable for many super-high scientific and
technical «peaks» in the field of rocket production. Once,
on the slope of his long years, an outstanding Soviet
aircraft designer, Colonel-General-Engineer, three times
Hero of Labor, Academician of the Academy of Sciences
of the USSR S.V. Ilyushin [10], personally and well
acquainted with many outstanding designers of the USSR
in the field of aviation and rocket technology, in an
interview with students-graduates of the N.E. Zhukovsky
Air Force Academy about the main personal qualities of
the Chief Designer said that for such a person [7]: «... The
main quality is the great, all-consuming desire to become
the Chief and not stop at nothing on the way to his goal».
The author thinks that in relation to the outstanding
designer of rocket and space technology, Wernher von
Braun, our patriarch of aircraft construction, as we say,
got into the bull's eye. It is this personal quality that was
central and characteristic of the leader we are considering
in the field of world rocket production.

From September 1945, Wernher von Braun headed
the US Army Design and Development Service at the
designated Fort Bliss, located near the White Sands
Proving Ground, New Mexico [1]. It was from this
military test side that Wernher von Braun launched his
ballistic missiles. Apparently, these places should be
considered the «cradle» of American rocket production.
From 1950, together with his German fellow rocket
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engineers (Fig. 3), he began working at the Redstone
Arsenal (Huntsville, Alabama) [3].

Paying tribute shown in Fig. 3 rocket engineers, we
indicate their positions in the Redstone Arsenal of the
United States [3]: E. Stuhlinger — Director of the Office of
Scientific Research; H. Hoelzer — Director of the
Computing Center; K. Heimburg — Director of the Testing
Laboratory; E. Geissler — Director of the Aeroballistic
Laboratory; E. Neubert — Director of the Laboratory of
Reliability and Systems Analysis; W. Haeussermarn —
Director of the laboratory of Guidance and Control;
Wernher von Braun — Chief Designer and Director of
Development Division; W. Mrazek — Director of the
Laboratory of Design and Mechanics; H. Hueter —
Director of the Laboratory of Ground Systems; E. Rees —
Deputy Director of the Development Division; K. Debus
— Director of the Missile Launch Laboratory; H. Maus —
Director of the Laboratory for the Production and
Assembly of Missiles.

e | S
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Fig. 3 Twelve main German rocket engmeers who replaced the
Peenemiinde Rocket Center (Germany) with the Redstone
Arsenal of the USA (rare NASA photo; from left to right:
Ernst Stuhlinger; Helmut Hoelzer; Karl L. Heimburg; Ernst
Geissler; Erich W. Neubert; Walter Haeussermarn; Wernher von
Braun; William A. Mrazek; Hans Hueter; Eberhard Rees; Kurt
Debus; Hans H. Maus; 1959, Redstone Arsenal, USA) [3]

Already, only by the names of the services headed
by these rocket men can one indirectly judge the
complexity of the scientific and technical tasks facing
these developers of US military ballistic missiles, who
soon became the first German-American explorers of
near-Earth space. In 1951, by the German rocket men
shown in Fig. 3, the first American Viking ballistic
missile was created, which developed a speed of up to 1.8
km/s (6480 km/h) [6]. Of course, this speed was
significantly lower than the first cosmic speed, which is
about 7.9 km/s (28440 km/h) [5]. In 1952, under the
leadership of Wernher von Braun, a Redstone combat
ballistic missile (PGM-11 military index) was created in
the United States (Fig. 4) [11], which was used by the
US Army in the period 1958-1964 and used at the
launch on January 31, 1958 of the first American
artificial satellite of the Earth «Explorer 1» (weight —14
kg) [6, 12, 13]. The US launch of this artificial satellite
was the American response for the USSR, which
launched on October 4, 1957 with the help of an

intercontinental ballistic missile P-7 the world's first
artificial satellite of 83.6 kg weight [6, 7].

We point out that Redstone combat ballistic missiles
(PGM-11) with a thermonuclear warhead W-39 aboard
with a power of 4 Mt of TNT were deployed in West
Germany [11]. The range of these medium-range missiles
was up to 350 km, and their accuracy at hitting the target
was up to 300 m (at that time, this accuracy was
impressive) [11].

The launch of the first US cigar-shaped artificial
satellite Explorer-1 (Fig. 5), which had 8.3 kg of scientific
instruments on board, marked the beginning of space flights
in the United States, as well as scientific research of space
by scientists (for example, the study of the atmosphere,
ionosphere and magnetosphere of Earth, energy particles,
meteorites and monitoring of solar radiation) [13]. By the
way, with the help of the «Explorer 1» artificial satellite
which flew around the Earth in 114 minutes on an
elliptical orbit at altitudes of 362 — 2565 km, the Van
Allen radiation belt was first discovered [14].

Fig. 4. The start of the Redstone medium-range ballistic missile
(length — 21.1 m; diameter — 1.78 m) with a detachable warhead
created in the USA under the scientific and technical guidance
of Wernher von Braun [11]

b ——

Fig. 5. External view of the first American artificial satellites
Explorer-1 (1958, gross weight — 14 kg, USA) [14]

Note that since 1955, Wernher von Braun is a US
citizen, the mention of whose name in the press was
prohibited by special services [3]. In 1960, the rocket
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men, led by Dr. Wernher von Braun, were transferred to
the National Aeronautics and Space Administration
(NASA) of the United States [15]. So the rocket genius
(German Baron by birth), who has now officially become
the American designer of rocket and space technology,
began to serve NASA, a prestigious US government
agency, with full scientific and engineering efficiency.
During this period, NASA created the Marshall Space
Flight Center, Huntsville, Alabama, as the first Director
of which Wernher von Braun was appointed [15]. Now,
under his leadership, about 2 thousand people worked,
and the leaders of all 30 Departments of this US Space
Center were his German colleagues, who, like him in
1955, received American citizenship. At this time, another
Soviet call came in the US in the space race: in the USSR
on April 12, 1961, into a near-earth orbit using a three-
stage ballistic missile P-7 and the Vostok-1 spacecraft
(their chief designer was an outstanding Soviet designer
of rocket and space technology, twice Hero of Labor,
Academician of the Academy of Sciences of the USSR
S.P. Korolev), the first Soviet cosmonaut (astronaut in
«Americany») in the history of mankind Yu.A. Gagarin
was launched [6, 7]. After the shock from such a course
of international events in the field of space exploration in
the United States (and throughout the world), Wernher
von Braun suggested to the US leadership to carry out
several suborbital space flights for the US astronauts with
the help of the Redstone launch vehicle. These flights
under the direction of Wernher von Braun were
performed on May 5, 1961 (A. Shepard traveled in space
at an altitude of 185 km) and on July 21, 1961 (V.
Grissom traveled in space at an altitude of 190 km) [7].
But this was not enough for ambitious America. In the
conquest of space by mankind by such the richest country
on our planet as the USA, it was necessary to surprise the
world with some kind of a grand event. And such a
planned event was found, discussed by experts and voiced
in the keynote speech of US President John F. Kennedy
[1]: «... For the prestige of the nation, it is necessary to
ensure the landing of the American astronaut on the
Moon until 1970». For the practical implementation of
this great goal, the US Lunar Program was prepared,
Wernher von Braun was appointed the Head of which [1].

Huge financial resources were allocated for the
implementation of the US Lunar program by the US
government in the 1960s — about USD 20 billion USA
(for comparison, we point out that for the creation in US
of the first plutonium and uranium atomic bombs in the
United States under the secret Manhattan Project about
USD 2 billion budget allocations were allocated [16, 17])
[15]. In order for the United States to fulfill this national
space program, a new powerful launch vehicle was needd,
called Saturn-V Wernher von Braun was appointed the
chief designer of this launch vehicle intended for manned
flights to the Moon with the help of Apollo spacecrafts.
US President John F. Kennedy (Fig. 6) paid close
attention to the development work carried out by NASA
in the framework of the Lunar Program [8, 18].

Fig. 6. US President John F. Kennedy (center),
Chief Designer of the American Saturn-V launcher Wernher von
Braun (left) and US Vice President
Lyndon Johnson (right) in the assembly and test building with a
prototype of this launch vehicle (1962, the spaceport at Cape
Canaveral, Florida, USA) [8]

Everything in our world is relative. So, the German
rocket V-2 with the LRE height in a 6-storey house (chief
designer - Wernher von Braun; year of creation — 1944)
was able to «throw» at a speed of about 5,4 thousand
km/h (1.5 km/s) in the Earth's atmosphere 1 ton of
payload for a distance of about 300 km (see Table 1).
Created in the USA the Saturn-V launch vehicle with
LRE of height of 33-storey building (chief designer -
Wernher von Braun; year of creation 1969) was able to
deliver 50 tons of payload at a speed of about 40,4
thousand km/h (11.2 km/s, corresponding to the second
space speed [5]) in space at a distance of about 384
thousand km, equal to the average distance of the Moon
from the planet Earth [8]. It is clear that in 25 years (for
the period 1944-1969) of active scientific and technical
work in the field of rocket technology, Wernher von
Braun achieved incredible results: to ensure the increase
in the velocity of movement of a multi-ton rocket more
than 7 times (from 1.5 to 11.2 km/s); increase the mass of
payload delivered by a rocket by 50 times (from 1 to 50
tons); to increase the range of delivery of a payload by a
rocket by 1,280 times (from 0.3 to 384 thousand km). Just
a gigantic evolution of integral indicators in the field of
modern rocket and space technology!

Now it becomes clear the answer to the question of
why the United States ahead of the USSR in landing on
the surface of the Moon a representative (resident) of our
planet. They were ahead due to the superiority in the
operational creation by the American specialists of a
powerful launch vehicle. The organizational and scientific
and technical talent of designer Wernher von Braun in
this advance is paramount. As a result, on July 20, 1969,
the American Apollo-11 spacecraft with three astronauts
on board (Neil Armstrong, Michael Collins and Buzz
Aldrin), driven by the energy of the Saturn-V launch
vehicle in outer space, carried out with the help of a
descending lunar module Eagle with two astronauts on
board (N. Armstrong and B. Aldrin) landing on the lunar
surface [6, 15]. In Fig. 7 the moment of N. Armstrong
walking on the Noon is captured [9].
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Fig. 7. Historical moment: for the first time in the history of
mankind, the American astronaut Neil Armstrong was on the
lunar surface (a photo of July 20, 1969, Moon)

-

It is interesting for the reader to quote the
remarkable, inspired and truly pathetic words of the
American astronaut Neil Armstrong (August 5, 1930 —
August 25, 2012), the first earthman to enter the lunar
soil, after his walk for 2 hours 41 minutes in a spacesuit
on the surface of the Moon [6]: «... It was a small human
step. But it was a great leap for humanity».

For this flight of the American Apollo-11 spacecraft,
Wernher von Braun in 1969 was awarded the NASA
medal «For Distinguished Service» [1]. From January
1970, he becomes the NASA Deputy Assistant
Administrator for planning. Wernher von Braun reached
the top of his career in 1972 (Fig. 8) when he became the

NASA Deputy Director and at the same time the Head of

the US space center at Cape Canaveral, Florida [2].
However, in the same 1972, in the conditions of the
economic crisis, he was offered to cancel expensive
flights to the Moon with the aim of studying it and to

engage in more economically advantageous launches of

reconnaissance and scientific-technical satellites of the
Earth [2, 9].

& ] .
Fig. 8. The finest hour of the twentieth-century rocket and space
technology designer Wernher von Braun during the leadership
of the spaceport at Cape Canaveral, on the launch pad of which,
at the time of the photo, its launch vehicle Saturn-V was

preparing to launch.(1972, USA) [2]

The «father» of the US space program apparently
did not agree with such a commercial statement of the

issue in the field of space exploration and was soon
dismissed by the NASA leadership [2]. He did not remain
without work: representatives of the American business,
who knew his business skills well, immediately offered
him the position of Vice-President of Fairchild Space
Industries, Germantown, Maryland engaged in the
production of aerospace equipment [15]. Then the
«black» life strip came: he was diagnosed with a serious
illness - pancreatic cancer. Virtually the entire 1973 went
to Wernher von Braun for surgery and intensive treatment
of this disease. In 1974, despite the weakened health, he
continued to work on the project of a new satellite, and
gave all his free time to flying on his own glider [2].

In Fig. 9 space dreamer and a true fan of space
exploration Wernher von Braun is depicted against the
backdrop of the impressive design of the Saturn-V heavy
American launch vehicle, for the development and
creation of which he, as its chief designer, gave so much
strength and health.

Fig. 9. Outstanding designer of ro and space technology
Wernher von Braun near with his main space «brainchild» in the
United States — the museum exhibit of the powerful launch
vehicle Saturn-V (in the foreground — nozzles of combustion

chambers of LRE fuel of its first stage) [1]

4. Awards and honors of Wernher von Braun. He
didn’t have many of them, he had only the awards and
badges of the Federal Republic of Germany and the
United States [1]:

e The Grand Cross of the Order of Merit for the
Federal Republic of Germany (1951);

e Order «For Services to the Federal Republic of
Germany» (1951);

o NASA Medal «For Distinguished Service» (1969);
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Elliott Cresson Medal (1962);

Langley Gold Medal (1967);

Wilhelm Exner Medal (1969);

National Science Medal of the United States (1975);
e Werner von Siemens Ring (1975).

On June 16, 1977, after a long struggle with serious
illness, Wernher von Braun died. He was buried with
honors at the Ivy Hill Cemetery, Fig. 10 in Alexandria,
Virginia, USA [1]. On the NASA website, this great
rocket technology designer is given the following
characteristic [15]: «... Without any doubt, Wernher von
Braun was the greatest scientist in the field of rocket
physics in history».

Braun, an outstanding designer of the 20th century in the field of
rocket and space technology (1977, Ivy Hill Cemetery,
Alexandria, Virginia, USA) [1]

In 1977, US President Jimmy Carter responded on
the death of Wernher von Braun as follows [8]: «... For
millions of Americans, the name of Wernher von Braun
was inextricably linked with the exploration of space by
the American nation and the creative use of technology.
He was not only a skilled engineer, but also a man with a
bold vision. His inspirational leadership style helped us to
mobilize and preserve the efforts that made us reach the
Moon and move on. Not only the representatives of our
nation, but also the people of the whole Earth, benefited
from the fruits of his work. His legacy will continue to
benefit us».

The famous American science fiction writer Arthur
Clark wrote about the hero of our essay [8]: «... There are
only a few people in the entire history of our civilization
who have left behind such a set of achievements as
Wernher von Braun, or who could themselves see such a
complete triumph of their ideas and the realization of
their dreams. His example will inspire future generations
of people. The fact that I happened to call him my friend, I
consider one of the greatest successes in my life.

The current generations of earthlings will remember
Wernher von Braun as a great man who helped people
pave the «road» into space and get them to often seen by
us on the night sky the satellite of our planet Earth — the
Moon. They will remember him as a person who has

managed in his life, in spite of everything, to realize not
only his own, but also the dream of all mankind — to
penetrate into other worlds of the Universe. He managed
to bring a bright «flame» from the torch of his scientific
and technical knowledge to the consciousness of all
earthlings.

Conclusions. Wernher von Braun, a talented
scientist and Doctor of Physics, as a German designer
of rocket technology (chief designer of a single-stage
ballistic V-2 missile with LRE created in Germany in
1944) and as an American (from 1955) designer of
rocket-space technology (chief designer of the three-
stage, high-power Saturn-5 launch vehicle with LRE,
created in the USA in 1969, and the US manned space
spacecraft Apollo), which provided for the first time in
the history of mankind the landing of the planet Earth’s
resident Neil Armstrong on the ground of the Moon,
became one of the founders of modern world rocketry.
The outstanding results of his fruitful work on
American soil became the worldwide scientific and
technical foundation for the further conquest and study
of the near and far space of our Universe by other

scientists and designers of rocket and space
technology.
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FORMATION OF CHARACTERISTICS OF OPERATING MODES OF SWITCHED
RELUCTANCE MOTORS WITH PERIODIC LOAD

Purpose. The purpose of the article is to create dependencies of efficiency on effective power when changing the supply
voltage and switching angles, pulsation speeds of the rotor from the moment of inertia of the drive and mechanical
characteristics of switched-reluctance motors with a periodic load, developing recommendations to ensure their effective and
reliable operating modes in single-cylinder piston compressors. Methodology. To carry out research simulation mathematic
modeling was used, to calculate the nonlinear inductance dependence on current and rotor angle, the finite element method.
Results. The measures of improve the efficiency and reliability of drives single-cylinder piston compressors on the basis of the
SRM has been proposed. Originality. Approaches that provide maximum efficiency values and a regulated level of ripple
speeds of rotors SRM of single-cylinder reciprocating compressors in the operating frequency control range, with periodic
load have been developed. Practical value. Algorithm for changing the supply voltage and switching angles of the SRM of
single-cylinder compressors, which provides maximum efficiency values SRM when the rotational speed changes within the
1:6 range, has been developed. The minimum values of the moments of inertia of the drive of single-cylinder compressors,
providing a regulated level of pulsations of the rotational speed of the rotor SRM with its regulation, were determined.
References 10, figures 5.

Key words: switched reluctance motor, periodic load, characteristics, efficiency, rotation frequency ripples.

Mema. Memoto cmammi € popmyeannsa 3anexcnocmeii KKJ/[ 6i0 kopucnoi nomyxcnocmi 3a 3MiHU HANPY2U HCUBNEHHA | Kymie
Komymauii, nynavcayiii yacmomu 00epmMAHHA POMOpa 6i0 MOMeHmy IiHepyii npueody ma MeXaHiYHUX XaAPAKmMepucmuk
6EHMUNbHO-IHOYKMOPHUX OGUZYHIE 3 NEPIOOUYHUM HAGAHMANCEHHAM, PO3POONEHHA PEKOMEHOauill w000 3ade3neueHHa ix
ehekmuenux i HAOIIHUX POOOUUX PeHCUMIE Y CKIADI OOHOUUTIIHOPOBUX NOPpULHegUX Komnpecopie. Memoouka. /[nsa nposedeHHs
oocnioycens  euKopucmamo imimayiiine mamemamuune MOOENIOBANHA, ONA  PO3PAXYHKY HeNiHilHOl  3aneixcnocmi
iHOyKmuenocmi 6i0 cmpymy i Kyma noeopomy pomopa — memoo ckinuennux eiemenmie. Pezynomamu. 3anpononosano 3axoou
no niosuuieHH10 ehexmuenocmi i HAdilIHOCMI NPUBOOIE OOHOYUNIHOPOBUX NOPpUWIHesUX Komnpecopie ma ochoei Bl/]. Haykosa
HosusHna. Po3pobneno nioxoou, wio 3abdezneuyiomv maxcumanvhi 3nauennna KK/ i pecnamenmosanuii pieenv nyavcauyiil
uacmomu obepmannua pomopie BI/l oonoyunindposux nopuinesux Komnpecopia y pooouomy 0ianazoni pezyiio6anna 4acmomu
obepmanna 3 6PAXYBAHHAM nepioOuyH020 Hasanmaxcenua. Ilpakmuune 3nauenna. Po3pooneno anzopumm 3minu nanpyzu
scuenennn i Kymie komymauii BI/l oonouuninopoeux komnpecopie oounapnoi o0ii, wio 3ab6e3neuyromos MaKcumManbHi 3Ha4eHHA
KK/l npu pezynwoeanni uacmomu obepmanus 6 mexcax oianazony 1:6. Busnaueno minimanvhi 3HaueHHa momenmie inepyii
npugoody ooHoyunindposux komnpecopie 3 BI/I nomyascuicmio 100 Bm, wio 3a6e3neuyioms peznamenmosanuii pieeHs nyavcayiii
yacmomu odepmannus pomopa BIJ] npu ii pecyniosanni. bi6n. 10, puc. 5.

Kniouoei cnosa: BeHTHIbHO-IHAYKTOPHUN ABHUIYH, NePioAYHE HABAHTAKECHHS, XapaKTePHCTHKH, KoedilieHT xopucHoi aii,
nyJabcanii 4acToTu o0epTaHHs.

Lens. Llenvro cmamopu sennemca popmuposanue 3agucumocmeii KII/[ om none3noii mowgnocmu npu uzmeHeHuu HaAnpAsIceHus
RUMAHUA U Y2108 KOMMYMAUUU, RYIbCAUULL YACMOMbL 6PAUEHUA POMOPA 0N MOMEHMA UHEPUUU NPUBOOA U MEXAHUUECKUX
XApaKmepucmuK 8eHmMuIbHO-UHOYKMOPHBIX Oguzameneil ¢ NepUuoOUdecKoll Hazpy3Koil, pazpadomka peKomeHoauuil no
obecneuenuro ux IPPHeKmueHvIX U HAOEHCHHIX PAGOUUX PEHCUMOE 6 COCMAGe OOHOUUTUHOPOGHIX NOPUIHEEHIX KOMAPECCOPOs.
Memoouxka. /[{na nposeedenusn ucciedo06anuil UCROIb306aH0 UMUMAUUOHHOE MAMEMAMUYECKOEe MOOeuposanue, 0l pacuema
HeNUHEeNNol 3a6UCUMOCIU  UHOYKIMUBHOCHU OM MOKA U Y21ad HOGOPOMA pOmopa — Memoo KOHEUHbIX INIeMEHMO8.
Pesynomameor.  Ilpeonoscenvt mepvt no nosvluieHuro IP@ekmusnocmu u HAOEHCHOCMU NPUBOO08 OOHOUUIUHOPOBHIX
nopwnegvlx Komnpeccopos u ocnoee BHJ/l. Hayunaa mnoeusna. Pazpabomanvl nooxoost, Komopwvie obecneuuearom
maxcumanvhuvle 3nauenus KIIJ[ u peznamenmuposanHvlii ypoeeHv nyabcauyuil yvacmomul epaujenus pomopose BHJ]
OOHOUUNIUHOPOBBIX NOPUIHEGHIX KOMNPECcOpo8 6 pabouem OuanazoHe pezyiuposanus 4Yacmomsl 6PAUIEHUA C YYemom
nepuoouueckoii nHazpysxu. Ilpakmuueckoe 3nauenue. Paspaboman anzopumm usMeHEHUA HANPANCEHUA NUMAHUA U Y2106
kommymauyuu BHJ] oonouununoposslx Komnpeccopos, Komopwlii obdecneyueaem maxcumanvHvle 3navenus KIIJI npu
pezynuposanuu 4acmomol épauienusn 6 npedenax ouanazona 1:6. Onpedenenvt MUHUMANbHbIE 3HAYEHUA MOMEHMOE UHEPUUU
npueooa 0OHOUUIUHOPOGLIX Komnpeccopos ¢ BHJ] mownocmoto 100 Bm, odecneuusaroujue peznamenmuposantslii ypoéens
nyascauyuit wacmomol epawienus pomopa BHJ[ npu ee pecynuposanuu. butn. 10, puc. 5.

Kniouesvle cnosa: BeHTHWILHO-MHAYKTOPHBI JIBUTaTelb, NEPUOAUYECKAs HArPy3Ka, XapaKTePUCTHKH, KOIQPHIIMEHT
M0JIE3HOTO JIeHCTBHUS, MyJIbCAUH YACTOTHI BPAIlEHHUS].

Problem definition. Features of operation of The use of regulated switched reluctance motors due to

compressor plants require the use of a regulated electric
drive, which provides energy-efficient operating modes
[1-4]. Promising are induction motors with short-circuited
rotors and frequency converters, which carry out a smooth
adjustment of the rotational speed. Alternatives for them
are controlled synchronous motors with electromagnetic
excitation or with excitation from permanent magnets, as
well as switched reluctance motors with reactive rotor [5].

their high energy performance, starting and adjusting
properties provides solution of the problem of increasing
the efficiency and reliability of electromechanical
equipment operating under variable load conditions.

In order to create a competitive switched reluctance
motors drive of hermetic piston compressors (HPCs),
usually of single-cylinder compressors with power up to

© O.V. Bibik, L.I. Mazurenko, M.O. Shykhnenko
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500 W, with a significant reloading capacity (up to 3.0), it
is necessary to provide efficient modes of their operation
with the maximum values of efficiency in the range of 1:6
with the permissible level of the ripples of the rotor
rotational speed and to reduce the weight and size
indicators as well as costs of the main units of the
machine.

Analysis of recent research and publications. The
power indicators of electric drives with periodic loads are
estimated using cyclic efficiency, which is determined in
the period of one cycle of load variation. The long period
of operation of the induction electric drive with periodic
load with significant values of maximum and starting
torques, in the mode of underloading leads to a decrease
in energy efficiency and non-optimal energy use [6].

The level of the ripples of the rotation speed of
motor rotors, traditionally induction, hermetically sealed
piston compressors, is strictly regulated by standards and
can not exceed 20 %. To reduce the amplitude of these
ripples, on the motor rotor an additional inertial mass is
mounted — the flywheel [7]. An important step to increase
the reliability of the HPC drive is to reduce the ripples of
rotational speed of the rotor to a predetermined level
when it is adjusted in the required range. Analysis of the
research of the switched reluctance drive [8] shows that in
steady-state modes, its efficiency decreases by 4 % with a
double load reduction, which is confirmed by the results
[9]. In this paper [9] the authors give the characteristics of
the SRM with switch with C-reset and vibrational energy
return for change in supply voltage and switching angles
at a constant load. The switch and its control circuit are
simple enough, which is important for the mass
production of compressors, pumps, etc.

Studies in this direction need to be continued for the
purpose of evaluating the efficiency and ripples of the
rotational speed of the SRM rotor at the change in the
angles of switching, voltage and moment of inertia of the
drive, taking into account the periodic load. This will
allow the development of measures for adjusting the SRM
rotor speed of rotation in the composition of compressor
equipment and to reduce the costs of motor development.

The goal of the work is to form the dependencies of
the efficiency on the power output at the changes in the
supply voltage and switching angles, the ripples of the
rotor rotation speed on the moment of inertia of the drive
and the mechanical characteristics of the switched
reluctance motors with periodic load, the development of
recommendations for the provision of their efficient and
reliable operating modes in the single-cylinder piston
COMPressors.

Mathematical model of the switched reluctance
drive. The object of the study is a SRM, which is
developed on the basis of an induction motor
4AA56A4Y3 (nominal power of 120 W and rotational
speed of 3000 rpm) with a number of poles of 6/4 and of
phases m=3 phases with a switch with C-reset and a
vibrational energy return [9]. A mathematical model [9] is
used to study the modes of operation, the adequacy of
which is confirmed by comparing the results of numerical
and experimental studies. Its equations describe the
structural elements of the motor and take into account
their mutual influence.

For the phase of the switched reluctance machine,
the following equation holds true

dy

ph .

Py —i R,
dt ph —tph ph

where u,,, Ry, i, Wy are the voltage at the output of the
switch; resistance, current and flux linkage of the stator
phase, respectively.
Phase current is determined as
dipn 1 (dl//ph W
dt Ly, di ph
where L, is the inductance of the stator phase, which is
calculated by the finite element method [9] and is
represented as a function of the current and the rotation angle
of the rotor relative to the stator phase L,, = A0, i)

oL
is the partial derivative of the tabular function L,

oL,
20,

)’

ph

ph
by the angle 6,,; w is the angular rotor rotation speed; 8,
is the rotation angle relative to the stator phase.
Electromagnetic moment formed by a single phase
of the SRM

1 2 EJLph
M h="lph — >
P2 P60,

and the total torque M of the switched reluctance motor
from the action of m phases

m
M =3 M)
k=1

Differential equations of motion

do 1
=7 M -M.),
where J is the compressor moment of inertia; M. is the
load torque.
The angle of rotation of the rotor is obtained from
the equation
deo
—=w
dt
This angle relative to the stator phase

0, =mod(6; %),
ZR
where Z is the number of rotor teeth

Mathematical modelling of the SRM is carried out in
MATLAB - Simulink environment using the
SymPowerSystems library. As the input parameters of the
mathematical model, the angles 6,, of switching on and
0,y of switching off, the voltage of the DC link U, and the
phase inductance dependencies on the angle of rotation of
the rotor and the phase current are used.

The mathematical model takes into account the
dependence of the load torque of the single-cylinder HPC
of single action on the rotation angle of the motor rotor
M, = f(6) applied in the range 77/9 on the period 2z, the
temporal dependence of which is shown in Fig. 1. To
compare the calculations of operating modes with
constant and periodic load, the average value M (neany Of
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the last one during the load period is used. For Fig. 1 —
0.33 N'm.

MNm T T T T

/ \\\ Urm wear) )

0L
l) UDO” 0,004 0006 0,008 0,01 00[” 00[40016 00[81 8
Fig. 1. Temporal dependence of the load torque
of the single-cylinder compressor

Numerical experiment. With the help of the
mathematical model of the SRM, its efficiency is
calculated taking into account losses in copper, magnetic
and mechanical losses in operating modes at periodic
loading. The calculation of the magnetic losses consisting
of losses on hysteresis and eddy currents is based on the
approach [10]. Mechanical losses are determined taking
into account the change in rotor rotation speed and torque
due to friction in bearings [9]. A method for controlling
the SRM based on the change of the angle of switching on
(6,, = var) in the range 6,, = 36°...51° at a constant clock
angle (6, = 30°) and symmetric switching is used.

Dependencies of efficiency on the useful power P,
at changes in the supply voltage and switching angles at
steady and periodic load, when M. e = 0.33 N-m, are
shown in Fig. 2. Each dependence is obtained at steady
angles of switching on and switching off and change of
voltage. The power of 103 W corresponds to the rotation
speed of 3000 rpm, 52 W — 1500 rpm. The obtained
dependencies of the efficiency with periodic loading with
the moment of inertia J = 0.5-10° kg-m” practically do
not differ from the efficiency of the motor with a constant
load at J = 1-10* kg-m’ (the constant torque equals the
average value of the periodic load).

Shift of the switching zone towards the lowering of
the angles of switching on and switching off leads to an
increase in the motor efficiency, but the increase in
efficiency is not observed throughout the entire range of
loads. This allows to formulate an algorithm for changing
the angles of commutation, which provides the maximum
values of the efficiency of the switched reluctance motors
of single-cylinder compressors on single action for the
entire range of rotor rotation frequency control:

e in the range 3000...1500 rpm the SRMs should
operate with commutation angles 6,, = 36°, 6,;= 66° and
the voltage U, = 133...77 V,

e from 1500 to 1000 rpm — with angles 8,, = 39°,
Oop=69°, U;=185...137 V;

e from 1000 to 500 rpm — with 6,
U,=149...88 V.

The influence of the moment of inertia of the drive of
a hermetic piston single-cylinder compressor on the ripples
of the rotation speed of the SRM rotor for the range of
regulation of the rotation speed of 1:6 at constant angles of
commutation is investigated. It is shown that the regulated
level of ripple (dn = 20 %) with frequency regulation in the
range of 1:3 (3000...1000 rpm) can be provided at the
moment of inertia of the drive 5-10* kg-m? in the range of
1:4 (3000...750 rpm) — 1-10° kg-m” (Fig. 3). Increasing the
moment of inertia leads to a reduction of ripples and
expansion of the range of regulation.

= 42°, O, = T72°,

7 pu.
T B0,=36°
0,7  Tep.,-30°
ﬁ —
Bo=42°
Pl
0,65 ’
i T Tt 0.~45°
0.6 V
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?F "‘-—-—-...._______. B,=48°
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—r—o—_
045 Te—
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Fig. 2. Dependencies of efficiency on the useful power at
changing the supply voltage for different switching angles at
steady state M =const (a) and periodic M =£0) (b)
load for moments of inertia J=1-10~* kg-m® and J=1-10" kg-m?,

respectively
dn, p.u.
n=1000{o6/xB
1,2 B
\ n=500rpm
! \ N

0.8 \ \

5 \
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Fig. 3. Dependence of the ripples of the SRM rotor rotational
speed on the moment of inertia of the drive of a single-cylinder
HPC at steady angles 0,,= 42°, 0,,= 72°.

0

Extension of the range (up to 1:6) under this
condition can be implemented:
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e for pulsating load of a two-cylinder compressor
(Meneany = 0.33 N-m, moment of inertia of the drive
1-107 kg-m?), which provides ripples of frequency in the
range of 0.3...12.8 %

e for less than twice the load at steady angles of
switching due to a change in supply voltage.

Figure 4 shows the mechanical characteristics of the
SRM at constant switching angles (60, = 42°, 0,;= 72°) at
changing the supply voltage in the range 31..121 V,
which makes it possible to regulate the frequency of rotor

rotation in the range of 1:6 with periodic load
Mc(mean) =0.165 N-m.
n, rpm
3500 \-\
3000 %1 A N
L\ \\ .
LN —
M\ B
1500 \\-\\\
1000 \\\\. — Ur66V
SR T oy
500 =L, T
U31V [Us35V U39V
0
0 0.1 0.2 0.3 M, N-m

Fig. 4. Mechanical characteristics of the SRM at different values
of supply voltage (0,,= 42°, 0= 72°).

The study of the effect of reducing the loading
torque twice on the motor efficiency at changes in the
angles of commutation (Fig. 5) is carried out. It is shown
that when the rotation speed of the motor is reduced from
3000 to 500 rpm for angles 8,, = 36° and 6,;= 66° and
M (meany = 0.165 N-m its efficiency decreases by 1 ... 5 %
in comparison with Meqn = 0.33 N-n.

7 pu.
o | 40,360
. —_—
a) ./-—"’ /I 80=36°
0.65 M _____ e T + 00,=42°
" A7 ,.../-\}l' ) SRR B #6,,=42°
S Y b)
0.6 -
. //l"
’
0,55 d
L/
//
I
0.5
d
0.45
0.4
0 500 1000 1500 2000 2500 30007, Ipm

Fig. 5. Dependencies of efficiency on the rotational speed of the
SRM rotor at regulating the rotor rotation speed by changing the
supply voltage and constant angles:

a) Mc(mean) =0.33 N-m; b) Mc(mean) =0.165 N-m

It is found that at the nominal rotational speed at
M (meany= 0.165 N-m, the highest efficiency is provided by
switching angles 6,, = 36°, 6,7 = 66°, at rotation
frequencies in the range of 750..500 rpm — by angles
Opn=42°, 0,5= 72°, which allow to increase the efficiency
by 2...5 % in comparison with the angles 6,, = 36° and
Oo= 66°.

Conclusions.

1. Using the mathematical model, the operating modes
of the switched reluctance motors with a switch and
C-reset and a oscillatory return of energy of single-
cylinder piston compressors at the changes in the supply
voltage, switching angles and moment of inertia, taking
into account the periodic load are investigated, which
allowed to form the characteristics of the motors that
provide an increase their energy efficiency and reliability.

2. The algorithm for changing the supply voltage and
switching angles of the SRM is proposed, which provides
the maximum values of efficiency at change in the
frequency of rotation in the range of 1:6.

3. The values of moments of inertia of SRM of
hermetic piston compressors are determined, which
provide the recommended level of ripples of the rotational
speed of the rotor of 20 % in the ranges: 1:4 — for single-
cylinder compressors, 1:6 — for double-cylinder ones.

4. The results of the research can be used for the
creation of SRMs that operate in compressors and pumps
in the areas of municipal and industrial use.
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HIGH VOLTAGE POWER LINES MAGNETIC FIELD SYSTEM OF ACTIVE
SHIELDING WITH COMPENSATION COIL DIFFERENT SPATIAL ARRANGEMENT

Aim. The synthesis of single-circuit system of active shielding of magnetic field, generated by group of high voltage power lines,
with different spatial arrangement of shielding coil. Methodology. The synthesis is based on the decision of a multi-criteria
stochastic game, in which the vector payoff is calculated on the basis of the Maxwell equations solutions in the quasi-stationary
approximation. The game decision is based on the stochastic multiagent optimization algorithms by multiswarm particles. The
initial parameters for the synthesis of active shielding system are the location of the high voltage power lines with respect to the
shielding space, geometry and number of shielding coils, operating currents, as well as the size of the shielding space and
normative value magnetic flux density, which should be achieved as a result of shielding. The objective of the synthesis of the
active shielding system is to determine their number, configuration, spatial arrangement, wiring diagrams and shielding coils
currents, setting algorithm of the control systems as well as the resulting of the magnetic flux density value at the points of the
shielding space. Results. Three variant of single-circuit robust system of active shielding with different spatial arrangement of
shielding coil synthesis results for reduction of a magnetic field generated by group of high voltage power lines is given. The
possibility of a significant reduction in the level of magnetic flux density of the magnetic field source within and reducing the
sensitivity of the system to uncertainty of the plant parameters is given. Originality. For the first time carried out the synthesis,
theoretical and experimental research of the robust system of active shielding of magnetic field generated by group of high
voltage power lines with different spatial arrangement of compensation coil. Practical value. Practical recommendations from the
point of view of the practical implementation on reasonable choice of the spatial arrangement of shielding coil of robust single-
circuit system of active shielding of the magnetic field generated by the group of high voltage power lines is given. References 49,
figures 9.

Key words: high voltage power lines, power frequency magnetic field, robust system of active shielding, multi-criteria
stochastic game.

Ilenv. Cunmes 00OHOKOHMYPHOU POOACHMHOL CUCHIEMbl AKMUEHO20 IKPAHUPOCAHUA MAZHUMHO20 NOJIA, CO30A6AeMO020 ZPYRNoil
6bICOKOBOILMHBIX JTUHUIL INNEKMPOonepeoasu, ¢ pasiuiHblM HPOCMPAHCIMEEHHBIM PACRON0HCEHUEM IKPAHUPYIOUell 00MOMKU.
Memooonozua. Cunmes OCHO8AH HA peUwleHUU MHOOKPUMEPUANLHOI CMOXACMUYECKOU UZPbl, 6 KOMOpPOl 6eKmOpPHbLl
GbIUZPBILUL GBIYUCTACMCA HA OCHOGAHUU peuleHUll ypasHenuii Maxceéenna é KeazucmayuonapHom npudnuscenuu. Pewenue
uzpyl HAX0O0UMCA HA OCHOBE GJIZOPUMMOE CHIOXACMUYECKOU MYIbMUAZEHMHOI ONMUMUAUUN MYIbIMUPOEM YaCHmuy.
Hcexoonvimu napamempamu O CUHME3A CUCHIEMbL AKIMUBHO20 IKPAHUPOSAHUA AGNAIOMCA PACNON0NHCEHUE 6bICOKOEOIbIMHBIX
JIUHUIL I1eKmpPonepeoas no OMHOWEHUIO K 3auuiaemMomy npoCmpancmey, 2e0mempudecKue pazmepol, KOAu4ecneo npoeodos
u padouue moxKu JUHUU IIEKMPONEPeoayu, a makxice paamepvl IKPAHUPYEMO20 RPOCMPAHCMEA U HOPMAMUGHOE 3HAYEHUe
UHOYKUUU MAZHUMHO20 NOAA, KOMOPOe 00IHCHO Oblnb 00CMUZHYMO 6 pe3ynvinane IKpanupoganus. Llenvio cunmesa cucmemut
AKMUGHO20 IKPAHUPOBAHUA AGNIACMICA OnpedeeHue KOau4ecmea, KOHpuzypayuu, npocmpancneenHoz0 pacnonoiHcenus, cxem
INEKMPORUMAHUA U  MOKO8 IKPAHUpPYIOWjell O00MOMOK, an20pumma padomvl CUCMEMbl YRPAGNEHUA, a4 MAKHce
pe3yrvmupyrouiezo 3naveHus UHOYKUUOHHOZ0 MAZHUMHO20 HOIA 6 MOYKAX IKPAHUPYeMozo npocmpancmed. Pezynvmamut.
Ilpueooameca pezynvmamol mpex 6apuUAHmMOE CUHME3A 0OHOKOHMYPHOI POOACMHOI cUCHEMbl AKMUBHO20 IKPAHUPOBAHUA C
PA3IUYHBIM  RPOCMPAHCMEEHHBIM PACNHOJIONCEHUEM IKPAHUPYIOWEH O00MOMKU ONA  YMEHbUIEHUA MAZHUMHO20 NOAA,
€030a6aeM020 2pynnoil 6blCOKO60IbMHLIX JNunuil nexkmponepedauu. Ilokazana 603mMoxucHOCIMbL CyuecmeeHH020 CHUNCEHUSA
YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 NOJA GHYMPU IKPAHUPYEMO20 NPOCMPAHCMEA U CHUNCEHUA YYECMEUMETbHOCHU
cucmempl K HeonpeodeieHHocmu napamempoé cucmemol. Opucunanvrocmy. Bnepgvie nposedenvr cunmes, meopemuueckue u
IKCnepuUMeHmanvHyle UCCAe006aHUA 0OHOKOHMYPHOU POOACMHON CUCMEMbl AKMUBHO20 IKPAHUPOSAHUA MAZHUMHOZ0 NOJIA,
€030a6aeMbIX ZDYNNOIl  8bICOKOGONLIMHLIMU JUHUAMU JNleKmponepeoay 6 oodnacmu IKPAHUPYEMO20 RPOCMPAHCIMEA, C
PA3IUYHBIM  RPOCIMPAHCIMBEHHBIM DPACNOI0MCceHUeM IKpanupyioujeii oomomku. Ilpakmuueckan wyennocms. Ilpueodamcsa
npaxkmuyecKkue peKoOmMeHOauuu no 000CHOGAHHOMY 6blOOPY ¢ MOUKU 3PEHUA NPAKMUYECKOU Peanu3ayuu npocmpancmeeHHozo
PACnoodceHua IKPAHuUpyrouiell 00MomKu 0OHOKOHMYPHOU poOACMHON CUCHEMbl AKMUEHO20 IKPAHUPOSAHUA MAZHUMHO20
noJA, C030a6aeM020 ZPYRNOIL 8bICOKOBOTbHHBIX NUHUIL I1eKmponepeday. bubin. 49, puc. 9.

Kniouesvie crosa: BBHICOKOBOJBTHBIE JHHUHU JJIEKTpPONepedaydd, MAarHUTHOE ToJie NMPOMBINLIEHHOW 4YacTOTHI, poéacTHast
CHCTEMAa AKTHBHOI'0 YKPAHHPOBAHMS, MHOTOKPHTEPHAILHAS CTOXAaCTHYECKASI UTPAa.

Introduction. Active contour shielding of power
frequency magnetic field (MF) generated by high voltage
power lines (HVPL) [1-10] is the most acceptable and
economically feasible for ensuring the sanitary norms of
Ukraine in the power frequency MF [11, 12].Ukraine's
electricity networks are characterized by high density, and
especially near high-voltage power substations. There is
usually a group of overhead HVPL, in the immediate
vicinity of which can be located residential buildings. In
this case, the main uncertainty in the synthesis of systems
of active shielding (SAS) is the variation of the currents
of different power lines, which leads not only to a change

in the level of magnetic flux density, but also to a change
in the position of the space-time characteristics (STC) of
the MF in the shielding zone.

Most of the double-circuit HVPL, and groups of
HVPL generate MF, which has a slight polarization. The
STC of such MF has the form of a strongly elongated
ellipse [5] and, therefore, active shielding of such MF is
possible with the use of only single shielding coil (SC).
Such single-circuit SAS with single SC are most widely
used in world practice [2-6]. Naturally, that the realization
of SC can be performed by various ways.

© B.I. Kuznetsov, T.B. Nikitina, I.V. Bovdui
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The methods of synthesis of SAS for MF, generate
by HVPL, was developed in [13-24]. The initial data for
the synthesis of the system is the parameters of the
transmission lines (working currents, geometry and
number of wires, location of the transmission lines
relative to the protected space) and the dimensions of the
protected space and the standard value of the magnetic
flux density, which should be achieved as a result of
shielding. In the process of synthesis, it is necessary to
determine the parameters of the SC (their number,
configuration, spatial arrangement, connection diagram),
currents and the resulting magnetic flux density.

The goal of this work is the synthesis of single-
circuit systems of active shielding of power frequency
magnetic field generated by group of high voltage power
lines with different spatial arrangement of the single
shielding coil.

Problem statement. In the synthesis of the ASS, the
mathematical model of the original MF is known
inaccurately [25]. In particular, currents in conductors that
have daily, weekly, seasonal variations are approximately
known which leads to a change of the STC position of the
original MF, generated by the power lines. The geometric
dimensions of the SC, the parameters of the regulators,
etc. are not accurately realized. Therefore, we introduce a
vector of uncertainty of the system parameters from their
nominal values o used in the synthesis of the system. The
problem of synthesizing a robust SAS is reduced to the
determination of such a vector of spatial arrangement and
geometric sizes of compensated windings, as well as
parameters of the regulator X and the uncertainty
parameters vector o, at which the maximum value of the
magnetic flux density at selected points P; of the
considered space P assumes a minimum value for
thevector of spatial arrangement and geometric sizes of
compensated windings, as well as parameters of the
regulator X but the maximum value for the uncertainty
parameters vector J, so that

X*:arg min maxmaxB(X,d,Pj). ()
XeX ded PieP

This technique corresponds to the standard approach
to the synthesis of robust systems for the worst-case [25],
when the uncertainty parameters vector o lead to the
greatest deterioration in the compensation of the initial
MF created by HVPL. The problem (1) can be formulated
in the form of the following multi-criteria game [16] with
vector payoff

B(x,5)=[B(x,5,R).B(X,5,P,)..B(X,5.P,)I , (2)

the components of which B(X,d,P;) are the magnetic flux
density in the m points P; of the space under
consideration. In this case, of course, it is necessary to
take into account the constraints on the control vector and
the state variables of the system, the uncertainty
parameters vector in the form of a vector inequality
G(X,6)< Gy - (3)
In the multi-criteria game (2), the first player is the
vector of spatial arrangement and geometric sizes of SC,
as well as parameters of the regulator X and its strategy is
the minimization of the vector payoff (2), and the second
player is a uncertainty parameters vector o and the

strategy of this player is maximization of the same vector
payoff [25-27].

Note that the components of the vector payoff (2)
are nonlinear functions of the vector of spatial
arrangement and geometric sizes of SC, as well as
parameters of the regulator X and uncertainty parameters
vector ¢ are calculated on the basis of the Maxwell
equations solutions in the quasi-stationary approximation
[28-36].

Solution algorithm. Consider the algorithm for
finding the solution of the game. To find the solution of
the multi-criterion game (9) from Pareto-optimal
solutions taking into account the binary preference
relations [37], we used an particle multi swarm
optimization (PSO) algorithm [38, 39], in which the
number of swarms are equal the number of components
m of the vector payoff (2).

In the standard particles swarm optimization
algorithm the particle velocities change is carried out
according to linear laws [37-47]. To increase the speed of
finding a global solution, special nonlinear algorithms of
stochastic multi-agent optimization recently proposed in
[48], in which the motion of i particle of j swarm is
described by the following expressions

Vl](t + l)= leVl-j(t)‘f‘ C]li"]](t)*
...*H(plij(t)—gli»(t){y,-j(t)—... )

ey O )y )
u,-j(t-i-l)zwzjulj(t)+03jr3j(t)H*...
o3y O -3 Oz (-5, .. )
oot eq iy (OH pag (6) = €4 (¢))*
08,0}
x,-j(t+1):x,-j(t)+ vl»j(t+1);
Sy (t+1)= 8, () + uy (£ +1),

where x;(¢), (1), and vi(f), u;(f) are the position and
velocity of i particle of j swarm.

Note that in connection with the fact that the vector
game solutions (9) is represented in the form of strategies
of two players X — the vector of the parameters of the
regulators and the J — the uncertainty parameters vector,
where it is necessary to minimize the vector payoff (9)
along the regulators parameter vector X and maximize the
same vector payoff (9) with respect to the uncertainty
parameters vector o. Therefore, each i particles of j swarm
has two components of position x;(f), d(f) and two
components of velocity v;(?), u;(¢) to find the two desired
components of the regulators parameters vector X and
uncertainty parameters vector o.

In (4)(6) yi(?), z;(¢) and y,'(£), z;'(£) — the best local
and global positions of the i-th particle, found
respectively by only one i-th particle and all the particles
of j swarm.

Moreover, the best local position y;(f) and the global
position yj*(t) of the i particle of j swarm are understood
in the sense of the first player strategy x;(f) for minimum
of component B(X,0,P;) of the vector payoff (9).
However, the best local position z(#) and the global

(6)
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position sz of the i particle of j swarm are understood in
the sense of the second player strategy 0;(7) for maximum
of the same component B(X,0,P;) of the vector payoff (2).
This approach corresponds to the movement of particles
along the gradient and antigradient when using
deterministic game-solving algorithms.

Four independent random numbers 7,(£), 72/(), r3/(%),
rg(Hare in the range of [0, 1], which determine the
stochastic particle velocity components.

Positive constants ¢y, ¢, determine the cognitive and
social weights of the particle velocity components.

Note that this PSO algorithm is a fairly simple
optimization algorithm. This algorithm does not require
finding partial derivatives — a gradient vector, second
order partial derivatives — a Hess matrix, a gradient
projection matrix for constraints —Rosen matrix, an
inversion of the Hess matrix, and so on. However, despite
its simplicity, with the help of this algorithm it is possible
to solve quite complex optimization problems in various
fields. The success of the use of this algorithm, to a large
extent, is determined by the justified choice of the tuning
parameters of this algorithm. Let us consider in more
detail the informed choice of the tuning parameters of this
algorithm for solving the considered problem.

The peculiarity of the solution of this game is that
the first player vector strategy components x;(f) are the
SC geometric dimensions, which measured in meters, and
the open loop control regulators parameters — the phases
of SC currents i, which measured in radians, SC ampere
turns, which measured in ampere turns , and closed-loop
control  regulators  gains, which measured in
dimensionless quantities. Therefore, the values of these
constants cyj, ¢,; and cs;, c4; are chosen taking into account
the range of possible players strategies X and J.

The peculiarity of the solution of this problem also is
the presence of «ravines» and «edges» in the vector
payoff (9). This is due, firstly, to the fact that the values
of the components of the players' strategies X and & differ
by more than an order of magnitude. Second, the change
of some components of the players' strategies, in
particular, the closed loops control regulators gains, leads
to insignificant changes in the vector game payoff (2).
Therefore, to improved the global solution finding speed
with small increments changes in the payoff (2) for
players' strategies x;(#), J(f) a nonlinear Cuckoo search
algorithm of stochastic multi-agent optimization [48] used
in (4) — (6).

The Heaviside function H is used as a switching
function of the motion of a particle, respectively, to the
local y(f), z;(f) and global y/*(t), z,-*(t) optimum.

Switching parameters of the cognitive py;, ps;; and
social py;, pa;j components of the particle velocity to the
local and global optimum taken in the form of increments
changes in the payoff (9) for players' strategies x;(t), 9(t)
when moving to local and global optimum respectively.

Random numbers &,(f), &i(f), &i;(H) and &(?)
determine the switching parameters of the particle motion,
respectively, to local and global optima. If p;; < &;(¢) and
D2y < &;(t), then the movement speed component v () of
this i particle of j the swarm at the step ¢ does not change

and the particle moves in the same direction as at the
previous optimization step.

Similarly if p3; < &;(f) and py; < &), then the
movement speed component u;(¢) of i particle of j the
swarm at the step ¢ also does not change.

To improve the quality of the solution finding process,
the inertia coefficients wy;, wy; are used in the range of
(0.5-0.9).

As constraints (3) in this problem, first of all, we took
into account the constraints on the SC spatial
arrangement, which are first player vector strategy
components x;(f). These limitations are due to the
technical possibilities of the SC implementation. In
addition, the closed loops control regulators gains, which
are also first player vector strategy components x;(¢). In
addition, restrictions were set on the maximum particle
velocities vi(¢), u;(f) based on the desired accuracy of
obtaining the corresponding components of the vector
game solution (2) as well as to improve the game solution
convergence.

To find a global solution of the original multiobjective
game (2) in the search for optimal solutions to local
games, individual swarms exchange information among
themselves. In this case, to calculate the velocity of the
particles in one swarm, information on the global
optimum obtained by the particles of the other swarm is
used, which makes it possible to isolate all potential
Pareto optimal solutions.

For this purpose, at each step ¢ of the movement of
particle i, of swarm j uses the binary preferences functions
of local solutions obtained by all swarms. The solution
X/(/) obtained in the course of solving the game
B(X(?),?),P;) with the help of swarm j is preferable to the
solution X; (7) obtained during optimization of the game
B(X(?),P)) with the help of swarm £ if the condition

zllaxB(P,-,X;(t),S(t))< EllaxB( ,-,...X,f(t),é(t)) (7

is satisfied.

In this case, as the global optimal solution X; () of
swarm k, the global solution Xj*(t) obtained by the swarm
j is used, which is more preferable with respect to the
global solution X (¢) obtained by swarm k on the basis of
the preference relation (7).

In fact with this approach the basic idea of the
method of successive narrowing of the field of
compromise problems is realized: from the initial set of
possible solutions, based on information about the relative
importance of local solutions, all Pareto-optimal solutions
that can not be selected according to the available
information on the relation pre-reverence. Removal is
carried out until a globally optimal solution is obtained.
As a result of applying this approach, no potentially
optimal solution will be removed at each step of the
contraction.

In conclusion, we note that the original
multiobjective game (2) — (3), taking into account the
algorithm for its solution (4) — (6), is a multi-criteria
stochastic dynamic game, since it clearly has time and
random search [27].

Computer simulation results. Consider the result
of synthesis of robust SAS of MF generated by group of
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HVPL. This situation is typical for the outskirts of cities,
where several power lines are suitable, as well as near
power line substations. Figure 1 shows the location of a
group of HVPL generating MF, the magnetic flux density
of which must be reduced in the shielding zone. In the
immediate vicinity of the shielding zone there are two
double-circuit 110 kJ HVPL, a double-circuit 330 kV
HVPL and a single-circuit 330 k)" HVPL.

K4

Fig. 1. Location of a group of high voltage power lines

For the synthesis of SAS, in addition to the
geometric dimensions of the transmission lines and the
shielding zone, the values of the currents in the bus of the
all HVPL are necessary. To this, first, experimental
studies of the level of the magnetic field both in the
shielding zone and near the transmission lines were
carried out. Based on the obtained experimental data, the
problem of current identification in current conductors of
the power line is solved, under which the sum of the
squares of the errors of the measured and model — them
magnetic flux density values at given points is minimized.

First, we will look the results of the SAS initial MF
in a two-story cottage located at 20 m distance from the
HVPL. On the basis of experimental research, it was
found that in the shielding zone, the MF generated by
group of HVPL has the STC of such MF is a strongly
elongated ellipse and, consequently, the initial MF has a
negligible polarization. Active screening of such MF is
possible with the use of single SC. It should be noted that
such systems have become most widespread in the world
practice [2]. Based on the model of MF created by group
of HVPL, the problem of synthesis of a robust SAS was
solved. The SAS contains single SC which is square
shape. The upper branch of SC is coordinates (1.0, 10.0),
and the lower branch is coordinates (10.0, 1.3).

In Fig. 2,a shows the isolines of the resultant
magnetic flux density with the SAS is on. As can be seen
from Fig. 2,a, the minimum magnetic flux density value
in the shielding zone is 0.2 puT. The initial MF generated
by the HVPL group in the shielding zone exceeds the
level of 2.0 uT and, therefore, the maximum shielding
factor of the SAS is more than 10. When the active
shielding system is on, as can be seen from Fig. 2,a, the
magnetic flux density level in the residential space under
consideration does not exceed 0.5 uT.

Figure 2,b shows the STC of MF, created by: group
of HVPL (1); SC (2) and total MF with the SAS is on (3).

The STC of the initial MF is ellipse, which confirms
the weak polarization of the initial MF. MF STC of SC is a
straight line and, consequently, the SC generates unpolarized
MF. Naturally, the initial MF with such STC can be

effectively compensated for using a single-loop ASS with
single SC. Wherein the big axis of the STS ellipse of the
initial MF is compensated, so that the STS of the total MF
with the SAS is on is an ellipse with an ellipse coefficient
0.8. The STC of the resultant MF is an ellipses of a
significantly smaller area compared to the ellipse of the STC
of the initial MF, which is due to the initial MF
compensation with the help of the SAS.

When implementing the SAS, for mounting such a
SC at a height of 10 meters, appropriate supports are
necessary, which requires fairly large material costs.

Let us now consider the results of the synthesis of a
MF SAS in a single-story building located at a distance of
7 m from HVPL. During SAS synthesis of different
variants of the SC spatial arrangement were considered.
Three variants of SC spatial arrangement were chosen
which are the greatest interest from the point of view of
the practical implementation of SC. Let us consider in
more detail these three variants. In all these three variants
SC are square shape. In the variant a) the upper branch of
SC is coordinates (4.9, 4.2), and the lower branch is
coordinates (4.9, 3.0).

BT

B,|,uT
b

Fig. 2. Isolines of resultant magnetic flux density with the active
screening system is on (@) and space-time characteristics of
magnetic field: initial (1), shielding coil (2) and resultant
magnetic field with the system of active shielding is on (3) (b)
in a two-story cottage

Fig. 3,a shows the isolines of the resultant magnetic
flux density with the SAS is on in the variant (a). As can
be seen from Fig. 3,4, the minimum magnetic flux density
value in the screening zone is 0.2 pT. The initial MF
generated by the HVPL group in the shielding zone
exceeds the level of 1 uT and, therefore, the maximum
shielding factor of the ASS equals 5.
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In Fig. 3,b shows STC of MF, generated by: 1 — group
of overhead HVPL (1); SC (2) and total MF with the SAS is
on (3) at the point with the coordinates (8.0, 1.0).

BL.uT
4

By T

0
B,.uT
b

Fig. 3. Isolines of resultant magnetic flux density with the

system of active screening is on (a) and space-time
characteristics of magnetic field: initial (1), shielding coil (2)
and resultant magnetic field with the system of active shielding
is on (3) (b) in a single-story cottage

Let us consider the results of the synthesis of a MF
SAS in a single-story building located at a same distance
of 7 m from HVPL for the variant (). The upper branch
of SC is coordinates (5.0, 0.6), and the lower branch is
coordinates (2.0, 0.0).

Fig. 4,a shows the isolines of the resultant magnetic
flux density with the SAS is on in the variant (). As can
be seen from Fig. 4,a, the minimum magnetic flux density
value in the screening zone also as for variant (@) is 0.2
puT and, therefore, the maximum shielding factor of the
ASS also as for variant (a) is 5.

In Fig. 4,b shows STC of MF, generated by: 1 —
group of overhead HVPL (1); SC (2) and total MF with
the SAS is on (3) at the point with the coordinates (8.0,
1.0) also as for variant (a).

Let us consider the results of the synthesis of a MF
SAS for the variant (c¢). The upper branch of SC is
coordinates (1.0, 3.0), and the lower branch is coordinates
(4.0, 1.5). Fig. 5,a shows the isolines of the resultant
magnetic flux density with the SAS is on in the variant
(c). As can be seen from Fig. 5,a, the minimum magnetic
flux density value in the screening zone also as for variant
(a) and variant (b) is 0.2 puT and, therefore, the shielding
factor maximum of the SAS also as for variant (a) and
variant (b) is 5. In Fig. 4,b shows STC of MF, created by:
1 — group of overhead HVPL (1); SC (2) and total MF
with the SAS is on (3) at the point with the coordinates
(8.0, 1.0) also as for variant (a) and variant (b).

BT

B,..uT
b
Fig. 4. Isolines of resultant magnetic flux density with the active
shielding system is on (a) and space-time characteristics of
magnetic field: initial (1), shielding coil (2) and resultant
magnetic flux density with the systems of active shielding is on
(3) (b) in a single-story cottage

By 7"

Fig. 5. Isolines of resultant magnetic flux density with the active
shielding system is on (a) and space-time characteristics of
magnetic flux density: initial (1), shielding coil (2) and resultant
magnetic flux density with the systems of active shielding is on
(3) (b) in a single-story cottage
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Despite the fact that in all three variants the minimum
magnetic flux density value in the screening zone also is
0.2 uT, however, in variant (@), the magnetic flux density
does not exceed the level of sanitary norms of 0.5 uT in a
zone of 6 m up to 15 m., and in the variant (b) and (c), this
shielding zone decreases to 89 m. Thus, from the point of
view of providing the greatest shielding zone of the MF,
the most preferable is variant (a). And from the point of
view of the simplicity of SC implementing, the most
preferable, apparently, is variant (b).

Naturally, the STC of the initial MF at this point has
the same form (curve 1). However, the position of the STC
MF of SC and the resultant MF for the three options
considered are somewhat different. In particular, the initial
MF at the point under consideration is most strongly shielded
in variant (@).

Experimental research. Consider the field
experimental research of the full scale SAS layout with
three variants of SC spatial arrangement. All SC of the
full scale SAS layout is a square shape, contains 20 winds
and is powered by amplifier type TDA7294. The SAS
contains an external Magnetic Flux Density controller and
an internal current controller. An inductive sensor is used
as an Magnetic Flux Density sensor, and the MF
measurement is  performed by EMF-828 type
magnetometer of the Lutron firm [49]. The SAS is
powered by an autonomous source.

Figure 6,a shows a picture of the position of SC of
SAS for the variant (a). The upper branch of SC is located
at a height of 4.0 m from the ground, and the lower branch
is located at a height of 2.6 m from the ground. Fig. 6,a
shows the experimental isolines of the resultant magnetic
flux density with the SAS is on in the variant (@). As can be
seen from Fig. 6,a, the minimum magnetic flux density
experimental value in the screening zone is 0.2 pT. The
initial MF generated by the HVPL group in the shielding
zone exceeds the level of 1 puT and, therefore, the
maximum experimental shielding factor of the SAS is 5.

Figure 7,a shows a picture of the spatial arrangement
of SC of SAS for the variant (b). The upper branch of SC
is located at a height of 0.5 m from the ground, and the
lower branch is located at and the lower branch is located
on the ground.

Figure 7,b shows the experimental isolines of the
resultant magnetic flux density with the SAS is on in the
variant (a). As can be seen from Fig. 7,b, the minimum
magnetic flux density experimental value in the screening
zone also as for variant (a) is 0.2 pT, and, therefore, the
maximum experimental shielding factor of the SAS for
the variant (b) also as for variant (a) equals 5.

Figure 8,a shows a picture of the spatial arrangement
of SC of SAS for the variant (c). The upper branch of SC
is located at a height of 3.0 m from the ground, and the
lower branch is located at a height of 1.5 m from the
ground. Fig. 8,b shows the experimental isolines of the
resultant magnetic flux density with the ASS is on in the
variant (c). As can be seen from Fig. 8,b, the minimum
magnetic flux density experimental value in the screening
zone also as for variant (a) and for variant (b) is 0.2 uT,
and, therefore, the maximum experimental efficiency of
the SAS for the variant (c) also as for variant (a) and for
variant (b) is 5.

Fig. 6. Picture of the shielding coil (a) and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)

Fig. 7. Picture of the shielding coil () and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)
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Fig. 8. Picture of the shielding coil (a) and the experimental
isolines of the resultant magnetic flux density with the systems
of active shielding is on (b)

A comparison of the results of the MF distribution of
the synthesized ASS which shown in Fig. 3.a, Fig. 5,a
with the experimental distributions of the SAS, which
shown in Fig. 6,b, showed that they differ by not more
than 20 %.

In conclusion, we note that, of course, it would be
tempting not to solve the rather difficult task of
synthesizing the SAS in the form of a multi-criteria game
(2), but to immediately place the SC in a convenient
place, in terms of simplicity of practical implementation,
and experimentally adjust the SAS controls. The authors
have tried to implement this option SAS, whose spatial
location of SC was intuitively chosen. The upper branch
of SC has coordinates (4.9, 4.2), and the lower branch has
coordinates (6.9, 0.0). A spatial arrangement of such SC
is shown in Fig. 9. The upper branch SC is located at a
height of 4.2 m from the ground, and the lower branch is
located at ground level.

S
AL g

Fig. 9. Picture of the shielding coil, the spatial arrangement of
which were chosen without system synthesis

However, with this SC, it was not possible to adjust
the SAS regulators with the desired efficiency. Then they

changed the position of the lower branch of the SC, so
that the coordinates of which were equal (4.9, 0.0), (2.9,
0.0) and (4.9, 1.0). However, it is also not possible to
obtain a demand for efficiency with such a spatial
arrangement of SC. Then the SAS was synthesized, the
spatial position of the SC was determined, and the upper
branch of the SC was set at a height of 3 m, which
corresponds to variant (a). The spatial arrangement of
such a SC is shown in Fig. 6,a. With this SC it was
possible to get the shielding factor of the SAS more than
five units.

In conclusion, we note that using single-circuit SAS
containing single SC can effectively screen a MF with a
small polarization. The STC of such MF is a very
elongated ellipse whose ellipse coefficient (ratio of the
smaller semiaxis to the larger half-axis) is seeks to zero.
SC of single-circuit SAS generates MF, whose STC is a
straight line. With such a single-circuit SAS with single
SC, the major axis of the STS ellipse of the initial MF is
compensated, so that the STS of the total MF with ASS is
on is significantly smaller than the STS of the initial MF,
which determines the high efficiency of such single-
circuit SAS. Single-circuit power lines with horizontal
and vertical bus arrangement, double-circuit power lines
such as «barrely, «tree» and «inverted tree» generate a
MF with a weak polarization. Exactly for such power
lines, single-circuit SAS with single SC is most widely
used in world practice [2].

The most polarized MF generated by a single-circuit
power line with «triangle» type current conductors
arrangement. The STC of such a MF is practically a
circle. Therefore, for effective screening of such MF it is
necessary to have two SC at least [5].

Conclusions.

1. For the first time the synthesis of robust single-
circuit systems of active shielding of magnetic field,
generated by group of high voltage power lines, with
different spatial arrangement of the single shielding coil
carried out.

2. The synthesis of robust systems of active shielding
is based on multi-criteria game decision, which is based
on multiswarm stochastic multi-agent optimization from
Pareto-optimal solutions.

3.As a result of the synthesis of a single-circuit
systems of active shielding, three variants of the spatial
arrangement of the shielding coil were selected, which are
of the greatest interest from the point of view of the
practical implementation.

4. Field experimental research of the effectiveness of
single-circuit systems of active shielding of magnetic
field generated by group of overhead high voltage power
lines for three variants of the spatial arrangement of the
shielding coil carried out. The shielding factor of system
of active shielding equals more than 4 units. Comparison
of the results of experimental and calculated values of
magnetic flux density in the shielding zone shows that
their spread does not exceed 20 %.

5. System reduce the level of the initial magnetic flux
density throughout the considered residential area up to
the Ukraine sanitary norms level and has less sensitivity
to plant parameters variations in comparison with the
known systems.
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SYNTHESIS AND ANALYSIS OF ARC FURNACE ELECTRICAL MODE CONTROL
SYSTEM ON THE BASIS OF THREE-DIMENSIONAL PHASE CURRENTS VECTOR
DISTRIBUTION

Goal. The purpose of the article is to create the method for the operative synthesis of an arc steel-melting furnace (ASF) electric
mode (EM) control signal on the basis of a three-dimensional arc currents vector, which takes into account the stochastic nature
of the processes in the melting space and power circuit and has low sensitivity to the control object parameters changes, as well as
development of the control system structure for its implementation. Method. The basis of the created control method is formed on
the statistical theory of dynamical systems, as well as the provisions of the statistical theory of optimal control based on the
Fokker-Planck-Kolmogorov equation, which enables to synthesize operational control by the criterion of approaching the
regulated coordinate distribution density to the S-function, that is to minimize the dispersion of the three-dimensional furnace
Phases arc currents vector. Results. The system of equations for operational real-time calculation of control influences of the
thyristor switch of phase inductors, included in the power supply circuits of three-phase arcs, and the structural scheme of the
adaptive contour for the formation of three-dimensional phase currents vector dispersion for the implementation of adaptive
optimal control were obtained. Scientific novelty. For the first time, based on the Fokker-Planck-Kolmogorov equation, we obtain
a system of equations representing a mathematical model of a stochastic adaptive optimal control of the arc furnace electric mode
by the criterion of a minimum dispersion of three-dimensional phase (arcs) currents vector, which enables, in comparison with
known methods, to increase dynamic precision of the arc currents stabilization at the level set by the criteria of energy efficiency
and electromagnetic compatibility values. Practical value. The use of the proposed adaptive optimal control model and structural
system scheme for its implementation allows, in comparison with the serial arc power regulators, to improve the dynamic
accuracy of the arc current currents stabilization at the level of given optimal settings and, based on this, to improve the energy
efficiency and electromagnetic compatibility indices of the arc furnace and power supply network. References 18, figures 5.

Key words: arc furnace, electric mode, three-dimensional vector of phase currents, stochastic control, dispersion,
optimization, adaptation, arc current control circuit.

Mema. Memow cmammi ¢ cmeopenns memooy ONEpamueHo20 CUHME3y CUZHANY KepyeanHusa enekmpuunum pexcumom (EP)
0y2060i cmanennasunsnoi neui (/JCII) na ocnogi mpusumipnozo éekmopa cmpymie ¢has, wio 6paxoeye cmoxacmuimny npupooy
npoyecie y niaguibHOMy RpPOCHOpI, CUNOBOMY €NeKMPUYHOMY KOJi neui, MAE HU3LKY 4Uymaugicme 00 3MiHU napamempie
00°cKma Kepysanna ma po3pooaenna CmpyKmypu cucmemu KepysanHua 011 iiozo peanizauii. Memoouxa. B ocnoey cmeopenozo
Memoody KepyeanHs NOKIAOEHO NON0MCEHHA CHMAMUCMUYHOI meopil OuHAMIYHUX CcUCmeM, a4 MAKOMNC NOJI0HCEHHA
cmamucmuynoi meopii onmumManbHo20 Kepysanua Ha ocnoei pieuanna @Dokkepa-Ilnanxa-Konmozoposa, wio oaec 3mozy
CUHme3y6amu onepamugHe KepyeanHsa 34 KPUMEPIEM HAONUNCEHHAM ZYCIMUNU PO3NOOIYy pezynbosanoi Koopounamu 00 &
ynxyii, moomo minimizyeamu oucnepcito mpusumiprnozo eekmopa cmpymie ¢asz (0y2) oyzoeoi neui. Pesynemamu. Ompumano
cucmemy piGHANDL 0714 OREPAMUBHO20 6 pexcuMi on-line po3paxynKy Kepylouux 6niueie mupucmopHo20 KOMymamopa gaznux
opocenie, w0 GKIIOYEHI Y CUI06€ KOJI0 HCUGTEHHA MPUDAZHUX Oy, mMaA CIMPYKMYPHY CXeMY A0AGRMUBGHO20 KOHMYPA (opmMy6aHHs
oucnepcii mpugumipnozo eekmopa cmpymie 0yz 0y2080i neui 011 peanizayii adanmuenozo onmumaibnozo Kepysanns. Haykosa
Hoeu3Ha. Bnepwie mna ocnogi pienanna ®@oxkepa-Ilnanka-Konmozoposa ompumano cucmemy pieHAHb, WO ROOAIOMb
Mamemamuyny Mooenb CHOXACMUYHOZ0 AO0ANMUGHOZ0 ORMUMANLHO20 KEPYGAHHA eNeKMPUUHUM PeHCUMOM 0y2060i
cmanennasuibHol neyi 3a Kpumepiem MiHIMymy Oucnepcii mpusumipnozo 6eKmopa cmpymie oyz, ujo 0ae 3mozy y nOpieHAHHI 3
gioomMuMu memooamu Rnidsuwyumu OUHAMIUHY mouHicmb cmabinizayii cmpymie Oyz Ha pieHi 3a0aHux 3a Kpumepiamu
enepzoehekmugnocmi ma enekmpomazHimnoi cymicnocmi 3nauens. Ilpakmuuna yinnicmo. Peanizayia 3anpononosanoi mooeni
A0anMUBGHO20 ONMUMANILHO20 KEPYGAHHA Ma CMPYKMYypHoi cxemu cucmemu 0as ii peanizayii oacmo 3mo2y y NOpiGHAHHI 3
CepilinuMU Peynamopamu ROMYyMCHOCmi 0y2 ROJINWMUMU OUHAMIYHY MOYHICMb cmabinizayii cmpymie 0ye Ha pieHi 3a0anux
ONMUMANLHUX YCMABOK i HA OCHOGI UbO2O KOMNIEKCHO RONINMWMUMU NOKA3ZHUKU eHepzoedheKmuenocmi ma eaeKmpomazHimuoi
cymicnocmi pexcumie 0y2060i neui ma enekmpomepexnci. bion. 18, puc. 5.

Kniouosi cnosa: pyroBa crajemiaBUIbHA IIiY, eJIeKTPUYHHUI peKUM, TPUBUMIPHHI BeKTOp CTpyMiB (a3, croxacTuuHe
KepyBaHH#, JUcIepcis, onTuMizauis, agantaunisi, KOHTYP peryJloBaHHs CTPYMiB IyT.

Llenv. Ilenvio cmamovu a6nemea co30anue Menooa ONEPpamueHo20 CUHMe3q CUZHANA YRPAGIEeHUA ITIEKMPUUECKUM PEHCUMOM
(EP) oyzoe0it cmanennasunvnoui neuu ([CII) na ocnose mpexmepHozo 6eKmopa mokoe a3z, Komopwlil yuumsleéaem
CHIOXACMUYECKYI0 NPUpPOOy NPOUEcco8 6 NIAGUIAbHOM RPOCHIPAHCHIGE, CUNO0BOI INEKMPUUECKOI Yenu neuu, umeem HU3KYIo
YPECMEUMENILHOCIY K UMEHEHUIO NAPaAMempos 00beKma ynpasienua u paspadomka cmpyKmypsl cCUcnembvl YRPaeneHus Ons
ezo peanuzayuu. Memoouka. B ocnoee co30annozo memooa ynpasienusa ucnoab306ansl NOJ0MHCEHUA CMAMUCMUYECKOU meopuu
OUHAMUYECKUX CUCMEM, G MAKMCe NOJIOHCCHUE CIAMUCIUYECKOl meopuu ORMUMAIbHO20 YRPAGIEeHUA HA OCHOGe YPAGHEHUA
®Doxkepa-IInanxa-Konmozoposa, umo no3eonsaem CUHmME3UPO6AmMs ONEPAMUEHOE YRPAGIeHUEe NO KPUMEPUIO RPUOIUHCEHUS
nAOMHOCIMU PAChpedeseHUs Pe2yupyemoil KoOpounameol K S~(yHKyuu, mo ecmv MUHUMUUPOGANL OUCHEPCUIO MPEXMEPHO20
6ekmopa mokog 0yz 0yzoeoii neuu. Pezynomamewl. Ilonyuena cucmema ypasnenuil 07 Onepamuenozo 6 peycume on-line
pacuema ynpasnarouwiux 6030eicmeuli MmupucmopHozo Kommymamopa (asnwvix opocceneil, 6KIIOYEHHbIX 6 CUIOBYI0 Uenb
numanua mpexgazuvix 0y2, u CMPYKMYpHYI0 cxXemy a0anmuéHo20 KOHmMypa GopmMuposanus oucnepcuu mpexmepHo20 eKmopa
mokoé ¢haz 0y2060it neuu 014 peanuzauuu AOANMUEHO20 ONMUMATbHO20 ynpasnenua. Hayunaa noeusna. Bnepgvie na ocnoge
ypasnenua @oxkepa-Ilnanxa-Konmozoposa nonyuena cucmema ypagHeHull, NPeoCMAGAIOWUX MAMEMAMUYUECKYI0 MOOeab
CHIOXACMUYECK020 A0ANMUGHOZ0 ONMUMATLHO20 YRPAGAEHUA IIEKMPULECKUM PEHCUMOM 0Y20801i CHAIENIA8UIbHON nevu no
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Kpumepuio munumyma Oucnepcuu mMpexmepHoco0 6eKmopa moKoe Oye, UYmo no3eojiiem nO CpPAGHEHUI0 ¢ U36eCMHbIMU
Memooamu noevlCUmb Ouuamuuecxyto mo4YHOCHb cmaéwmzauuu MmoKoe6 oye Ha ypoene 3A0AHHBIX NO Kpumepuam

InepzoIphexmusnocmu u Inekmpomaznumnou coemecmumocmu 3navenui. Ilpakmuueckas uennocme.

Peanuzayusn

NPeONoNCEHNON MOOenU A0ANMUBHO20 ONMUMAILHOZ0 YAPAGIEHU U CHMPYKMYPHOU CXeMbl CUCHeMbl O ee peanu3ayuu
N0360/151€M NO CPAGHEHUIO C CEPUIIHBIMU PeZYIIMOPAMU MOWHOCHU OY2 YIYHIUUMb OUHAMUYECKYIO MOYHOCHb CIAduIu3ayuu
MoK06 0yz Ha YpOGHEe 3A0AHHbIX ONMUMAIbLHLIX YCHIAGOK U HA OCHO6E IMO20 KOMHIEKCHO YIAy4uums HOKA3amenu
IHEP2oIPhexkmusHoCmU U INEKMPOMACHUMHOU COBMECIUMOCHU PEHCUMO8 0Y2080ii neuu u 3n1ekmpocemu. butdn. 18, puc. 5.

Knrouesvie cnosa: ayrosasi CrajielJiaBUJIbHasl T1i€Yb,

JIEKTPUYCCKUI PpeKuM,

TpPeXMepHbIl BEKTOP TOKOB (a3,

CTOXaCTHYECKOEe YIPABJICHHE, JUCIIEPCHs, ONITHMU3ALHUS, AIANTALNA, KOHTYP PeryJupoBaHis TOKOB AYT.

Introduction. Arc furnaces are powerful electrical
technological installations that belong to a class of
complex systems and are characterized by extremely
incident, dynamic, nonlinear, phase by phase non-
symmetric nature of loading and continuous action of
intense coordinate and parametric disturbances in arc gaps
and power supply circuit of three-phase arcs. The
specified loading characteristics complicate the control
process of such objects and impose appropriate
limitations on the system engineering — models, methods
and approaches for improving existing systems of control
modes and regulation of electric coordinates.

The problem of integrated improvement of energy
efficiency and electromagnetic compatibility indices of
arc steel-melting furnaces (ASFs) is dictated by the
necessity of increasing the competitiveness of electric
steels and high alloys on the domestic and foreign
markets of metal products. Its state is largely determined
by the level of excellence of automatic control systems
(ACS) of electrical modes (EM) of arc furnaces,
characterized by the speed and dynamic accuracy of
coordinate (first of all, arc currents) regulation, the
efficiency of electric modes control models, state
identification and prediction of the process of electric
steelmaking.

It is obvious that for such electrical technological
nonlinear stochastic control objects with a range of
installed power of power electric equipment of 1...175
MVA, it is most appropriate to use models based on
probabilistic characteristics of control processes and
that most fully correspond to the nature of the processes
which occur in them. Efficiency and completeness of
solution of control problems in general and adaptive
optimal, in particular, of electrical modes of electric
steelmaking are determined, first of all, by the speed
and dynamic accuracy of the regulation of the
coordinates of the electric mode and, the most
important, by currents of arcs.

Problem definition. The complexity of the tasks of
the modern theory of adaptive optimal control of
stochastic dynamic objects and processes requires the
improvement of the mathematical apparatus for their
description, identification and control synthesis models,
and also requires significant computing power of digital
means (microcontrollers, microprocessor devices) for
implementation of identification and real-time control.

Unfortunately, the control of modes in the vast
majority of arc furnaces is realized on the basis of
classical deterministic models of identification of states,
parameters, phase by phase regulation of coordinates and
control of modes that do not correspond to the stochastic
phase by phase interconnected nature of the processes
underlying them functioning.

Therefore, in our opinion, the most appropriate
approach to solving the above problem is to improve the
existing and create new effective methods and approaches
for the tasks of controlling modes and coordinate
regulation, in particular, the operational formation of
control effects based on the three-dimensional vector of
phase currents and its probabilistic characteristics.

Review of recent publications. For the first time,
the theoretical principles of stochastic models for the
formation of control effects for the electromechanical
system of displacement of electrodes of three-phase ASFs
have been published in [1]. The coefficients of the
relationship between the average rectified currents of arcs
included in the created model of the ASF are proposed to
be determined on the basis of probabilistic analysis and
taking into account the correlation interconnections of
phase processes in the furnace space of the three-phase
arc furnace. The model of electric mode control of the
ASF obtained in this work allows to adjust the control
signals of typical regulators of the electric mode by
current and, thus, to avoid false operations of the
regulator of the i-th phase (to eliminate false electrodes
displacement) by perturbations in adjacent phases. Under
this control model, the phase by phase autonomy of
electric mode control is improved, which, in turn,
increases the efficiency of the electrometallurgical plant.
But with the help of such a model, it is impossible to
implement the above-stated approach of control of three-
phase ASF modes.

Similarly, the problems of the phase by phase
autonomy of electric mode control by arc furnace phases
on the basis of the account of stochastic parameters of
perturbations of adjacent phases are considered in the
work [2]. According to this work, the signal formed by
the displacement of the electrodes in each phase is
formed additively from the signals of the dissonance of
all three phases, which are normalized by the weight
factors. To find the values of these coefficients, the
authors obtained a mathematical model that describes
the reactions of such a complex object as the ASF on the
pre-synthesized control influences and perturbation
processes that convert the electric mode of the furnace
to a particular state. In the final case, these coefficients
are also some averaged over a certain time interval the
coefficients of the weight of the signals of discrepancies
of phase modes. Nevertheless, it should be noted here
that in this paper for the first time it was noted that
optimization of the system of controlling the electric
mode of the ASF should be carried out with an
orientation to such an integral characteristic of the mode
as the variance of the three-dimensional vector of arc
currents, but specific solutions in this direction in this
work are not offered.
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In the paper [3] for the analysis and synthesis of
control systems of electric drives, which are under the
influence of random perturbations, the expediency of
using the probabilistic approach is substantiated. This
approach ensures an adequate response of the ACS to the
processes and perturbations that take place in the control
object. In this paper, the method of formation of the
variance of the regulated coordinate, that is, the method of
stochastic dynamic stabilization for application in the
problems  of stabilization of coordinates  of
electromechanical systems with random perturbations is
worked out. In its implementation, it is possible to control
the dispersion of the output coordinate of the dynamic
system in accordance with the current requirements and
conditions of operation of the control object, in particular
such as an arc furnace.

In work [4] a mathematical description of the
electromechanical control system of electrodes position
was worked out, on the basis of which «on-line» synthesis
of the desired dynamic characteristics of the state change
process on the basis of integral quality criteria is carried
out. The proposed approach is based on the account of the
phase by phase interconnection of electric modes caused
by the peculiarities of the parametric non-symmetric
power supply circuit of the three-phase arcs and the
impedance or differential law of the formation of a
control signal on the displacement of the electrodes. But
this work, like the previous one, is far from the idea of
applying the control of processes in arc furnaces and the
idea of forming a three-dimensional vector of arc currents
and its stochastic characteristics.

The mathematical and computer models of control
of electrical modes of the three-phase arc furnaces
proposed in the papers [5-9] have certain advantages and
disadvantages among themselves in terms of the
completeness and accuracy of the description of modes,
identification of states, conveniences in use and
readjustment, but they do not meet the above
requirements for energy efficiency and electromagnetic
compatibility modes in full, primarily due to the
inadequacy of the control models to the nature of the real
processes of changing the coordinates of the EM, also
because of the high sensitivity of the obtained dynamics
to changing parameters of the control object, which is
highly undesirable in terms of continuous action of
stochastic parametric disturbances in the power circuit of
the furnace and in phase arc gaps.

The goal of the work is the development of system
and structural solutions for the operative synthesis of the
control signal of an arc furnace electric mode on the basis
of a three-dimensional vector of arc currents, taking into
account the stochastic nature of the processes in the
melting space and the power supply circuit of the three-
phase arcs and has a low sensitivity to the change of the
control object parameters, the use of which in comparison
with known solutions allows to increase the dynamic
accuracy of the stabilization of arc currents at the level
specified by the criteria of energy efficiency and
electromagnetic compatibility.

The scientific task is to create the method of
adaptive optimal control of the electric mode of an arc
furnace according to the criterion of the minimum

distribution density of a three-dimensional vector of phase
currents and the structural scheme of the control system
for its realization, which, in comparison with known
control methods, enables to increase the dynamic
accuracy of the stabilization of arc currents at the given
(in particular, optimal) values and thereby improve the
energy efficiency and electromagnetic compatibility
indicators of arc furnace and power supply network.

Identification of previously unsolved parts of the
general problem. The dynamics of the regulation of the
EM coordinates of the ASF, in particular the arc currents,
in the overwhelming majority of the existing (serial,
typical) control systems of the process of electrical steel
molding (by using arc power) does not fully meet the high
modern requirements for energy efficiency and
electromagnetic compatibility indicators of arc furnace
modes and power supply network. Therefore, the problem
of creating effective system, circuit and algorithmic
solutions, which are based on increasing the speed of
processes of regulation of phase (arcs) currents and
complex improvement on the basis of indicators of energy
efficiency and electromagnetic compatibility of modes for
today for the electro-metallurgical industry is important
and relevant.

Content of research material. In this paper, the
term «optimality» is used in the narrow sense, in which
the system of automatic control is evaluated only by the
indicators of the quality of dynamic processes, and one of
the criteria of this quality is the integral quality index —
the generalized dispersion of the regulated coordinate.
Such a description of the quality criteria makes it possible
to use modern well-developed mathematical optimization
apparatus to find optimal control.

Under the action of the flows of random
perturbations and control influences, the electric mode
(which is estimated by the stochastic characteristics of arc
currents) of a three-phase arc furnace can be in different
states.

Define these states by a three-dimensional vector of
phase currents, which characterizes the electric mode of
the arc furnace during the melting company as:

1 — a state characterized by the given (required)
values of the coordinates of the electric mode, in
particular by the set values of arc currents;

2 — a state characterized by deviations of arc currents
in the domain of admissible directive deviations;

3 — a state characterized by deviations of the arc
currents into the region of large, in particular extreme,
deviations — short circuits, breaks of arcs and close to
them.

It is clear that the concept of being in one or another
state is associated with some definite time interval 7. The
graph of the states of the three-dimensional vector of
states of the electric mode of an arc furnace is shown in
Fig. 1.

Each of these states is proposed to be identified by
means of the integral parameter (indicator) value, which
is the generalized variance of the three-dimensional
vector of the ASF arc currents. In turn, this integral
indicator is defined as the determinant of the matrix of
second order moments, or the correlation matrix [10], and
it characterizes the value of the deviation of the vector of
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arc currents of the three-phase arc furnace from the
desired state.

Fig. 1. A graph of states of the electric mode of an arc furnace —

ki1 (0), k1.2(0), k2,1 (0), ko 2(0), K1 3(0), ko 3(0), ks 3(0), ks 1 (D), ks o(F) —
the intensities of the transition from state to state

So, having adopted the designation of a three-
dimensional vector of regulated coordinates (for the
considered problem of arc currents) as

I,=y=|y y »3|

we obtain an expression for the dispersion of the three-
dimensional vector in the form:

D; =D, =detd,,

where A, is the correlation matrix, or matrix of moments
of the second order of the form:

A A A
A, =1 Ay Agsl

The criterion for the functioning of such a dynamic
system is the desired level of probability of being the
system in state 1 during the time of the melting of charge.
In view of the above, we write the expression for the
density of the three-dimensional vector of the regulated
coordinate as:

1

P, Y2, 03) =
(2/7)*"2 Jdet A,

3
1 4 - -
cor 23 A7 3
i,j=1 '

X

(M

1 .
-4; ; are the elements of the inverse
detd,

-1
where 4, =
Yi,j

matrix Ay_l ; A;; are the corresponding elements of the

attached matrix, and the probability of being of the
electric mode of an arc furnace in a given state is found as
an integral of density (1):

€ ok ok

Y123

P(y1s y2, 3) = ij(yl, Y2, y3)dyrdyy dys
000

where yr s y; R y; are the maximum values of the change

of the coordinates of the electric mode, for example, the
value of the circuits of the short circuit in the ASF phases.

It is clear that the smaller the variance of the three-
dimensional vector of the regulated coordinate (the arc
currents of the arc furnace), the greater the probability of
a state that is identified by such a variance value, i.c.,

state 1. Taking into account that in a real object we have a
flow of disturbances and a flow of control influences that
change the state of the system (the state of the electric
mode), we write the model of state dynamics in the form
of the Kolmogorov-Chapman equation [11]:

dP.(f) < 3
;,t :ij,i'k_j,i(t)—zpi'ki,j(t),
j=1 j=l

and the system of equations for determining the
probabilities of individual states is written as:

d}fo) =—R(0) [y () + ki3 (0)]+ kay (6) - Py (1) +
+k31(t)'P3(t);

%:_ng).[kzl(mkzs(r)]+ku<t>-ﬁ(t); )

% ==Py(0)- [k31 () + ks O]+ ky3(0)- B (2) .

From the presented system of equations (2) and
graph in Fig. 1 it can be concluded that the intensities of
transitions k,(f); k31(¢); kso(f) are formed by controlling
effects of the control system, which bring the electric
mode of the arc furnace from the unwanted states 2 and 3,
and especially from the state 3 to state 1. At the same
time, the intensities of transitions kix(¢); ki3(2); kas(f) are
determined by the disturbances that act in the melting
space and power circuit of the ASF.

The method of formation of effective control
influences was developed in works [12-15], namely, the
method of forming a vector of control effects of the so-
called second (high-speed electric) circuit of regulating
arc currents included in the structure of existing (serial)
one-contour electric control systems of electric mode of
an arc furnace. The main feature of such a two-contour
structure of the electric mode control system of the arc
furnace is the high speed of the arc currents regulation
(the current regulation time is 0.03-0.04 s), which allows
to significantly improve the control dynamics, that is, to
obtain a high dynamic accuracy of the arc currents
stabilization, and thus, with high accuracy to control the
dynamics of the state graph, in particular, to transfer the
electrical mode of the arc furnace to states 1 or 2.

The functional scheme of such a two-circuit control
system of the EM of the arc furnace is shown in Fig. 2.
This system contains the traditional electromechanical (or
electrohydraulic) contour for regulating the lengths of the
arcs EMCRLA (it is traditionally called the regulator of
the arcs power), which has a relatively high inertia, which
results in the operation of such a regulator of arcs power
is accompanied by a significant dispersion of the
coordinates of the EM — lengths, voltages, currents and
powers of arcs.

Each phase channel of this circuit includes the arcs
voltage sensor (VS) and current sensors (CS), the control
signal formation unit (CSFU), the electrode displacement
electric drive (EDED) and the electrode displacement
mechanism (EDM), and also contains a voltage level
switch (VLS) of the furnace transformer FT. Most often,

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.4 29



in such EMCRLAS, the control signal on the displacement
of the electrode in each phase is formed according to the
differential law.
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Fig. 2. Functional scheme of the two-circuit control system of
the electric mode of the arc furnace

An example of the dynamics of the regulation of arc
currents by the electromechanical circuit, performed in
the structure of the ACS of the EM of the arc furnace
JCII-200 by the serial regulator of the arcs power of the
type APJM-T-12, is illustrated in Fig. 3,a by the
fragments of the temporal dependencies of the arcs
currents 1,(f) (j=A, B, C) (computer experiments were
carried out at time intervals of stationary 7,=180-300 s of
random processes of perturbations by the lengths of arcs
of the furnace JICII-200 for various technological melting
stages).

In the composition of each phase channel of the
electric high-speed contour for the regulation of arc
current (HSCRAC) there are the arc current sensor (CS),
adjuster (CA) and the regulator (CR) of the arc current,
the thyristor switch (TS), the control effect of which is the
time of the shunting of the throttle (Th) on a certain
regulated part of the half-period of the voltage given by
the angle « of the control of the parallel thyristor-reactor
group. At the joint functioning of these two regulating
contour, their advantages are combined: reliable ignition
of arcs in the treatment of extreme disturbances —
operational short circuits and breakdowns of the arcs of
the EMCRLA and high speed of regulation of arc current
of the HSCRAC. As a result of such a combination of
contours in the two-contour structure of the ACS of the
EM of the ASF it is possible to achieve high

controllability and dynamic precision of the stabilization
of currents (lengths, voltages, powers) of arcs under the
conditions of the action of continuous random transient
parametric and coordinate disturbances.

Fig. 3. Temporal dependencies of arc currents of the JJCIT-200
furnace at the operation of the regulator APIM-T-12 (a)
and APJIM-T-12 with a high-speed contour at control
by the criterion Dy = min (b)

To compare dynamics, as an example, Fig. 3,0
shows the temporal dependencies of arcs currents in the
operation of a two-contour system under the influence of
random disturbances with the same parameters of
stochastic  perturbation  characteristics using the
proportional integral current regulator CR and EM
optimization based on the scalar criterion for the
minimum of the dispersion of the reactive power of the
furnace Dy = min, which is largely correlated with the
criterion for the minimum dispersion of arcs currents. The
dispersion of arcs currents in the two-contour structure of
the ACS of the EM of the JICII-200 at the functioning of the
proportional-integral regulator was: DjaA =29510" A%

D; =3.1510" A*, D; =2.35-10" A’. The average on
aB ac

the phases the dispersion of the currents of arcs was
Dr,=2.82-10" A%, The presented temporal dependencies

illustrate high speed of regulation and high-quality
dynamic stabilization of arcs currents in the structure of
the two-contour ACS of the EM of the arc furnace.
Comparison of dispersions shown in Fig. 3 for processes
of the change of arcs currents 7,(f) with the values of
dispersions under other parameters of stochastic
disturbances by the arcs lengths shows a considerable
(almost an order of magnitude) decrease in the dispersion
of arcs currents in the joint operation of
electromechanical and high-speed electric contours with a
proportional integral regulator of arcs currents in the two-
contour structure of the ACS of the EM of the arc furnace
in comparison with the operation of a one-contour ACS of
the EM (regulator APJIM-T-12) [10].

For such a two-contour structure of the ACS of the
EM of the arc furnace, it is important to develop effective
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system-engineering solutions — models of the formation
of phase controlling effects of the high-speed contour of
regulating the arcs currents of the HSCRAC, which would
improve the indicators of the electrical efficiency and
electromagnetic compatibility of the arc furnace modes
and power grid.

Therefore, it is expedient in the context of the task
defined in the work to develop the theoretical bases of a
stochastic model of operative synthesis of control
influences by a three-dimensional vector of arcs currents
in the structure of such a two-contour ACS of the electric
mode of the ASF.

For the synthesis of the vector of control effects on
the regulation of the arcs currents of the two-contour ACS
of the EM of the arc furnace, we apply the principle
according to which the optimal change in the distribution
density of the three-dimensional arcs currents vector is
realized, in particular, in the direction of approximation of
this distribution to the form of the J-function.

So, in the ideal case, the system will better perform
its intended purpose, namely, to ensure the state 1 of the
three-dimensional vector of phases currents, the sooner it
will convert the initial distribution density p(y4, vz, Ve, to)
of the three-dimensional vector of currents of arcs of the
furnaces in J-function, or in the J-distribution, which is
combined with the point y4 = Ve, Y8 = VBosetr YO = YCosets
where 4, ¥s, Y, Vaser» VBser» YCser are the current and set
values of the regulated coordinates — arcs currents of the
arc furnace.

This conclusion corresponds to the principle of the
statistical theory of transients, according to which, on the
basis of the Fokker-Planck-Kolmogorov equation [16],
optimal control is obtained in relation to the ctransient of
changing the density of the n-dimensional probability
distribution to the density of the form of the 5~function.

For our case, we write the Fokker-Planck-
Kolmogorov equation in the form
dp <d(p-F)
@ _ L 3)
dt i-1 dyl

as an equation for a dynamic system in the absence of
noise.

In this equation (3) it is indicated: p is the
probability distribution density of a three-dimensional
vector p=p(y1, 2, ¥3) Yi+Fi(y1, y2, ¥3) =0 is the
equation describing the system coordinates movement.

For the automatic control system, the functions F;
can be represented as a set of two functions:

Ey = fis y2, y3)—u(yis y2, ¥3),
where the function f; belongs to the control object, and the
function u —to the control system.

Synthesized in [16] controls for dynamical systems
that provide an optimal change in the density of the
distribution of the n-dimensional vector of regulated
coordinates y; are calculated by the expression:

5111(1?))

i
where d; is the maximum permissible or limit value of
control influence; y; is the component of the
n-dimensional vector of regulated coordinates.

u; =d; -sign(

Such a control on one of the coordinates, for
example, on the first, for our case, is written as:

Oln(p(y1, ¥2, ¥3 )))
M
To find the appropriate control we write down the
distribution density (1) of the three-dimensional vector of
the regulated coordinate of the electric mode of the ASF
in the form convenient for differentiation:

uy =d, -sign(

1 11
p1s 2, 13) = -exp{——-—x
2/7)*"? [det A, 2 detd,

x (A (1 =) +2- A (=) (2 = ¥y) +

+2-A13(y1—yl)-(yg—y3)+A22(y2—y2)2+ )
- - -2

+2-A3p(y2 = y2) (3 —y3) + A33(y3 —y3)7}

where ;1, ;2, ;3 are the mathematical expectations of

phase regulated coordinates, which for the considered
object are given by the values of the currents of arcs of
individual phases of the ASF.

If we make the necessary mathematical
transformations and substitute currents of arcs 7,4, 1,5 I.c
instead of generalized regulated coordinates y; (i = 4, B, C),
we obtain the expressions for the mentioned control
influences uy, up, uc for each of the phases of the arc
furnace in form:

1411 (Lgg —1Las)+

. 1
uy =dp -sign{
ﬂdet/l]

+Ajp(Ugp —1aB) + A13(Lyc —1aC)]}s

(A1 (Lgy —Lan)+

1
Jdetd; 4)

+ Ay (U —1aB) + Ay3(Lyc —1aC)]}s

1
ﬂdet/l]
+ A3 (g —1aB) + A33(Lyc —1aC)l}-
As we see, for the operative formation of the control
influences u,(?), up(f), and uc(z) it is necessary to know
the matrix A; of other moments of the three-dimensional

up =d, -sign{

(431 gy —Lad) +

uc =dsy-sign{

vector of the currents of arcs (phases) of the ASF. The
operational calculation of control effects by the received
model (4) for modern microprocessor devices is a simple
(to some extent trivial) technical task.

We note here that the control signals obtained by the
equations (4) are formulated as boundary controls and can
only be considered as conventionally optimal ones.
However, studies [16] show that these controls can be
quite close, and even coincide with strictly optimal
controls, which translate the n-dimensional distribution of
the regulated coordinate into J-function.

The obtained model (4) of operative synthesis of the
vector of control signals u,, up, uc is realized in the
proposed structure of the two-contour adaptive control
system of arc furnace electric mode, the functional block
diagram of which is shown in Fig. 4.

In the presented scheme of the two-contour adaptive
ACS by the values of implementations of the average
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rectified currents of the three phases 7,4, 1,3, I,c of the arc
furnace in the block of calculations BC operatively at
each interval of stationary (7, = 3-5 min) of the processes
of phases currents changes, the calculation of the matrix
Ay of other moments of the three-dimensional vector of
the currents of arcs of arc furnace, its determinant detA;
and the values of the elements A;; of the adjoint matrix 4
of the inverse matrix A, is performed.

En . Ly Ro 1,
- B
[
1
r - __—_— = — !
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Fig. 4. Functional scheme of the two-contour adaptive control
system of arc furnace electric mode for minimization of
dispersion of three-dimensional vector of currents

The specified signals from the BC outputs are fed to
the third vector input of each phase generator of the
control signal for current [,, namely: A4y, Ay, A,
detA; — to the third GCS, input; Ay, Ay, Az, detA; — to
the third GCS; input; Az, Az, 433, detA; — to the third
GCS¢ input, and to the first and second vector inputs of
GCS,, GCSp, GCS. the three-dimensional vector of
currentaverage rectified values of arcs currents /,; from
the outputs of currents censors CS and a three-
dimensional vector of the averaged on the stationary
intervals 7, currents I, are input, respectively. The
fourth input of the GCS; is fed by the scalar signal d of the
maximum value of the control influence. On the outputs
of the GCS; continuously online phase control signals u;
are generated based on the obtained control model (4),

which are fed to the corresponding phase thyristor
switches TS;. Output signals a; of pulse-phase control
systems (PPCSs) determine the moments of shunting/
switching on in the power circuit of the corresponding
phase throttles Th;.

The proposed procedure for operative synthesis of
control effects uy(f), up(t), and uc(f) is divided into two
parallel processes in time: the first process implements
the adaptation of the coefficients of the synthesis model
(4) to change the parameters of stochastic characteristics
of coordinate and parametric perturbations on the time the
interval of melting, and the second one performs online
operative with discreteness At calculation of control
effects uy(¢), up(t), and uc(f) in GCS,, GCSp, and GCS¢
units by this model. The first process involves at each
interval of stationary 7, the duration of which is
correlated with the technological stages of melting (the
physical and chemical state of the melt) and depends on
the types of arc furnaces ((7,. = 180-300 s), the calculation
in the BC of the coefficients of the model (4): det4,,

7a,j, A

.m» and the second one implements the process
of calculating the control effects wuy, up, uc and is
performed with the interval Az = 0.02 s in the function of

averaging the values (rms) of phases currents /;(f;)

(ty =ty +4t, m=1,2,3, n=1,2,3, j=4,B,C) in
this interval.

To wverify the effectiveness of the proposed
stochastic model for synthesizing the control signals u4(2),
up(f), and wuc(f), the corresponding mathematical
experiments were performed on the three-phase in
instantaneous coordinates Simulink model [17, 18] of the
two-contour ACS of the EM of the arc furnace JICII-200
(Fig. 2). The modelling studies were performed at the
functioning of the proportional integral arc voltage
regulator and using the proposed stochastic model (4) for
synthesizing the control signals u,(#), up(t;), and uc(t;)
which is implemented in the proposed structure of the
adaptive ACS of the EM of the arc furnace (Fig. 4), which
implements a strategy for minimizing the dispersion of a
three-dimensional vector of phases currents.

To do this, a computational block is introduced into
the structure of the Simulink model, in which, according
to the well-known model [10], on the intervals of

stationary T,.;, the coefficients of the model (4) det4;,
;a, j» Apm are calculated. In the next interval of

stationary 7. ;,;, these coefficients are used in GCS,,

GCSp, and GCS for synthesis of control signals u, ug,
uc by model (4) in the function of current averaged over a
period of supply voltage At = 0.02 s phase currents [,
Ip , Ic. Obtained control uy, up, uc are applied to the
inputs of thyristor switches. At the same time, the new
values of the coefficients of the model (4) det;, fa, s
A

control signal uy, up, uc, etc. synthesis, are calculated on
the current stationary interval 7, ;. .

.m» are used in the next T, ,interval of online

Figure 5 shows the initial fragments of temporal
dependencies of phase currents obtained on the Simulink
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model at the control by the above model (4),
implementing the strategy of minimizing the dispersion of
a three-dimensional vector of phases currents.

s, KA
kA [
L,k

ikl

[T
| B

| '|

Fig. 5. Temporal dependencies of the arcs currents of the
furnace JICII-200 with the regulation by the obtained model (4)
of minimizing the dispersion of the three-dimensional vector of
arcs currents in the two-contour structure of the ACS of the EM

of the arc furnace JICII-200

As a result of working out the time dependenceis of
the currents of the arcs /(¢) in Fig. 5, the following values
of their dispersions are obtained: D; = 0.95-10" A%
Dy, = 1.05-10" A% Dy, = 1.03-10” A% The average by
the phases the dispersion of the currents of arcs is
Dy =1.01-10" A%

Comparative analysis of temporal dependencies of
arcs currents in Fig. 3, and Fig. 5 shows that the average
by phases dispersion of arcs currents at the regulation by
the obtained model (4) of minimizing the dispersion of the
three-dimensional vector of arcs current in the two-contour
structure of the ACS of the EM decreased by 2.73 times.
The computer researches for perturbation processes by the
lengths of arcs of other technological melting stages, which
differ in frequency spectrum and amplitude of oscillations,
have shown that the average dispersion of arcs currents at
the regulation by the obtained model (4) of the
minimization the dispersion of the three-dimensional arcs
current vector in the two-contour structure of the ACS of
the EM compared with the use of known proportional-
integral model of the formation of control signals (%),
up(t;), and u(t;) decreased in 1.6-3 times.

Due to the cyclical updating of the matrix A; of other
moments of the three-dimensional vector of arcs currents
of the acr furnace in the block BC and elements of the
vector /,; on the outputs of the averaging units AU, the
adaptation of the vector of control influences uy(t;), up(t;),
and uc(#) to the change of parameters of stochastic
characteristics of coordinate and parametric perturbations
in the power circuit and arc gaps of the arc furnaces in the
full range of melting is realized.

Thus, due to the obtained model (4) of the operative
formation and adaptation of the vector of control effects
and their realization through the adaptive contour of the
formation of the dispersion of the three-dimensional arcs
current vector ACFDTCV of the arc furnace one can
obtain a significant approximation of the distribution of
the three-dimensional vector of arcs phase currents of the
arc furnace to the type of the J-function. And the fact that
the reduction of the dispersion of arcs currents

significantly influences the improvement of energy
efficiency indicators (electrical efficiency coefficient of
the furnace, specific energy consumption, specific ASF
productivity, the price of the ton of smelted steel, etc.) of
an electro-technological installation, which is an AC arc
furnace power is a well-known fact.

It should also be noted that the proposed stochastic
model of the regulation of the coordinates of the EM of the
arc furnace and the model of adaptive synthesis of control
signals based on the three-dimensional vector of phase
currents implements a relay, in contrast to the existing
control law. Such a law of control of compliance with the
conditions of stability, as is known, provides maximum
regulation speed and, as a result, high dynamic accuracy of
the arc current stabilization at the level of optimal for the
selected criterion of values, and also is characterized by a
much lower sensitivity to the change of parameters of the
control object — the parameters of dynamic volt-ampere
characteristics of three-phase arcs and parameters of the
elements of the power circuit (short circuit) of an arc
furnace. The last feature of the proposed method is
particularly important for implementing adaptive optimal
control strategies under continuous conditions of intense
stochastic parametric perturbations in the power circuit and
arc gaps of the furnace during melting.

The stochastic model of operative synthesis and
adaptation of the vector of controlling for minimizing the
dispersion of the three-dimensional arcs currents vector
obtained in the paper is expedient for practical use in the
two-contour structures of the ACS of the EM of arc
furnaces with a high-speed contour for regulating arc
currents.

Conclusions. The developed in the paper the
theoretical bases of the method of electric arc furnace
control on the basis of the formation of the distribution
density of the three-dimensional vector of arc currents
make it possible to implement the adaptive optimal
control strategy of the electric mode by the criterion of
the minimum dispersion of arc currents. As the results of
the performed model researches show, the synthesis of
the vector of control of arc currents by the obtained
stochastic model (4) compared with the use of the
proportional-integral regulator of arc current for
controlling the EM reduces the dispersion of arc currents
by 1.6-3 times. The minimization of the arc current
dispersion positively affects the reduction of the power
of electrical losses in the elements of the short arc
furnace network and, as a result, reduces the specific
energy consumption, the corresponding increase in the
furnace productivity and the electric efficiency of the arc
furnace. In addition, the transformation of the three-
dimensional vector of arc currents into the J-function in
the control of the electric mode greatly reduces the
consumption of reactive power of the furnace and,
accordingly, increases the power factor, reduces the
volatility and deviation of the network voltage on the
power supply buses of the furnace and accordingly
reduces the dose of the flicker.
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ERROR ELIMINATION FOR CURRENT CONTROL LOOP FOR MULTI-FUNCTIONAL
SINGLE-PHASE GRID-CONNECTED INVERTER

Purpose. Elimination of the error of the inverter current control loop by improving its structure and justifying the parameters,
which will ensure compliance with the current quality standard at the common coupling to the distribution grid of the load and
the multi-functional grid inverter at the output of the renewable source of electrical energy. Methodology. Synthesis of structure
of current control loop based on analysis of processes in electrical circuits and computer simulation. Results. Relationships for
determining the input voltage of the inverter, reactor inductance and modulation frequency in accordance with the grid voltage,
the maximum values of the inverter current and the amplitude of its ripple when combining the function of the active power filter.
Dependencies of the amplitude of the pulsations of the output current of the inverter and the errors in the fundamental harmonic
in accordance with the voltage at the input of the inverter, the modulation frequency and inductance of the output reactor are
obtained. Originality. The structure of the inverter current control loop has been improved with a combination of proportional,
integrating and differentiating links, and their parameters have been determined to ensure compensation of the disturbing action
on input of the reference and compensation of the error of current from the disturbing action of the grid voltage regardless of its
value. Practical value. The obtained solutions are the basis for the design of converters of electric power systems with renewable
sources of electricity with improved energy efficiency. References 10, figures 7.

Key words: multi-functional single-phase grid-connected inverter, nonlinear load, PWM, current control loop, current error
compensation, THD, simulation.

Mema. Ycynennsa noxuOKu KOHmMYpy Ppeynl08aHHA CHIPYMY IHE6EPMOPA WIIAXOM YOOCKOHANEHHA 1020 CMPYKmMypu ma
00rpynmyeannn napamempie, w0 CHpUsmMUME BIONOBIOHOCMI CMAHOAPMY SAKOCHMI CHpYMYy 6 MOouyi RIOKNIOYEHHA 00
PO3n00iNbYoi Mmepesci HasanmaiceHHA i 0Azamo@yHKUiOHANbHOZ0 MeperHceso20 IHEepmMopa HA 6UX00i NOHOGNI06AILHO20
Oxcepena enekmpoenepzii. Memoouxa. Cunme3 cmpykmypu KOHMYpY peylo6aHHA CmMpPyMy Ha 0a3i amanizy npouecie y
eNIeKMPUYHUX KONAX 3 GUKOPUCMAHHAM KOMR’IOmMepHo20 moodenroeannsn. Pezynomamu. Oodepicani 3anexcnocmi amniimyou
nyavcayii UXioH020 cmpymy iHeepmopa i NOXUOKU 3a OCHOGHOIO 2APMOHIKOI0 610 Hanpyzu Ha 6xX00i ineepmopa, wacmomu LLIIM
i inoykmuenocmi peakmopa. CniggionouteHHA 011 6U3HAYEHHA 3HAYUEHb 6XIOHOT Hanpy2u iHeepmopa, IHOYKMUGHOCMI peaKmopy
ma wacmomu IIIIM 32i0n0 nanpysi mepesici, MaKCUMANbHUX 3HAYEHb CMPYMY iH6epMOpPA mMa AMRAIMYyOu 1020 nyavcauii 3a
cymiyeHHAM QynKuyii cunogozo akmuenozo ginempa. Haykosea nosusna. Y0ockonaneno cmpykmypy KOHmMypy pezynlo8aHH:A
cmpymy 3i CROYUEeHHAM RPONOPUilinol, inmezpyrouoi ma oughepenyirouoi nanok i eusnayeni ix napamempu 012 3a0e3neueHHn
Komnencauii 30yprorouoi 0ii 3a 3a60aHHAM | KOMReHcayii ROXUOKU cmpymy 6io 30yprorouoi Oii nanpyzu mepesici He3anexHcHo 6io it
3nauenna. Ilpakmuune 3nauennsa. Ompumani piuieHHA € OCHO80I0 0N NPOEKMYSGAHHA NEPEMEOPI8auie ONA cUcmeMm 3
HOHOBI06ANILHUMU 0MCEPENaMU eSleKMPOoeHep2il 3 NOKpaujeHorw enepzoehekmuenicmio. bion. 10, puc. 7.

Kniouosi cnoea: GararopyHknioHaJbHUN Mepe:keBUIl iHBepTop, HeliHiiiHe HaBaHTa:xxkeHHs, IIIIM, xoHTyp perynoBaHHs
CTPYMY, KOMIICHCALlisi NOXUOKH CTpyMYy, KoedilieHT rapMoHiK, MOJe/1I0BaHHHA.

Ilenv. Ycmpanenue nozpewtnocmu KoHmypa pezyiupo6aHus moxKa UHEEPMOpa Nymem CO6epuieHCnE08aRUA €20 CHIPYKMYPbL U
000CHO6AHUA NAPAMEMPOB, UIMO NO360AUM 00eCneYums COOMEEMCHIgUe CIAHOapmy Kayecmea moKka 6 mouxke nooKno4enus K
pacnpedenumenbHoii cemu Hazpy3Ku U MHO20QPYHKUUOHATILHOZ0 CEMe8020 UHEEPMOPA HA 8bIX00E 60300HO06NAEMO20 UCHOUHUKA
anekmponepzuu. Memoouka. Cunmes cmpykmypvl KOHMYPA pezyaupoéaHus moKa Ha 0aze AHAIU3A NPOUECCO8 6
INEKMPUYECKUX UENAX ¢ UCHOIb306AHUEM KOMNbIOMEPHO20 Mmolenuposanus. Pesynomamul. Ilonyuenvt 3asucumocmu
AMRAUMYObl NYIbCAUUTL GLIXOOHO20 MOKA UHEEPpMOpPA U OWUOKU NO OCHOGHOU 2APMOHUKE OM HANPANCEHUA HA 6X00e
ungepmopa, uacmomor IIIHUM u unoykmusenocmu peaxmopa. Coommnowienus 0iasa onpeoeneHus 3HAYEHUI 6X00H020
Hanpajcenus uHeepmopa, uHoykmuenocmu peakmopa u uacmomut ILIIHM ¢ coomeemcmeuu c Hanpaxycenuem cemu,
MAKCUMATbHBIMU 3HAYEHUAMU MOKA UHEEPMOPA U AMRAUMYObl €20 NYAbCAUUil NPU COBMeW|eHuu @QYHKYUU CU106020
akmuenozo ¢unompa. Hayunaa noeusna. Ycoeepwiencmeosana cmpykmypa KOHmMypa pecyiupo6anus MoKd UHEEPmopa ¢
couemanuem RPONOPUUOHANbHO20, UHMEZPUPYIOWez0 U Oudghepenyupyrouiezo 36eHves U OnpeoeneHbvl UxX napamempuvt 0as
obecneuenus KOMREHCAUUU 603MYULAION|e20 Oelicmeus no 3a0anHuI0 U KOMREHCAUUU NOZPEUIHOCIU MOKA OM 603MYULAIou|e20
Oelicmeusa Hanpa)3ceHusa cemu He3agucumo om ez2o 3nauenusn. Ilpakmuueckoe 3nauenue. Ilonyuennvie pewienusn aenawmcsa
OCHOB0II 0711 NPOEKMUPOBAHUs Rnpeodpazoeameneil ONA CUCHEM C 60300HOGNAEMBIMU UCHIOUHUKAMU IJIEKMPOIHEPZUU U
YAyuIeHHol IHep2oIdhhexkmusnocmuro. bubn. 10, puc. 7.

Kniouesvie crosa: MHOTOQYHKIIMOHAIBLHBIH CeTeBON HHBEPTOP, HeJUHelHAaA Harpy3ka, IIIMM, koHTYp pery/1npoBaHHs TOKa,
KOMIIeHCAUs OINHOKH TOKA, KO3 (PHUIHEHT rapMOHHK, MO/ICJHPOBAHHUE.

Introduction. The use of a renewable energy source  the conversion unit is achieved by the use of a multi-

(RES) implies the presence of a fairly complex and
expensive conversion unit with an output grid-connected
autonomous voltage inverter (AVI). Under natural
conditions, the use of equipment for a photovoltaic solar
cell does not exceed 20 % [1]. For local objects (small
enterprise, cottage, mini-hotel, etc.) with power supply
from the RES and the distribution grid (DG) of the
alternating current, increasing the efficiency of the use of

functional grid-connected AVI with a combined function
of the power active filter (PAF) [1-9] thanks to its round-
the-clock use to maintain the maximum (close to 1) power
factor at the point of connection to the DG.

Typical solutions in the current control circuit
(CCC) of the multi-functional AVIs are the use of a
proportional-integral (PI) regulator [1, 3, 4], the
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proportional-resonant regulator [1], the relay current
regulator [1, 2], the regulator on the basis of the fuzzy-
logic [5]. Solutions using PWM are More widespread [1,
3, 5-9]. The development of the CCC with the use of
PWM is quite diverse. So, in [1, 5] the deviation Aic of
the current ic of the AVI relative to the given value i ¢
(Aic = i'c — i¢) is fed to the proportional-integral (PI)
current regulator. Since its efficiency is insufficient,
variants are given in [1], where to the output voltage of
the current regulator they add the voltage proportional to
the DG voltage u,, or to the output of the current regulator
through the corresponding elements they add voltages
proportional to i *c, icand u;.

The data above is not sufficient for perception and
evaluation. For example, oscillograms of currents and
indicators of circuits are given, but it is not indicated for
which value (nominal, maximum, minimum). Structures
are mostly declared, techniques for calculating parameters
are absent. For a nonlinear load, the current i- is non-
sinusoidal, compensating for the distortion of the load
current form i;. For this, the DG current i} = ic — i,
contains the first harmonic, and higher (modulation)
harmonics are suppressed by the filter. The operation
error i ¢ leads to the appearance in the current i, of higher
harmonics of low order and the deterioration of the
harmonic composition of the current, especially for its
relatively small values, as evidenced by the oscillograms
given in [3, 4]. This complicates the issue of ensuring the
correspondence the current harmonic composition to
standards [10].

Consequently, the question of the implementation of
the CCC of multi-functional grid-connected AVI has not
been studied sufficiently and requires additional research.

The goal of the work is to eliminate the error of the
inverter current control circuit by improving its structure
and justification of the parameters that contributes to
compliance with the current quality standard at the point
of connection to the distribution grid of the load and the
multifunctional grid-connected inverter at the output of
the renewable energy source.

Main research materials. Consider the bridge
circuit of the grid-connected AVI (Fig. 1) with the output
LC-filter (C; with insignificant R, at the point of
connection to the AC grid with the voltage u; = U, ,sinot
and load. The input AVI circuit contains a solar cell (SC)
with a voltage converter (VC) that supports a given
voltage value U at the AVI input.

The operation of the AVI in parallel with the DG in
the mode of the current source provides for the fulfillment
of the condition U = aUy,, (a>1) [6, 9]. The rate of change
of the AVI output current dic/dt in this case must exceed
the maximum value for the current setting di ¢ /dt. In the
case of the formation of a sinusoidal current, the
maximum value (di'c /df)may = Olcuma (@ = 27f is the
angular frequency, f'= 50 Hz, /c,umax 1S the amplitude for
the maximum value /cp. of the AVI current). The value
of dic/dt is determined by the voltage at the AVI output
reactor

dr’ M

up =uc-uy1 =

where u is the AVI voltage.

The least value of u; takes place at u; = Uy, and
U, =U-U,,,= Lol cpmax. From here a > 1 + Lol cpmax / Ui

1 Ml

1 >

>~

=g

e 1
Ulas JF & JF
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7

SC+VC

Fig. 1. The structure of the AVI power circles by connecting
to grid and load

When combining the PAF function and operation on
the nonlinear load, the AVI current shape is distorted, and
the value of a determines the possibility of working out
the maximum value (di*c /df)max Without error. At non-
sinusoidal #;, harmonics with multiplicity i = 1, 3, 5, ...
and the amplitude 1,; = I, /i are added. For the
approximate estimation, let's take into account the largest
of them the 3rd harmonic. We accept /,,1) = Icumax> then

+ ijCmmax + 3La)lCmmax =1+2 Lw{Cmmax )
Ulm 3Ulm Ulm
The inductance L of the AVI reactor according to the
relative value of b of the voltage U (by the 1st harmonic) for
the maximum AVI current I b = Uy / Uy = @ldcmay / Ul
(where U, is the current value of the DG voltage), we
determine as

=1

bU,,

ol Cmmax

Accordingly, a > 1+ 2b.

The simplified structure of the CCC in accordance
with (1) is shown in Fig. 2. The dotted line shows the
compensation circuits. 7, is the small uncompensated
time constant of the AVI, which is determined by the
frequency of PWM. The coefficients £, j, the
compensating links of the DC and K are discussed further.

L= @)

r—-
r—-
Hock M TS
| = / -
i*C+ ki ic
i J 1
T p+l R
V%
AVI

Fig. 2. Current control circuit of the AVI

According to Fig. 2, constantly acting disturbing
influence, which causes the «staticy error of current
processing, is the voltage u,, even at i ¢ = 0.

The typical nonlinear load of local objects is
uncontrolled rectifiers (usually with an output capacitive
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filter) in the office equipment and household appliances
that use the pulsed current iy. For this, during the
switching of the diodes in the AVI current setting, which
is determined taking into account the load current, we
have the corresponding to i, current change i (by a
jump-like change in the derivative of the current i ¢). At a
limited frequency of PWM, these current changes are
delayed, which results in the appearance of a «dynamic»
error and distortion of the current shape of the DG. So, we
have a disturbance on the control signal. This leads to a
deterioration of the harmonious composition of the grid
current, making it difficult to ensure its compliance with
the standards for values 7;,, < 0.25] cyumax-

Consider the implementation of PWM for the case
when two reference voltages urz and (—uz) of a triangular
shape with a modulation frequency f), which are
symmetric with respect to 0 are used (Fig. 3). Switching
of the keys of the first arm (K1, K2) is carried out
provided that the given voltage 1" > uzz, and of the second
one (K3, K4) — u'< —U7R.

In the absence of regulators in the PWM block, the
voltage, which is proportional to Aic, is compared with
urg. In the case of the formation of positive half-wave of
uc, two voltage values U and 0 (for negative half-wave,
respectively, —U and 0) are used and the voltage u; takes
the value:

. di
e if uc= U, then the value u; = U —u, :L% and the
t

current ic increases (the initial deviation Aic relative to
the average value of Aic4y (error of current processing) is
positive (i'c >i¢) and decreases to zero and then becomes
negative (i"¢ <ic)) (Fig. 3);

. di
e if uc =0, then the value u; = 0 —u,; :Lf and the
t

current decreases (Aic increases to zero, and then
becomes positive). Since f), is large enough, it can be
assumed that on the modulation interval 7 the voltage i,
and current i ¢ are unchanged. Consequently, the current
fluctuates relative to the given value and changes
according to the linear law, the rate of its change depends
on the values u; and uc.

We assume that the current ic and, accordingly,
dic/dt vary according to the harmonic law. The amplitude
of current pulsations Alc,, is determined by the coefficient
of filling the pulses of the AVI voltage y=1¢,, / T (¢,, is
the key activation time, 7 is the modulation period) and
does not depend on the current value. Therefore, we
assume that the given value of the AVI current is zero.
So, we have:

e at u;—0, the value y—0, accordingly, Alg,—0
(Fig. 3,a). For this, the mean value of the current
deviation during the modulation period is AicyAf) = 0.
The rates of growth and decrease of current are different,
which in the case of y > 0 leads to an increase
| Aicgif) | > 0. That is, the mean value | Aigy 0] | gradually
increases;

e the value y = 0.5, when Alg, is the maximum
(Fig. 3,b), meets the condition

aU,,, — Uy, sin@t = | —U,sinar) |, and

aU .
AICm:A]Cmmax:16le,m > €)
M

e at u; = Uy, the value of y is maximal (Fig. 3,c), it
T
can be found under the condition that ju 1dt=0,or
0
Uin(a = 1)y + Up,n(0 = 1)(1 =) = 0.
Accordingly, Y. = 1/a and

_ 7(‘1_1)U1m ) 4)
Cml 4LfM
/ /
Urp / \\_HTR /
/ /
/ \ /
/ \ /
/ \/ Aic \/

Fig. 3. Determination of amplitude of pulsations and error
of current processing of the AVI with PWM
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We take into account the relation of the rate of

change of ic and the reference voltage dl;% > dic . The

dt
value dur =4uzp,, fyr - The maximum value dic/dt
takes place, when u;, = 0 — U,,, = -Uy,, and equal to
dic _ Uy durg Ui
— = , =4u >—" (umgm —
d L dt o == (v
amplitude of uzg), from here
Yy
>—0—, 5
Im yI—; ®)
T
Based on the condition _[ urdt=0, we can
0

determine dependencies y(f) and Alc,(¢). So, for uc > 0
we have Uj,(a — sinaX)y + U,(0 — sinax)(1 — y) = 0.
From here

_ sinawt
pt
- . 1—y)aU
Current deviation amplitude Al :w.
2Lfy

Taking into account the value of y we obtain
Al oy (t)= Y (asin @t —0.5+0.5cos2et). For uc < 0
2aLfM

we have the same situation. So,

U
AICm(t): l}nM

(]a sin a)t| —-0.5+0.5¢cos 2a)t),
2al,

AiCAV(t): uTL};m sinwt .

The boundary is the mode where the current error
amplitude [, approaches uzg,, and Alc,; =0 at a = 1. In
general, it is necessary to fulfill the condition

Ly + Al gy ugp - (6)

Otherwise there is an additional (superfluous)
switching of the keys of the inverter.

The amplitude ug, can be determined according to
(5), then the amplitude of the fundamental harmonic of

the current error, accordingly to (4) and (6) [, < s
(14Lf M

or

I, <“Rm 7)
a
Values y = 05

A, at and  Ymax

(a=1)

are,

. a
respectively, Al oy, max < ZuTRm , Al oy = UTRm -

Let's turn to relative value Alc,max (to the amplitude

Al .
Temmay) € =—CMMAX then accordingly to (2), (3)

Cmmax
aw
> . 8
fm L6he (®)
So, for example, at 5 = 0.15, ¢ = 0.05,

a = 1.3 values Im = 0.77uTRm, A]Cmmax = 0.325MTR,,,, AIle =
= 0.23uTRm. If ICmax =25 A (ICmmax = 35.35 A), the
modulation frequency by (8) fi; = 3400 Hz, then Alcmax =

=1.77 A. Here I, :izAICmmax =4.19 A.
a

To reconcile the scale of the quantities in the direct
channel of deviation, coefficients are introduces (Fig. 2):

a . L o
k = ————— (without taking into account transmission

4A1Cm max

coefficients of sensors and uzg, = 1) and j = Uluzg,,.
Without taking into account the modulation
components, the «smooth» component of the reactor

voltage according to (1)
di' :
uleulc—ulzLthzjuK—ul (ug is the
control voltage varying within (—u7g,, Urrm), u'e, i'c are
the voltage and current without taking into account

L dilc

modulation components). From here uyx =— +u—.l.
Jodr
Error Aicyy = 0 provided that i'c=i'c, respectively,
¢ 1
e = dz_c From here
dt dt
Ldi*
ug =—C 2 ©)
J dt j

In the case i = 0, the value ugx = u,/j. The voltage
u, is measurable and the static error can be compensated
by the introduction of the corresponding connection (link
K in Fig. 2).

The exclusion of the current error caused by the
perturbation by the control signal is possible using the
differential link of dynamic compensation (DC) according
to (9) in the AVI current assignment channel.

In real conditions, U; varies in certain limits. With
the change of U, at constant fy, (8) b'=b/U;*

(Uy*=U,/Uyy, where Uy is the nominal voltage),

’

a'=alUy*, c’=%bc, which requires readjustment of
a

the CCC. Another version of the compensation of static

error is the introduction of the integrative link (Fig. 4)

with the coefficient g = fj/k, which calculates the actual

value of 4ic4(f) and adds it to the signal of deviation of

current.

The proposed structure of the CCC of the AVI
(Fig. 4) contains final devices, a proportional link with
coefficient k, an integrative link, multipliers, a block of
comparators BC, a generator of reference voltage GRV, a
block of phase auto-adjustment of frequency PLL, a link
of dynamic compensation DC. According to the signal of
the setting of the amplitude of the current of the grid 7*,,
from the output of the external voltage regulator OR (it
supports the voltage at the AVI input at a given level
U = U*) a sinusoidal signal of the grid current setting i*;
is formed, which, when generating energy of the SC to the
grid is shifted relative to voltage u; by 180°, and in the
case of power consumption from the grid coincides by the
phase. The AVI current setting is determined taking into
account iy and the capacitive current component of the
filter with the amplitude /4,1y = @CU,,,. PLL according to
the DG voltage u; = U, sinot and the given value of the
angular frequency w, forms signals sinat, cosar.
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W KI1-K4

Fig. 4. CCC structure

Simulation in Matlab and its results. It made with
combination of nonlinear load (uncontrolled rectifiers
with output capacitance filter and RL-load) and RL-load
(Iimay = 19.6 A, ¢qy = 27°). The DG contains the
resistances R = 0.02 Q, X; = 0.02 Q. Reactor with
L=0.0042Hand R =0.1 Q, R;,=0.3 Q, C,= 60uF. AVI
parameters: Icmax = 25 A, fiy = 6800 Hz, U = 405 V
(a=1.3).

Three variants of CCC are considered: variant 1 —
with DC and compensatory connection by u,; variant 2 —
with DC and the integrating link; variant 3 — using PI-
regulator with adjustment on the symmetric optimum

4L L
W(p)=———t—— (1, =1/ fur K =k j).
8KT, 8KTZp "

Variant 3 at nonlinear load is operational only with
DC and compensating link by u; and has the worst
performance at small DG current values.

For example, in the case of /*,, = 3 A, the value
Limay = 2973 A, THDi; = 479 %. Under the same
conditions for variant 1 I,y = 2.943 A, THDi, = 3.41 %,
for variant 2 I,y = 2.966 A, THDi, = 2.68 %. In
addition, variant 2 has the best DG current spectrum
(Fig. 5) and provides THDi; < 5 % in the range of values
of I1,, up to 0.05 I1max (Z1mmax 10 this case is 35.35 A). In
the case of change of u, variant 2 does not need to be
readjusted, so by U* = 0.85 at I*},, =3 A, I;,,q) = 2.97 A,
THDi; = 2.5 %. In variant 1, under the same conditions,
Iimay = 3.3 A, THDi; =2.83 %, which implies a change in
the coefficient in the link K (Fig. 2).

Oscillograms of uy, uc, i1, Alc,(f) at the linear load
with the DC are shown in Fig. 6. Oscillograms of u, uc,
i1, ic, iy for I*, = 3 A at the combined linear and
nonlinear load (rectifiers with capacitive filter and RL-
load) for variant 2 are shown in Fig. 7 (I*,, = 3 A,
Limay=2.97 A, THDi; =2.97 %).

For comparison in [3] with use in the CCC of the PI-
regulator at f, = 20 kHz, I,,, = 10 A (I, = 20 A, current
amplitude of the nonlinear load 7;,, = 9 A), the value of
THDi, = 4.8 %.

— FFT analysi

Fundamental (50Hz) = 2.943 , THD= 3.41%
2L B
3
5
% L5 a B
°
c
=1
[
S 1r i
&
g
=
0.5+ B
0 AR0Nu. Hulnlal
0 5] 10 15 20 25 30 35 40
— FFT analysi Harmonic order
Fundamental (50Hz) = 2.966 , THD= 2.68%
T T T T T
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Conclusions.

Based on the received dependencies of the amplitude
of the pulsations of the AVI output current and the
fundamental harmonic error according to the voltage at
the AVI input, the PWM frequency and the inductance of
the output reactor, the parameters of the links to
compensate for disturbing influences are justified. It is
shown that the compensation of the perturbation of the
DG voltage using in the channel of the current deviation
of the integral link does not require readjustment in the
event of a change in the voltage of the grid. The proposed
structure of the CCC of the multifunctional AVI with a
combination of proportional, integrative and differential
links with their respective parameters allows for a limited
value of PWM frequency of 6800 Hz to expand the range
of current values i; at the point of connection to the grid
in the direction of lower values up to 0.05 from the
maximum current value at the value of THDi; <5 % In
this case, the value of the inverter voltage and the PWM
frequency are determined according to the DG voltage,
the reactor inductance, the maximum values of the AVI
current and the amplitude of its pulsations. The results are
obtained for relative values: amplitude of current
pulsations ¢ = 0.0025, the voltage drop on the reactor at
the maximum current (for the 1st harmonic) b = 0.15 and
a =1.3. A further direction of work is the development of
a model for researching the AVI operation, taking into
account the discreteness of the operation of the digital
control system, to clarify the requirements for its elements
and to assess real indicators.
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PECULIARITIES OF THE MANIFESTATION AND INFLUENCE ON THE
ELECTROMAGNETIC PROCESSES OF THE TRANSIENT SKIN EFFECT IN METAL
CONDUCTORS WITH PULSED CURRENT

Purpose. Preparation of brief scientific review of basic results of the known theoretical researches of the electrophysics
phenomenon of linear transient skin effect (TSE) in the non-magnetic homogeneous massive conductors of flat and cylindrical
configurations on which in the discharge electric circuits of high-voltage electrophysical installations (EPHI) the pulsed currents
iy(t) flow with given amplitude-temporal parameters (ATPs). Methodology. Theoretical bases of electrical engineering, bases of
theoretical electrophysics, electrophysics bases of technique of high-voltage and high pulsed currents. Results. The brief scientific
review of results of the known theoretical researches of the electrophysical phenomenon of linear TSE in non-magnetic
homogeneous massive flat and cylindrical metal conductors with pulsed axial (azimuthal) current i,(t), formed in the discharge
circuit of powerful high-voltage EPHI. In the generalized and systematized form the basic features of manifestation of linear TSE
in the indicated conductors and influence of the considered skin effect on electromagnetic processes are presented at flow in
conductors and discharge circuit of a high-voltage EPHI with the pulsed current i,(t) time-varying by law of attenuated sinewave.
Influence of linear TSE is described in non-magnetic massive conductors during transient in a discharge circuit of EPHI with the
pulsed current i(t) of given ATP, depth of penetration of the electromagnetic field in materials of the indicated conductors, own
integral electric parameters of the considered conductors and their good quality in the high-current discharge circuit of high-
voltage EPHLI. It is shown that at the analysis of electromagnetic transients in high-current discharge electric circuits of powerful
high-voltage EPHI it is necessary to take into account flowing in materials of the examined massive conductors of such known
electrophysical phenomenon as linear TSE. Originality. Generalization and systematization is first executed regarding domestic
and foreign scientists-electrical engineers’ results of theoretical researches for long-term period of the electrophysics
phenomenon of linear TSE in the flat and cylindrical metallic conductors of different thickness with the pulsed current iy(t)of
given ATP. Practical value. The results presented in the generalized and systematized form will be useful for electrical engineers
in deepening of understanding of basic features of manifestation in non-magnetic massive homogeneous conductors with the
pulsed current iy(t) of given ATP of such widely widespread in area of high-voltage high-current pulsed technique electrophysics
Pphenomenon as linear TSE and its influences on electromagnetic transients in similar metallic conductors and high-current
discharge circuits of high-voltage EPHI. References 28, figures 2.

Key words: metal conductors, pulsed current, linear transient skin effect, features of the manifestation of linear skin effect in
conductors and its influence on electromagnetic processes.

Ilpusedenuii Kopomxuii 02110 pe3yibmamie Gi0OMUX MEOPEMUUHUX OO0CTIONCEHb eNeKmPOoPi3uUH020 AGUWA TIHITIHO20
HecmauionapHnozo noeepxuesozo epexmy (HIIE) ¢ nemaznimnux 00HOPIOHUX MACUGHUX NIOCKUX | YUTTHOPDUYHUX MeEMAeeUx
NPOGIOHUKAX 3 IMHYIbCHUM QKCIQNbHUM (A3UMYMHUM) CPYMOM, W0 (HOpMYEmMbCcA 6 pOo3PAOHOMY KOJIi 6UCOKOBOAbMHOL
enekmpoizuunoi ycmanosku (EQY). Y yzazanonenomy i cucmemamu3zosanomy eu2nadi npeocmaeneni 0CHO8HI 0codueocmi
npoagy niniiinoco HIIE y exazanux npogioHuKax i 6naugy Oamozo CKiH-epeKkmy Ha eneKmpomazHimui npouecu, uio
npomixkaioms 6 nPogionuKax i po3paonomy koni EQY 3 imnynscHum cmpymom, uio 3mMiHIOEMbCA 8 HACI 3 3AKOHOM 3amyxaro4ol
cunycoiou. Onucanuii énnue niniiinozo HIIE na mpueanicmev nepexionozo npouecy 6 po3paonomy koni E®Y, zaubuny
NPOHUKHEHHA eeKMPOMAZHIMHO20 NOJA 68 Mmamepian NpoGiOHUKI8, 61ACHI eleKmpuuHni napamempu npogioHuKie i ix
doopommuicmy ¢ po3psaonomy koni E@Y. bion. 28, puc. 2.

Kniouogi cnosa: merajieBi NpoBiIHMKH, iMIIyJILCHUI cTPYM, JIiHiliHUH HecTamioHapHMii MoBepXHeBUi edeKT, 0cO0IUBOCTI
NposiBY JIiHil{HOr0 cKiH-edeKTy B NPOBiTHUKAX i i{0r0 BIIUBY HA €J1eKTPOMATHITHI MpoO1eCH.

Ilpugeden Kpamkuii 0030p pe3yIbmMamos U3BECHIHBIX MEOPEMUUECKUX UCCTEe006AHUIL IIEKMPOPU3UUECKO20 AGNEHUSA
JIUHEIH020 HeCMAYUOHAPHO20 NOo6epXHOCMHO020 Ipghexma (HIID) 6 HemazHuUmHbIX 0OHOPOOHBIX MACCUBHBIX HNIOCKUX U
YUIAUHOPUYECKUX MEMAIUYECKUX NPOGOOHUKAX C UMAYIAbCHBIM AKCUATIbHLIM (A3UMYMANbHBIM) MOKOM, (hopmupyemvim 6
PA3pAOHOIL Yyenu 8blCOKOBONbMHOIU I1eKmpoghuzuyeckon ycmanoeku (ADY). B 0600uiennom u cucmemamusupo8annom euoe
npeocmaenenvl OCHOBHble 0cofennocmu nposenenus auneinozo HIID ¢ ykazanuvix npoeoOHUKAxX U GAUAHUA
PaAccmMampueaemozo0 CKuH-3(pghekma Hna IneKmpomazHuUmMHwle RPOUECCHl, NPOMEKAuiUe 8 NPOGOOHUKAX U PA3PAOHOU yenu
DY ¢ umnynscnvbim mMoKOM, USMEHAIOWUMCA 80 8PeMeHU RO 3AKOHY 3amyxalouieii cunycouosl. Onucano enuanue aUHENHO20
HIID na onumensnocms nepexoonozo npoyecca ¢ pa3paonoi yenu IDY, enyouny npoHUKHOGEHUA IIEKMPOMAZHUMHO20 NOJIA 6
Mamepuan npoGoOHUKO8, COOCMEEHNble INIeKmpuiecKue nApamempsl nNPOGOOHUKOE U UX 00OPOMHOCHL 6 PA3PAOHOI Uenu
IDY. bubn. 28, puc. 2.

Knrouesvie cnosa: Mmerajuim4eckue NPOBOJAHNUKH, UMIIYJIbCHBINH TOK, JUHEHHbIH HECTALMOHAPHBINH NOBEPXHOCTHLIN 3P dexT,
0C00eHHOCTH NMPOsIBJIEHUS TUHEHHOI0 CKMH-3(peKTa B NPOBOAHUKAX M €r0 BJIUSHUS HA 3JIeKTPOMATHUTHbIE NPOLecChl.

Introduction. In high-voltage high-current pulse scientific and electrotechnological goals in practice [1-6].
technology, electrophysical installations (EPHI) have In this case, non-metallic and insulated conductors are
been widely used, which are designed to achieve various
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commonly used in electric power circuits of such EPHI,
the current-carrying parts of which contain non-magnetic
conductors made of materials with high electrical
conductance yc (for example, copper and aluminum) and
through which pulsed currents i,(f) with different
amplitude-temporal parameters (ATPs). The sources of
generation in EPHI circuits of pulsed axial (longitudinal)
and azimuthal (circular) currents i,(¢), as a rule, are
powerful capacitive (CES) or inductive (IES) energy
storages [1-3]. Considering the physical nature of the
formation and flow of a pulsed current i,(¢) in conducting
media, in these materials of conductors of discharge
circuits of EPHI with CES (IES), transient skin effect
(TSE) appears, the study of which was given quite a lot of
attention [2, 7-19]. Nevertheless, today there are
practically no publications in the scientific world devoted
to the generalization and systematization of the results of
theoretical studies of the phenomenon of TSE in metal
conductors with a pulsed current i,(f) of various ATPs for
many years obtained by domestic and foreign scientists in
the area of electrical engineering. Therefore, the
preparation at the first stage of even a brief overview of
the main publications on TSE in conductors is of
scientific and practical interest. We also indicate that the
available foreign publications (for example, [20-22]) are
mainly devoted to the study of the stationary skin effect in
metallic conductors. In this regard, the preparation of a
brief review of well-known works on the phenomenon of
TSE in conductors of EPHI with a pulse current i,(#),
containing the main results of its manifestation and
influence on the electromagnetic processes occurring in
them and in the discharge circuits of EPHI, is an
important task.

The goal of the paper is performing a brief
scientific review of the main results of the well-known
theoretical studies of the electrophysical phenomenon of
linear TSE in nonmagnetic homogeneous massive
conductors of flat and cylindrical configurations, along
which pulsed currents i,(f) with given ATPs flow in the
discharge electric circuits of high-voltage high-current
EPHIs.

1. Problem definition. Consider non- and insulated
solid non-magnetic homogeneous conductors with flat
(Fig. 1) or cylindrical configuration (Fig. 2) [2, 13] that
are widely used in high-voltage EPHIs. We assume that
for the considered conductors with thickness % or b (see
Fig. 1, 2), inequalities of the form A/Ac>>1 and b/A>>1
are satisfied, where AC:[2/(a)p/¢0yc)]”2 is the penetration
depth in the stationary (steady-state) mode of the external
electromagnetic field with the circular frequency w, in
time ¢ into the conductor material with electrical
conductance yc, and u=47-107 H/m is the magnetic
constant [2]. In this regard, a sharp manifestation of the
skin effect takes place in the indicated conductors of the
discharge circuit of the EPHI, and the conductors can be
considered massive [2, 9, 13]. The cases when A/A<1
and b/Ac<1 are atypical for conductors used in high-

current discharge circuits of the EPHI, and therefore they
are not of particular interest.

Z
/
H; ——E,
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= X
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l
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Fig. 1. Flat massive non-insulated metal conductor with pulsed
axial electric conduction current i,(f) flowing along its
longitudinal axis OZ (Es, Hy are, respectively, the strength of the
pulsed electric and magnetic fields on the outer flat surface of
the conductor) [13]

Fig. 2. Cylindrical massive non-insulated metal conductor with
pulsed axial electric conduction current i,(¢) flowing along its
longitudinal axis OZ (Es, Hy are, respectively, the strength of the
pulsed electric and magnetic fields on the outer cylindrical
surface of the conductor) [13]

We believe that the electrical conductance yc of the
material of the conductors is almost the same in time ¢
value, and the linear dimensions of the conductors (their
length / and width a) significantly exceed their thickness
h or radius b. The displacement currents in the Maxwell
equations for the studied conductors are neglected
[2, 12]. Let in considered conductors along their
longitudinal axes OZ only pulsed conduction currents
i,(t) with arbitrary ATPs flow. It is required, based on
the published results of investigations of linear TSE in
the considered non-magnetic homogeneous massive
metal conductors of the discharge circuit of the EPHI
with pulsed current 7,(¢) of specified ATPs, to formulate
in generalized and systematic form the main features of
the specified skin effect manifestation and its influence
on the electromagnetic processes occurring in the
material of conductors and discharge electric circuit of
the EPHI.

2. The main features of the manifestation of
linear TSE in massive conductors with pulsed current.
We confine ourselves to the case typical for high-power
high-voltage EPHI, when the pulsed current i,(¢) in the
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studied conductors changes in time ¢ according to the law
of a damped sinusoid and is described by the well-known
relation of the form [9, 13]:

i (1) =kpl 1 exp(=0 1) sin(@ i) , (1
where 1,,1, J,, w, are, respectively, the first amplitude,
attenuation coefficient and circular frequency of
oscillations of the pulsed current in the discharge electric
circuit of the EPHI; k,=[exp(-d,/w,arcctgd,/w,)x
><sin(arcctgép/cop)]’1 is the normalization factor (k,>1).

The temporal dependence (1) for the current i,(¢)
makes it possible to establish the main and characteristic
features of the space-temporal distributions of the
strengths of the pulsed electromagnetic field in the
materials of the studied massive conductors and their
influence on the electrical parameters of the conductors,
as well as on the behavior of transient electromagnetic
processes in the discharge circuits of high-voltage
EPHIs.

2.1. Features of the distribution of the strength of
a pulsed electric field in the material of conductors.
The data of analytical solutions of linear diffusion
problems for penetration into a cylindrical tubular metal
conductor, often used in the discharge circuit of EPHI
with a pulse current i, (f) of a temporary form (1), the
strengths of a pulsed axial E; and azimuthal Ej electric
fields given in [14, 15] makes it possible to formulate the
following main features of the manifestation of linear
TSE in the specified conductor:

e the first amplitude of the strength E; of the pulsed
axial electric field in the outer layers of the massive
conductor wall is significantly less than the corresponding
strength characteristic of the steady-state (stationary)
electromagnetic process in the conductor material. For the
outer surface of a massive conductor, this discrepancy
between the non- and stationary modes of penetration of
this field is approximately 33 %;

o the amplitude of the first half-wave Ej of the pulsed
azimuthal electric field strength on the outer surface of
the massive conductor wall is approximately 31 % less
than in the stationary mode of penetration of a similar
field into it;

o the strengths E; and E, of the pulsed electric field on
the outer surface of the massive conductor wall are
characterized by an increased slew rate on the frontal
parts of their first half-waves, the duration of which turns
out to be significantly less (from 30 to 35 %) to the
duration of the next half-waves of this field change;

o the strengths E£; and E, of the pulsed electric field
faster become steady in the inner layers of the wall of a
non-magnetic massive conductor with pulsed axial or
azimuthal current;

e full attenuation in the material of the massive
conductor of the indicated strengths E, and E, of the
pulsed electric field occurs almost at the depth of its wall,
approximately equal to SAc.

2.2. Features of the distribution of the strength of
a pulsed magnetic field in the material of conductors.
The results of a linear TSE study in the specified massive
cylindrical conductor, presented in [14, 15], indicate that:

o the first amplitude of the strength Hj of the pulsed
azimuthal magnetic field across the entire wall thickness
of the massive conductor in the transient penetration
mode is much larger than in the stationary one. This
discrepancy in the values of the strength H, for the inner
layers of the wall of the conductor considered reaches up
to 35 %;

o the first half-waves of the strengths Hy u H; of the
pulsed magnetic field as it penetrates into the inner layers
of the wall of a non-magnetic massive conductor undergo
a considerable attenuation in amplitude and change in
shape. There is a smoothing of their frontal parts and a
shift of their amplitude values towards longer times;

o the first amplitude of the strength H; of the pulsed
axial field into the inner layers of the conductor wall is
approximately 32 % higher than its corresponding values,
determined from the condition of the steady-state
(stationary) electromagnetic mode of its penetration into
the conductor material;

o the strengths H, and H of the pulsed magnetic field
faster become steady in the outer layers of the wall of the
massive conductor with pulsed current;

o full attenuation in the non-magnetic material of the
massive conductor of the indicated strengths Hy and H; of
the pulsed magnetic field practically occurs at a depth of
its wall equal to about SAc.

3. Main features of the influence of linear TSE in
massive conductors with pulsed current on the
electromagnetic processes in them and in the
discharge electric circuit of the EPHI. Based on
presented in [2, 8-10, 12-19] the results of studies of
linear TSE in flat and cylindrical conductors with pulse
current i,(f) varying in time ¢ according to (1), it can be
concluded that its (skin effect’s) the main effects are as
follows.

3.1. The effect on the duration of the transient in
the discharge electric circuit of the EPHI. Analysis of
the obtained data for linear TSE in massive conductors
with pulsed axial (azimuthal) current i,(f) of the form (1)
indicates that the transient process of becoming steady of
the strengths of the pulsed electromagnetic field in their
non-magnetic homogeneous (isotropic) material lasts
almost one and a half period 7, ( no more than 37/w,) of
changes of the external field generated by the considered
discharge current of the EPHI near their outer surfaces.
This circumstance is clearly indicated by the results of
studies in [9, 16] of pulsed penetration of plane
electromagnetic waves into a flat non-magnetic massive
wall of a tubular conductor of unlimited radial
dimensions, as well as by theoretical data from [14, 15]
on the study of linear TSE in a non-conductive cylindrical
tubular conductor with arbitrary wall thickness with
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pulsed axial or azimuthal current i,(¢) of a temporary form
(1). Therefore, the duration of the transient
electromagnetic process in the discharge circuit of a high-
voltage EPHI with massive metal conductors (tires), due
to transient diffusion in their walls of the external pulsed
electromagnetic field strengths with an oscillation period
T,, practically does not exceed the value 1,5-7, = 3n/c,,.

3.2. The effect on the depth of penetration of the
electromagnetic field into the material of conductors.
As is known, to calculate the depth of penetration Ay in
the transient (unsteady) mode of the external pulsed
electromagnetic field into the considered non-magnetic
massive homogeneous conductors of the discharge circuit
of the EPHI, the following analytical relation can be used
[13,23]:

Ay =Hg(ycEs), 2
where Es, Hy are, respectively, the strengths of the pulsed
electric and magnetic fields on the outer surface of a flat
(cylindrical) conductor (see Fig. 1, 2), the non-
ferromagnetic material of which has a constant electrical
conductance yc.

Knowing in (2) the temporal dependencies of the
surface strengths Eg and Hs of the pulsed electric and
magnetic fields for the considered flat and cylindrical
conductors included in the discharge circuit of EPHI with
time-varying in ¢ according to the law (1) the pulsed axial
(azimuthal) current 7,(?), it is relatively easy to determine
the desired penetration depth Ay for transient process of
diffusion of the external pulsed electromagnetic field into
their walls and is compared with the known classical
penetration depth A characteristic of the steady-state
(stationary) field diffusion mode.

From the analysis of the results obtained in [13,
23], it follows that in the area of the first half-wave of a
pulsed damped sinusoidal axial current i,(f) according to
(1) (0y/,=0,3; ®,=666,58 kHz; 7,=9,42 us) flowing
through a round solid copper tire (b=2,5 mm;
yc=5,81-107 S/m; A=0,202 mm; b/A=12,37) of the
radio frequency cable brand PK 75-33-17 [24], the value
of the depth of penetration Ay of the field into this core
for the transient mode, compared with the value of the
depth of penetration A into it of a similar field for the
stationary mode, is approximately 37 % larger. For the
area of the second half-wave of the pulsed
electromagnetic field penetrating into a cylindrical tire,
the value of Ay becomes 19 % less than the value of Ac
characteristic of the stationary mode of penetration of
the external electromagnetic field into the specified
massive conductor. In the area of the third half-wave of
the investigated type of electromagnetic field, the ratio
An/Ac approaches almost 1. Therefore, for the analyzed
case, the depth of penetration Ay of the pulsed
electromagnetic field into the massive cylindrical
conductor varies most noticeably in the interval of the
first two half-waves of this field or the pulsed current
i,(f) described by (1).

The above feature for the temporal distribution of Ay
allows to explain from electrophysical positions the
nature of the value of the intensity £5 of the pulsed axial
electric field on the outer surface of the massive
cylindrical conductor during a transient in the discharge
circuit of the EPHI (see subsection 2.1). It is a mentioned
increase in Ay (by about 37 %) in the first half-wave area
of the penetrating pulsed electromagnetic field, in
transient mode, by reducing the instantaneous value of
active resistance Ry of the current skin layer in the
massive cylindrical conductor, results in a corresponding
decrease (approximately by 33 %) in the first half-wave
amplitude of the surface strength Ezg of the pulsed axial
electric field (respectively, also the drop of the pulsed
electric voltage on this conductor [25]) by comparing to
its value in the steady state diffusion mode of similar
alternating field into the consideration conductor. In the
area of the second half-wave of the discharge current i,(f)
of the form (1), the decrease in Ay (by about 19 %)
results, due to an increase in the instantaneous value of
the active resistance Ry of the current skin layer in the
massive cylindrical conductor, in a corresponding
increase in the transient penetration mode into it of the
analyzed field of the specified amplitude of the strength
E s of the axial electric field on the outer surface of the
conductor.

Therefore, it can be stated that the nature of the
penetration mode (transient or steady state in the
electrodynamic sense) into the indicated massive flat and
cylindrical conductors of the discharge circuit of the EPHI
of the external electromagnetic field significantly affects
the calculation of its penetration depth into their non-
magnetic materials.

3.3. Influence on the intrinsic electrical
parameters of the conductors of the discharge circuit
of the EPHI. The values of active resistances Ry, and
internal inductances Ly, (external inductances determined
by the geometry of the conductors and not dependent on
the electrodynamic mode of current propagation in them,
are not considered) for non- and massive flat and
cylindrical conductors, averaged over an arbitrary time
interval [f;, #,] used in the discharge circuits of high-
voltage EPHIs with pulse current i,(¢), can be represented
in a generalized electrical engineering form [26, 27]:

Rya =kgRy; 3)

Lyg =kiLo, )
where Ry,, Ly, are, respectively, the active resistance and
internal inductance of the conductor, taking into account
the influence of the apparent TSE in them; R,, L, are,
respectively, the known values of active resistance and
internal inductance of a conductor when DC flows
through it [2, 28]; kz, k; are the dimensionless coefficients
that take into account the influence of the transient mode
of penetration of the external electromagnetic field into
the conductor material, respectively, on the values of its
active resistance and internal inductance.
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It is interesting to note that according to data from
[26, 27] for a non-massive continuous cylindrical
conductor of radius b with pulsed axial current i,(¢) of the
form (1) with b/Ac<1, the coefficients kz and k; in (3), (4)
become equal to 1 and its pulsed electrical parameters Ry,
and Ly, take values characteristic of DC in it. This
circumstance, corresponding to the well-known
provisions of theoretical electrophysics [2, 6], may
additionally indicate the reliability of both the approach
used in [26, 27] and the results obtained on its basis for
the electrical parameters of the studied conductors with
pulsed current i,(?).

In (3), (4), the electrical parameters of Ry, and Ly,
are understood to be constant over the time interval [z, 7]
the values of active resistance and internal inductance of
the conductor under consideration, which by the time
point #>t; cause in its material the same changes of
energy of thermal (Joule) losses and magnetic field
energy, as the time variable values of active resistance Ry
and internal inductance Ly of the conductor. Note that in
[28] for the case of a sharp manifestation of a stationary
skin effect in a nonmagnetic massive solid cylindrical
wire of radius b (see Fig. 2) with a variable sinusoidal
axial current of frequency f, the following classical
calculation relations were obtained for its current
oscillations averaged over a half-period’s area duration
0,5 ! values of active resistance R. and internal
inductance L¢:

Re =05l(zmbyeAc) s (5)

L =0.25uyAc ()" (6)

For comparison at d,/w,=0 of the values of the active
resistance Ry, and the internal inductance Ly, of the
massive continuous cylindrical conductor of radius b with
apulsed axial current i,(¢), found taking into account the
influence of the TSE, with the corresponding values of its
active resistance R and internal inductance L, calculated
in the stationary mode, at b/A>>1 the following relations
can be used [26]:

Rya/Rc =2Ackg /b (7
Lya /Lo =0,5bk; /Ac . (8)

Analytical and graphical dependencies for the
coefficients kz>1 and k;<1 as applied to flow through the
considered massive cylindrical conductor of pulsed axial
current i,(¢) of the form (1) are presented in [12, 26]. We
now turn to the analysis of the effect of the TSE on the
active resistance Ry, and the internal inductance Ly, of a
nonmagnetic massive cylindrical conductor with pulsed
axial current i,(¢) according to (1).

The results obtained in [12, 26] for the conductor
considered indicate that the averaged in the area of the
first half-wave (£=0; t,~n/w,) of the damped sinusoidal
current i,(¢) of the form (1) values of the active resistance
Ry, taking into account the linear TSE are much smaller,
and the averaged in this area values of the internal

inductance Ly, are larger than at the stationary skin effect
in the material of such a conductor. So, at b/A~=10 and
0p/w,=0 for a non-magnetic continuous cylindrical
conductor with pulsed axial current i,(f), the ratio Ry./Rc
by (7) is numerically about 0.75, and the ratio Ly,/Lc by
(8) takes a value numerically equal to about 1.14. It can
be seen that for a massive cylindrical conductor, taking
into account the influence of the linear TSE leads to a
decrease (by about 25 %) of its average active resistance
value Ry, and an increase (by about 14 %) of its average
internal inductance Ly,. It is important to point out that
according to the calculation data from [12, 26] for
relatively thin (non-massive) cylindrical conductors
(b/Ac=1) with pulsed axial damped sinusoidal current i,(¢)
in the discharge circuit of the high-voltage EPHI, the
transient electromagnetic process in their non-magnetic
homogeneous material has practically no effect on the
values of such integral electrical parameters as active
resistance and internal inductance.

3.4. Influence on the quality factor of conductors
of the discharge circuit of the EPHI. The quality factor
(Q-factor) Oy of the considered flat and cylindrical
conductors with pulsed current i () of the form (1) in the
discharge circuit of the EPHI is understood as the
physical quantity determined by the ratio of their internal
reactances to their active resistances and calculated by the
following expression [12]:

Oy =w,Ly/Ry. )

For a non-magnetic massive solid cylindrical

conductor with a pulsed axial current i,(f) of the form (1),
expression (9) according to [12] can be written as follows:
Oy =0,25b%k; [(AXkp). (10)

Based on (9) and taking into account (5) and (6),

for the specified massive (b/Ac>>1) cylindrical
conductor at a stationary mode of manifestation in its
non-magnetic material of the skin effect, the value of
quality factor takes a numerical value equal to Oy=1.
This result corresponds to the well-known classical
provisions of theoretical electrical engineering [28]. And
how does the linear TSE, which manifests itself in their
materials, affect the Q-factor Qy of the considered
conductors? From (10) and analysis of the results of
theoretical studies of this skin effect in nonmagnetic
massive conductors with pulsed axial current i,(7) of a
temporary form (1), presented in [12, 26], it follows that
for a massive solid cylindrical conductor with b/A~=10
(in the case of J,/w,=0) its Q-factor in the transient
mode becomes numerically equal to about Qy=1.52. It
can be seen that linear TSE compared with the steady-
state (stationary) skin effect leads to a significant
increase (by about 52 %) of the value of Q-factor Oy of
the specified massive conductor with pulsed current
i,(1), connected in the high-current discharge circuit of
the EPHI. Note that a similar result for the quality factor
Oy was also obtained when calculating the integral
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electrical parameters for an infinitely thick flat
conductor with a pulsed sinusoidal current in a transient
mode [8]. From this we can conclude that in order to
achieve in the discharge circuit of the powerful high-
voltage EPHI that generates high pulsed currents and
high pulsed magnetic fields on an electrical load, high
values of Q-factor of its current-carrying busbar, in it (in
this busbar) non-magnetic massive conductors must
be used.
Conclusions.

1. From the presented data of the review, it follows that
the linear transient skin effect in the metal conductors
under consideration, compared with the stationary skin
effect in them, in the first half-wave of the damped
sinusoidal pulsed current i,(f) leads to a significant
decrease (up to 33 %) on the outer surface of the
conductors of the value of the strength of the pulsed
electric field, a significant increase (up to 35 %) in the
inner layers of the conductors of the value of the strength
of the pulsed magnetic field, a noticeable increase (up to
37 %) in the depth of penetration of the external
electromagnetic field into the conductor material, a
decrease (up to 25 %) in the average active resistances of
the conductors, an increase (up to 14 %) in the average
internal inductance of the conductors and an increase (up
to 52 %) in the Q-factor of the conductors, as well as to
the flow in the discharge circuit of a high-voltage high-
current  electrical  installation of a  transient
electromagnetic process with a duration of up to one and a
half period of change of its pulsed current i,(f) of the
specified temporary type.

2. The above-described features of the manifestation
and influence of a linear transient skin effect in indicated
non-magnetic homogeneous massive conductors of
discharge electric circuits of high-voltage high-current
electrical installations must be taken into account when
designing and choosing the design of flat (cylindrical)
busbar of discharge circuits of similar electrophysical
installations, as well as when solving applied problems of
obtaining on certain electrical loads of specified current
(voltage) pulses with the specified parameters.
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TECHNOLOGICAL MONITORING OF ELECTRICAL RESISTANCE OF PRESSED
CABLE CONDUCTORS IN PRODUCTION CONDITIONS

This paper presents results of control of electrical resistance R production pressed aluminum cable conductors. Control of
electrical resistance in manufacturing of cable production is the most massive non-destructive test, which provides a compromise
between the manufacturer's costs for a high-conductivity material on the one hand and the user's operating costs from
conducting heating losses on the other. For the adoption of technological solutions for the use of hot compression of solid
aluminum wires (instead of cold drawing technology) for a specific size, a reliable determination of the probability of
unacceptable values of electrical resistance R > R (probability of claims) in large masses of products is necessary. The application
of statistical analysis of measurement results using the mathematical apparatus of boundary distributions is considered. In this
case, the subject matter of the analysis is the distribution of the limit values of the control parameter, which makes it possible to
reliably estimate the likelihood of the appearance of inadmissible values (probability of claims). An algorithm for determining the
probability of the appearance of impermissible values of the electrical resistance R > R (probability of claims) for solid aluminum
wires of low and medium voltage cables in the range of the cross-sectional area (120...240) mm’ based on the analysis of the
results of control of the electrical resistance during a long technological period (18 months) manufacturing in production
conditions. The use of the appeal potential of the technological solution as the cost of products, for which R > R is used, is
proposed. The comparison of the appeal potential of the technology of hot pressing of solid aluminum and the technology of cold
drawing (dragging) provided the same level of specific electrical conductivity of the metal is achieved. References 8, figures 5.

Key words: control of electrical resistance, aluminum cable conductors, technological monitoring, probability of claims,
mathematical apparatus of boundary distributions.

Ilpeocmaesneno pesynomamu KOHMPOJIO 6 yMOBAX GUPOOHUYMEA eeKMPUUHO020 0nopy R npecosanux anominiceux kadenvnux
npogionukie. Konmponb R ¢ KabGenvHomy eupoOHuuymei € Haumacosiuium HepyuHiGHUM 6URPOOYBAHHAM, AKe 3abe3neuye
Komnpomic mixe 3ampamamu 6UpoOHUKA HA mamepian GUCOKOI e1eKmponposionocmi 3 00H020 00Ky, I eKcniayamayilinumu
3ampamamu Kopucmyeaua 6i0 empam HaA HAZPIGAHHA NPOGIOHUKIE 3 IHWL020. [INA NPURHAMMA MEXHON0ZIYHUX PiUieHb U{000
GUKOPDUCMAHHA 2aPAY020 NPECYSAHHA CYUIIbHUX AIOMIHIEGUX MHCUN  (3amicmb MEXHONO2I] XO0N00HOT GUMANCKU) OnA
KOHKpemHux po3mipie xcuiu HeoOXiOHe Haliline 6U3HAYEHHA UMOGIPDHOCHI NOAGU HEOONYCMUMUX 3HAUEHDL e1eKMPUYHO20
onopy R > R (iimogipnocmi pexnamauiii) y eenuxux macusax npodykuii. Po3znanymo 3acmocysanns cmamucmuinozo ananizy
pe3yiomamis 6UMIPIOGAHHA 3a OONOMO2010 MAMEMAMUYHO20 anapamy panudunux poznoodinis. Ilpu ybomy npeomemom ananizy
cmae po3nooin ZpaHuvHUX 3HAYeHb KOHMPObHO20 RAPAMEMPY, W0 OAE MOMNCIUGICHbL HAOINHO20 OUIHIOGAHHA HUMOGIpHOCHI
noseu nedonycmumux 3Hauenv (Umosipnocmi pexknamauiit). Po3pooneno ancopumm eu3HAUEeHHA UMOBIPHOCHI nOAGU
Hedonycmumux 3nauenv enekmpuunozo onopy R > R (iimosipnocmi pexnamauiiy) ons cyuinbHux aniominiesux jcun cunogux
Kabenie nu3bKoi i cepeonvoi nanpyau ¢ dianazoni niowi nonepeunozo nepepizy (120...240) mm’ na ocnosi ananizy pesyrvmamis
KOHMPONI0 eN1eKMmPUYHO20 OROPY 6HPOO0SHC MPUBANOZ0 MeXHONo0ziuHoz0 nepiody (18 micauie) euzomoenenna 6 ymoeax
eupodHUYmMea. 3anponoHo6aAHO GUKOPUCHMAHHA DPEKNAMAUIIHO20 NOMEHYIany MexXHON02iUH020 DIWeHHA AK eapmocmi
npodykuii, ons axoi R > R. Buxonane nopienanna peknamayiiinozo nomenyiany mexnonozii 2apauozo npecyeanns cyuyinbnux
anominiceux i MmMexnoa02ii X0n00HOT eumANCKU (60JI0HIHHA) 3a YMOGU OOCACHEHHA O0OHAKO08020 PI6HA RUMOMOL
enexkmponpogionocmi memany. bion. 8, puc. 5.

Knouosi crnoéa: KOHTPOJAb €JeKTPUYHOrO OINOPY, AJIOMiHi€BI Ka0edbHi NPOBIAHUKM, TEXHOJOTiYHMHA MOHITOPUHT,
HMOBIpHicTh pexjaManiii, MaTeMaTHYHHI anapaT rPAHUYHUX PO3NOALITIB.

Ilpeocmaenensvt pesynomamovt KOHMPONA INEKMPUUECKO20 conpomueiienus R 6 ycnoeusx npouszeodcmea npeccosannbix
ANIOMUHUEBBIX KaDenbHbIX dcul. Konmpons R 6 Kadenvnom npouszeoocmee ANAMbCA HAUOOTEEe MACCOBLIM HEPAZPYUAIOUUM
ucnsimanuem, Komopoe o0becneuugaenm KOMRPOMUCC MeXHcOy 3ampamamiu U320mMoGumens HA Mamepuan 6biCOKOu
I1eKMPOnRPOOOHOCMU, C O0OHOII CMOPOHbBL, U IKCHIAYAMAUUOHHLIMU 3aAMPAMAMU NOIb306amMeNs Om NOmeps Ha HAZpes
npoBoOHUKO08, ¢ Opy20ul. [Insa npUHAMUA MEXHON0ZUYECKUX PeueHuil OMHOCUMENbHO UCNOIb306AHUA 20PAUE20 NPECCOBAHUS
CRIIOWIHBIX AIIOMUHUEBLIX HCUTL (6MECHIO MEXHOI02UU X0JI00HOU bIMANCKI) 0N KOHKPEMHBIX PA3MEPO8 HCUIbl He0OX00UMO
HadejcHoe onpedeneHue GEPOAMHOCIU NOAGICHUA HEOOMYCHUMBIX 3HAYeHUil eKmpuueckozo conpomuenenus R > R
(6epoamnocmu pexnamayuii) 8 601vMUX maccusax npodykuyuu. Paccmompeno ucnonv3oeanue cmamucmuueckozo ananusa
Pe3yIbmamos usmMepeHuil ¢ NOMOWbI0 MAMeMamuieckozo annapama npeoeibHvix pacnpeoenenus. Ilpu smom npedmemom
aHanu3a Cmanoeumcsa pacnpeodeiienue NPedebHblX 3HAYEHUIl KOHMPONbHOZO0 napamempad, 4mo Odem 603MOMNCHOCMD
HA0EMHCHO20 onpedeleHUs 6ePOAMHOCIU NOAGNEHUA HEOONYCIUMBIX 3HAYeHUll (eposamnocmu pexnamayuil). Pazpaboman
anzopumm onpedeneHue GePOAMHOCHIU NOAGIEHUA HeOOMYCHMUMBIX 3HAYEnuii neKmpuueckozo conpomuenenus R > R
(6epoamnocmu pexknamayuii) 013 CHAOWIHBIX ANIOMUHUEEHIX JHCUTI CUNOGLIX Kabeneil HU3KO20 U CPeOHe20 HAnpANCeHUs 6
ouanazone nnowaou nonepeunozo cevenusn (120...240) mm’ na ocnose anmanuza pesynvmamos KOHMPOAA INEKMPUYECKOZO
COnpomMuGIeHus 6 meuenue 0JIUMmenbHO20 MexXHON02U4ecKk020 nepuoda (18 mecayes) uzeomoenenusn é ycnosuax npou3eoocmea.
Ilpeonosceno ucnonvzoeanue peKnamayuoHHO20 ROMEHYUALA MEXHON0ZUYECKO20 PeuleHUA KaK CIOUMOCmu RPoOyKyuu, 01
komopoii R > R. Ilpouseedeno cpagnenue pekniamaylioHHO20 ROMEHUUALA MEXHONOUU 20PAYE20 NPECCOCANUS CRIIOUIHBIX
AIIOMUHUEBBIX HCUL U MEXHOI0ZUU XO0JIO0HOU GbIMAMCKU (80104eHUs) NPU YCTI06UU OOCHMUNCEHUA OOUHAKOBO20 YPOBGHA
YO0enbHOoIl INeKMPOnRPoeooHocmu memanna. buodn. 8, puc. 5.

Krouesvie cno6a; KOHTPOJIb 3JIEKTPUYECKOr0 COMPOTHBJICHHS, ATIOMUHHEBbIE KadeJbHble MPOBOAHNUKH, TEXHOJOTHYECKHIl
MOHUTOPHHT, BEPOATHOCTH peKJIaMaluii, MATeMAaTHYEeCKHIi aNNapaT PAHUYHBIX pacipeaeaTeHUul.
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Introduction and problem definition. The
introduction of technological changes in the production of
cable and wire products, which increase the economic
efficiency of production, always requires the analysis of
the impact of these changes on the relation of interests of
the manufacturer and consumer of products. Here, it is a
matter of solid aluminum wires made by hot pressing
(SSAP — solid soft aluminum pressed), instead of the
technology of cold drawing, which in practice of cable
technology is called dragging. Hot pressing provides the
highest electrical conductivity of the metal with the
simultaneous elimination of the cost of annealing, which
is necessary for recrystallization of the structure of the
conductor due to the cold deformation of compression
during dragging. Providing a high level of electrical
conductivity corresponds both to the interests of the
manufacturer and to the interests of the consumer, since
this characteristic is the basis for providing the electrical
resistance R of conductors. But the value of R is
influenced by a number of structural and technological
factors. Therefore, the monitoring of the electrical
resistance R for conductors is the most massive non-
destructive test in the cable industry, which provides a
compromise between the manufacturer's costs on the
material of high electrical conductivity on the one hand
and the user's operating costs from the losses of heating of
conductors on the other.

Corresponding maximum limit values R are
normalized to provide a sufficiently small electrical
resistance, which determines the energy losses in the
cable, and hence the temperature of its elements and by it,
the durability and reliability of cable insulation in both
operating and emergency modes [1]. In order to make
technical decisions on the use of hot pressing of solid
aluminum wires (instead of the cold drawing technology)
for a specific size of the wire, it is necessary to reliably
determine the probability of unacceptable values of
electrical resistance R > R (probability of claims) in large
masses of products based on the results of technological
monitoring of R.

Analysis of literature. Cable production is
characterized by significant lengths of products with high
requirements for the uniformity of length parameters,
therefore the value of R per unit of length is standardized
[2]. The monitoring of homogeneity of R in length is the
subject of technological monitoring. The problem of
organizing active technological monitoring is conceptual
for automated mass production not only in cable
technology, since between the tasks of receiving and
current technological monitoring there is a significant
theoretical and technical difference [3]. For the key
electrical engineering parameters of mass production,
one-way restrictions are used: for electrical resistance of
conductors — no more than; for electric strength — not less
than, etc. Therefore, for the evaluation of the guaranteed
level of technical parameters of products that ensure its
reliable functioning, it is expedient to wuse the
mathematical apparatus of boundary distributions [4]. The
difference in the technological monitoring from the
receiving one is that possible changes in the technological
process should be recorded by it [4]. That is, the
measurement result is an element of an unknown

statistical array. Therefore, for the purposes of
technological monitoring, it is expedient to use the
mathematical apparatus of the boundary distributions. In
this case, the subject matter of the analysis is the
distribution of the limit values of the control parameter,
which makes it possible to reliably estimate the
probability of the appearance of inadmissible values
(probability of claims).

The number of structural and technological factors
that affect the value of R is very significant. The first is
the cross-sectional area of the conductor. The larger the
area of the section of the continuous wire, the economic
efficiency of the application of hot pressing technology is
higher because of the unnecessary further annealing. On
the other hand, in the process of crystallization of the
metal, after compression its density changes and its
shrinkage [5] is observed, which depend on the
compression mode and the cross-sectional area of the
wire. For a specific size of the wire, a reliable
determination of the probability of the occurrence of
impermissible values of electrical resistance R > R in
large masses of products based on the results of
technological monitoring of R is necessary.

Reliable determination of the probability of the
appearance of inadmissible values of random variable is
still the subject of the search for specific solutions for
specialists in the field of mathematical statistics [6]. It is
obvious that such a determination in production
conditions should take into account the volume of output
and be based on sufficiently well-known and indisputable
statistical models. Known statistical models of
distribution of boundary values correspond to these
obvious requirements [4]. The one-time, even massive,
statistical stability study can not be practically carried out,
the concept of solving applied probabilistic problems is
the well-known Mises concept [7]: the frequency f*(4) of
event 4 is the proportion of the number of events m*(4)
arising from the number of independent attempts »* under
the identical conditions that they may have occurred in:
f*(A4) = m*(A)/n*. Here and further the mark «*» is used
for the values determined experimentally. The
requirement of reproducibility of a phenomenon with the
definition of frequency acquires a quantitative expression
in the form of the principle of constancy of frequencies:

m*(A)/n* = my*(A)/ny* = my*(A)/ns* =.. m*(A)/n*, (1)
that is, the frequency of this event in a series of
independent attempts must be sufficiently identical.

The relation (1) is precisely the principle, since
sufficient uniformity of frequencies can be accepted only
within the framework of a specific problem, but the
requirement of constancy of frequencies naturally follows
from the requirement of the reproducibility of the event.
This requirement is successfully used in practical
statistics [8]. Therefore, it is necessary to reliably
determine the probability of the occurrence of
impermissible values of resistance R > R that should be
performed for the largest cross-sectional area produced
and tested during a long technological period in a series of
independent attempts.

The goal of the work is the development of an
algorithm for determining the probability of the
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appearance of impermissible values of the electrical
resistance R > R (probability of claims) for solid
aluminum wires of low and medium voltage cables in the
range of the cross-sectional area (120 ... 240) mm? based
on the analysis of the results of the electrical resistance
monitoring during a long technological manufacturing
period in a production environment. Determination of the
probability of unacceptable values of electrical resistance
in the current production conditions is the basis for
establishing economically justified guarantees for the
user, first of all, regarding the bandwidth of the cable,
which is guaranteed by the manufacturer in nominal
operating conditions.

Main results. Figure 1 shows the results of the
monitoring of the electrical resistance R under the
conditions of production and, in accordance with the
current certification documentation, for 18 months of
2017 and 2018, of solid aluminum wires of low and
medium voltage power cables made by pressing in the
range of the cross-sectional area (120 ... 240) mm®.

R, Q/km
$J
p <0,027 pQm = .
0.1
M, kg/m

0
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Fig. 1. The dependence of the electric resistance R on the unit
length of the aluminum wire, made by hot pressing, from the
mass M in the range of the cross-sectional area (120 ... 240) mm®:
points — experimental values; solid curves — the dependencies
R = f{M), calculated for the specific electric resistance
0f 0.027 uQ-m (lower) and 0.029 puQ-m (upper)

The dependence R = f{M) of the lateral resistance R
on the particle mass of the conductor is universal,
inversely proportional and its parameter is the specific
electrical resistance p of the wire metal. The results of the
control over 18 months are in accordance with the current
standards regarding the specific electrical resistance of the
wire metal, which confirms the starting thesis that
pressing provides the necessary electrical conductivity of
the metal with the simultaneous exclusion of the cost of
annealing.

A feature is the presence of samples with an
abnormally low mass for each of the nominal cross
sections studied. Such samples appear evenly throughout
the long technological observation period, representing a
relatively small, but substantial part of the tested samples
(from 5 % to 8 %). In accordance with the principle of the
reproducibility of the Mises, the technology of
manufacturing of continuous aluminum wires by hot
pressing ensures the reproducibility of the electrical
conductivity of the metal, but in this particular case does

not ensure the reproducibility of the particle mass of the
metal.

Therefore, in the further development of the
algorithm for determining the probability of the
appearance of impermissible values of electrical
resistance R > R (probability of claims) for solid
aluminum wires of low and medium voltage cables, has
been carried out on the basis of analysis of the data array
(238 values), which corresponds to the principle of the
reproducibility of the event. Data that does not correspond
to the principle of reproducibility of an event are used to
analyze the reasons for the appearance of specimens with
an abnormally low mass.

Figure 2 shows the characteristic functions of the
distribution of electrical resistance of SSAP samples. The
functions of the distribution of the maximum values of
R...x are obtained in two ways: analytically by the formula
(2) and by the computer statistical experiment as the
distributions of the largest values in the corresponding
normally distributed random variables. Both methods
gave the same result, presented in Fig. 2.

Function of the distribution
of electrical resistance F(R)

e’ yu
1 ° ’

0.8

0.6

04

0.2

0
1.15x10~ 4 1.25x10~ 4 1.35x10
Electrical resistance R, Q-m™!

4

Fig. 2. Functions of the resistance R distribution of SSAP
samples: 1 — empirical distribution function (points) and its
approximation by normal distribution (solid line); 2 — function
of distribution of maximum values R,,,, in 24 samples at 24
normally distributed values; 3 — function of distribution of
maximum values R, in the corresponding 250 samples;

4 — arbitrarily selected impermissible value

The results presented in Fig. 2 testify:

1) according to the results of measurements of the
electrical resistance, it is possible to determine the
probability of the appearance of impermissible values of
the electrical resistance R > R (probability of claims) by
means of the known mathematical apparatus of
distributions of maximum values R, for solid aluminum
wires of low and medium voltage cables;

2) parameters of the boundary function of the
distribution of the maximum values R, [4]:

F(Rmax) = exXp {_ exp[— (Rmax - Bn)/An]}a (2)
where B, is the shift parameter equal to R, less than
37 % of the samples with #n; 4, is the scale parameter that
depends on the initial distribution and does not depend on
n; the parameters of the function (2) depend on the
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division of the batch into statistical groups according to
the requirement of constancy of frequencies (1); to
determine the parameters we double-log the function
F(Ryax), obtain a linear relationship between the double
logarithms of the distribution function and the values
of Rinax;

3) the larger the statistical groups in accordance with
the requirement of constancy of frequencies (1), the
greater the number of inadmissible values of the electrical
resistance on the curve of the function of the distribution
of maximum values (see curves 2 and 3 in Fig. 2), but this
increase is rather fast decelerating and there is a limit
distribution and, accordingly, the boundary parameters
that do not depend on the volume of the batch of products
or its division into statistical groups.

Dependencies of the parameters of the distribution
function (3) of the maximum values R, on the division
of a batch into statistical groups by the results of
measurements of electrical resistance (1 in Fig. 2) are
presented in Fig. 3.

B,, Qm™ Ay Qm™!
1.29x10~ 4 T T 1.023x10~ ¢
1.28x10 4k B, ]
_ A4, 4 -
L27x10~ 4 1.022x10
74_
1'26“0_4 ~1.021x10” ¢
1.25x10 'H
— n —
1.24x10" 4 L L 1.02x10" °
100 200 00

Fig. 3. Dependences of the parameters of the distribution
function F(R.x) (3) on the division of a batch into statistical
groups by the results of measurements of electrical resistance:
dependence B, (n) — nonlinear, the value of the parameter B,
reflects the maximum distribution density F(R.y) (see Fig. 4)

AF(Riya)/ AR e d(dF(Ruua))/(d Rinax)’
4x10° P 3x10"!
| 11

3)(105_ (] 2x10

s ) ix10"
2101 ! \

- -0
\\v

1x10° / v/ - 1x10"!

4 —4 B Z—X}OH

1.15x10 1.25x10 1.35x10
Rmaxa Q:m !

Fig. 4. Characteristic points of the first (solid line f{R ) and
the second derivative (dashed line df{R yax)/dRnayx) Of the
distribution of the maximum values of electrical resistance
reflect the unambiguous technical meaning of the corresponding
values of R, the minimum of the second derivative — the
appropriate technical characteristic of the upper bound for
technological monitoring by R, depends on #, but the
corresponding probability of exceeding this bound does not
depend on n, which gives an opportunity to analytically assess
the appropriate level of technical guarantee

Figure 5 illustrates the application of different upper
bounds for technological monitoring of the distribution
function of Ry, in 24 samples with 24 normally
distributed values determined experimentally.

Number of samples with R,,x>Ry.

)
- 4.l ®®
Ry =126-10"Qm"™ &

10 .

Ry =1,2810*Qm"

[ X )
[ X )
[ ) [ )
cccopo00000
0 Mﬂ;"' g ™ 1,29-10* Qm!

Number of samples in the control batch

Fig. 5. An illustration of the possible practical application of
different upper bounds for technological monitoring of the
distribution function of R, in 24 samples at 24 normally

distributed samples of SSAP with a cross section of 240 mm®

According to Fig. 5 within the array of a control
batch, from several tens to several hundreds, the
monitoring sensitivity provides the use of the upper limit
for Rpw < Rp = 126107 Qm™' in sampling for 24
samples. In this case, for batches with a sample size of 50
and larger, the relative number of samples with R, > Ry,
is stable and remains at 2.5 % if there are no obvious
changes in the technological process.

It is important that the limit R, = 1.2610* Qm' is
not arbitrarily chosen. This value corresponds to the
minimum of the second derivative — an expedient
technical characteristic, when the decrease in the density
of the distribution is sharply slowing down and practically
does not affect the number of violations of the established
limit. This gives an opportunity to analytically assess the
appropriate level of technical guarantee.

Conclusions.

1. The results of the monitoring over 18 months in
the conditions of the production of electrical resistance R
of solid aluminum wires made by hot pressing confirmed
the starting thesis that hot pressing provides the required
electrical conductivity of the metal with the simultaneous
exclusion of the cost of annealing.

2. An algorithm for determining the probability of
unacceptable values of electrical resistance R > R
(probability of claims) is developed for continuous
aluminum wires, made by hot pressing, using the known
mathematical apparatus of distributions of maximum
values Ry.x. The algorithm includes:

e separation of the control batch into statistical groups
in accordance with the known requirement of constancy
of frequencies (1);

e determination of the parameters of the initial
distribution by standard statistical procedures (in this
case, by normal distribution);

e determination of the distribution parameters of the
maximum values R,x by the least squares method in the
linear coordinates of the distribution function of the
maximum values;

e determination of the critical value of the electrical
resistance Ry, which corresponds to the minimum of the
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second derivative — the appropriate technical
characteristic, when the decrease in the density of the
distribution is sharply slowing down and practically does
not affect the number of violations of the established limit
(in this case R, = 1.26107* Q-7 ");

e determination of the level of technical guarantee as
the ratio of the number of samples with R.x > Ry, to the
control batch volume (for example, 5/200 = 0.025 or
2.5 %, see Fig. 5).

3. The developed algorithm, tested in production
conditions and in accordance with valid certification
documentation during 18 months of 2017 and 2018,
makes it possible to technically assess the claim potential
of the achieved level of specific technology as a product
of the probability of unacceptable values R.x > Ry, in the
control batch for (3) for the accepted the critical level Ry,
to the corresponding technological cost of the samples in
the control batch.

4. The use of the claim potential of the technological
solution as the cost of products, for which R > R is
proposed. The comparison of the claim potential of the
technology of hot pressing of solid aluminum wires
(0.025x1 = 0.025 USD/km) and the technology of cold
drawing (0.025x1.2 = 0.03 USD/km) provided the same
level of specific electrical conductivity of the metal is
carried out.
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IDENTIFICATION OF TECHNOLOGICAL DEFECTS IN HIGH-VOLTAGE SOLID
INSULATION OF ELECTRICAL INSULATION STRUCTURES ON THE
CHARACTERISTICS OF PARTIAL DISCHARGES

Introduction. High-voltage insulation systems always have some background level of the partial discharges, which does not have
any significant effect on the life of the electrical insulation design. At the same time, partial discharges destroy high-voltage
insulation, leading to a carburization zone around the defect. This is the «hidden» period of development of the defect. The
development of a defect zone, sooner or later, leads to an arc breakdown of the entire insulating gap. Purpose. The substantiation
of the efficiency of detection of technological defects in high-voltage solid insulation of electrical insulating structures according
to the characteristics of partial discharges. Methodology. The conditions for the occurrence of partial discharges in the thickness
of the polymer insulation are considered. The possible values of the voltage of the beginning of partial discharges are determined
for a model of a cylindrical air gap near the conductor of a power cable. It is shown that with the same applied voltages to high-
voltage insulation, in the latter case, air inclusions of smaller thickness are activated in comparison with a flat structure.
Practical value. The efficiency of detection of technological defects in solid composite case insulation of the stator winding of
turbo- and hydrogenerators is shown. Based on the comparison of the amplitude of the pulses of partial discharges of positive and
negative polarity, the estimated location of the technological defects in the insulation has been established. References 19,
figures 7, table 1.

Key words: technological defects, partial discharges, voltage of the start of partial discharges, glass-mica paper tape,
amplitude of pulses of partial discharges, location of the defect.

Busnaueno mooxwcnuei 3nauenna Hanpyzu noYamKy 4acMKOGUX pPO3PAOI6 OnA MOOeni YUNIHOPUUHOZO0 NOGIMPAHOZO 3a30py
nooU3y CMpymMonposionol scunu cunoeozo kavenr. Ilokasano, uyo npu 00HAKOUX NPUKIAOEHUX HANPY2aX 00 6UCOKOGOTbMHOT
3onayii 6 ocmManHbOMy 6URAOKY AKMUGIZYIOMbCA NOGIMPANHI GKAIOUEHHA MEHWIOI MOSUW{UHU 6 RNOPIGHAHHI 3 RNIACKOIO
koncmpykuyiero. Ha niocmagi pe3ynemamie nposedenux eunpooysans cunoeozo kabenio na nanpyzy 3 kB ecmanoeneno, wjo 2pyoi
mexnonoziuni deghekmu 6 moewyi i30nAyii giocymui. Amnaimyoa po3paoie é nogimpanux exnioueHHax ne nepesuugye 10 nKn npu
npukxnadenin eunpoodysanwvhin nanpysi 5 kB uacmomu 50 I'y. Ilokazana epexmugnicmeo 6usn61eHHA MEXHON02IYHUX OeheKmig y
meepooi KOMnO3UMmMHOI KOpnycHol i3oaauii oomomku cmamopa mypéoo- i ciopozenepamopie. Bcmanoeneno, wo ¢ makemax,
i30n1AYia AKUX GUKOHAHA CIMPIYKAMU MEHULOT MOGUUHL, MEXHON02IUHI Oedhekmu po3mawiosani 6 moswii izonayii. /na makema,
i3onayia AK020 6UKOHAHA CMPIYKAMU OiNbUIOT MOBWUHI, MEXHON02IUHI OeheKmu y uznadi po3uiapyeanHHa po3mMauiosani na
KOpOOHI po30iny npogioHUK — Komnozumua izonayis. bion. 19, tabxn. 1, puc. 7.

Kniouogi cnosa: TexHoJIOrivHi JedekTH, YACTKOBI po3psigu, HAIpyra no4aTrky 4acTKOBHX PO3PSAiB, CKJIOCJIIOIONANEPOBA
cTpiuKa, aMIUIiTY1a IMITyJIbCIB YaCTKOBUX PO3PsidiB, Micue po3TauryBaHHs Ae(eKTy.

Onpeodenensl 603MOMNCHBIE 3HAYEHUS HANPANCCHUA HAYANA YACMUYHBIX PA3PA00E 015 MOOEAU UUIUHOPUUECKOZ0 8030YUIHO20
3a30pa 6061u3U MOKONPOEOOAUEN HCUNbL CUN08020 Kabena. Ilokazano, umo npu 0OUHAKOBHIX NPUTLONHCEHHBIX HANPANCEHUAX K
6LICOKOBOJIbIMHOIL U30NAUUN 6 NOCTICOHEM CIIYHae AKMUBUIUPYIOMCA 8030YULHbIE GKIIIOYEHUs MEHbUIECH MOIWUHbL 8 CPAGHEHUU
¢ nnockoii koncmpykuyuei. Ha ocnosanuu pesynsmamos npoeedennvlx UCHbIMAHUL CUI06020 Kabensa na nanpaycenue 3 kB
YCMAHOBIEHO, YMO 2pyOble MeXHON02UuUecKue OeeKkmosl 6 monuje UZONAUUU OMCYMCMmEYIom. Amnaumyoa paszpaooe 6
6030yuHbIX KNI0UenuAx He npegviuiaem 10 nKn npu npunoscennom ucnvimamensnom nanpaxcenuu 5 kB wacmomut 50 I'y.
Iloxasana 3pghexkmusnocmey 6viAGIEHUS MEXHONOZUYECKUX OePeKMOo6 6 MmEepooll KOMROZUMHOU KOPRYCHOU U30AAUUN
CIAmopHoil 06MomKu mypoo- u 2udpPozeHepanmopos. Ycmanoeneno, Ymo 6 MaKemax, u3onNAuus KOmopsix ebinoJIHeHa NeHmamu
MeHbuiell MmoaWUunbl, Mmexnonozuyeckue 0egeKmol pacnonodcensl ¢ monuje usonayuu. /[Ana maxema, u3onayus Komopozo
GLINOIHENA IeHMAMU DOIbULell MOWUHbL, MEeXHON0ZUYeCKUe OeheKmbl 6 gUude PaAcc/loeHUs PACHOJIONCEHbL HA 2PDAHUNE PA30ela
HPOBOOHUK — KOMNO3UmMHAA uzonayus. bubn. 19, tabdn. 1, puc. 7.

Kniouesvie cnosa: TexHoJorHdeckne meeKThbl, YaCTHYHBbIE Ppa3psiibl, HampsiKeHHe Ha4YajJa 4YacTHYHBIX Pa3psiioB,
CTEeKJIOCTIOI00yMasKkHasl JIEHTA, aMIINTYAA MMITYJIbCOB YACTHYHBIX Pa3psiioB, MECTO PacHoJI0KeHHUs JedeKTa.

Introduction. The most typical defects in solid
high-voltage insulation during the production of electrical
insulating structures are air inclusions. The reason for
their occurrence in the thickness of the insulation may be
manufacturing errors. For example, in power cables —
insufficient drying of polymer granules before loading
them into the extruder or the insulation cooling rate at the
exit from the extruder is too high [1-3].

Internal gas inclusions during the process of
vacuum-injection impregnation and baking are inevitably
present in thermosetting insulation systems based on mica

tapes used in high-voltage electrical machines. As a rule,
each electric machine manufacturer uses its own design
and manufacturing technology for coil and cabinet high-
voltage insulation, which differs from other
manufacturers in the types and thickness of materials
used, in the number of layers and total insulation
thickness, in duration and value of temperature effects
during its manufacture [4 -6].

When operating under high voltage of power
frequency of high voltage solid insulation, in air
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inclusions partial discharges (PDs) occur. High-voltage
insulation systems always have some background level of
the PD, which does not have any significant effect on the
life of the electrical insulation design. At the same time,
partial discharges destroy high-voltage insulation, leading
to a carburization of the zone around the defect. This is
the «hidden» period of development of the defect. The
development of a defect zone, sooner or later, leads to an
arc breakdown of the entire insulating gap.

The goal of the paper is substantiation of the
efficiency of detection of technological defects in high-
voltage solid insulation of electrical insulating structures
according to the characteristics of partial discharges.

Problem definition. For partial discharges there are
no standard normalized values. The existing local norms
and recommendations are valid only for small groups of
electrical insulating structures [7, 8]. For this reason, in
most cases, a quantitative assessment of the state of the
insulation of electrical machines using partial discharge
parameters can be made only by comparison with the
results of previous measurements performed on the same
equipment [9, 10].

For power cables with cross-linked polyethylene
insulation, measurements of PD characteristics are
performed with a smooth rise of the test voltage to twice
the operating voltage of the power frequency for 10
seconds, and then slowly decrease to 1.73 from the
nominal value [11]. PD level should not exceed 10 pC.

Partial discharges are characterized by the following
parameters: voltage of the beginning of the PD; apparent
charge amplitude; frequency of pulses of PD. In modern
diagnostic systems, the following are used: maximum
amplitude of partial discharge pulses of positive and
negative polarity, measured in millivolts (mV); level of
PD of positive and negative polarity (pC); amplitude-
phase diagrams of PD pulses (dependence of the number
of discharges with specific values of the apparent charge
on the voltage phase of the power frequency — the so-
called PD-diagrams) [7-10, 12-19].

The connection of the start of partial discharges
with the thickness of the air inclusions. Suppose that in
the insulation layer with thickness / there is an air
inclusion with thickness x (Fig. 1,b). For quality
insulation, usually x << i [18].

In Fig. 1 the following is indicated: x — the thickness
of air inclusion in the insulation; /# — the thickness of the
insulation; ¢ — the dielectric permeability of the dielectric,
C, — the inclusion capacitance; C)_, — the capacitance of
the insulation part opposite the inclusion; C, — the
capacitance of the rest of the insulation [18].

Let us determine what part U, of external voltage U
falls on inclusion with thickness x (Fig. 1,b).

Inclusion capacitance is defined as

C,=¢98, /x, (D

where & is the dielectric constant (& = 8,85-10712 F/m);
S, is the inclusion area, m’.

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\Jj

R R RN

Fig. 1. Flat (a) and cylindrical (c¢) models for calculating the
voltage of the beginning of the PDs on the basis of a capacitive
replacement circuit (b) of insulation

Capacitance of a continuous dielectric layer located
opposite the inclusion
Ch_y =860 S, /(h—x). 2)
From the capacitive replacement circuit (Fig. 1,b)
we find U,
1/ (oC,) U EX
N(wC )+1/(0C ) h+(e-Dx

x =

3)

At x—0, the voltage on the inclusion tends to zero
U—0 (because its capacitance
indefinitely), at x—# all external voltage falls on the
inclusion U,—U (because the inclusion takes up the entire
insulating gap).

When the voltage on the inclusion reaches the level
of the breakdown voltage U,, the inclusion breaks
through

own increases

Uy 2Uypy - “)

Since here only part x of the insulating gap % breaks
through, the discharge is accordingly called partial. The
corresponding voltage on the electrodes, at which the
condition (4) begins to be fulfilled, is the voltage of the
beginning of the PD [12-18].

The breakdown voltage U,,, of inclusion depends on
its thickness x. This experimental relationship (Paschen
curve) is shown in Fig. 2, curve 1. As the thickness x
decreases, the breakdown voltage decreases and at x =7 um
it reaches a minimum of U,,, = 320 V ampl. = 226 V eff.,
and then even increases slightly [18]. In accordance with
the empirical Paschen law, the breakdown voltage of the
gas gap is a function of the product of pressure p and
thickness x: Uy, = Uy, (DX).

Consider the conditions of occurrence of PD in the
thickness of the insulation. The results of calculations
according to (1) — (3) are shown in Fig. 2,a (curves 2 — 4)
and Fig. 2,b (curves 2 — 5).
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Fig. 2. Dependencies on the thickness (x) of the air inclusion of
its breakdown voltage U,;, and the calculated voltages U, on the
inclusions

Insulation voltages (Fig. 2,a): 2.5 kV (curve 2), 5 kV
(curve 3) and 10 kV (curve 4). Insulation thickness
h = 3 mm, dielectric permeability ¢ = 2.2 (polyethylene
non-polar insulation of power cables). At voltage of
2.5 kV, the PDs are impossible in insulation (Fig. 2,a):
curve 2 — UJx) lies below curve 1 of the breakdown
voltage of air inclusions. At voltage of 5 kV, the PDs in
insulation are possible if it contains 0.6 mm thick air
inclusions (intersection of curves 3 and 1). At voltage of
10 kV PDs in insulation are possible if it contains air
inclusions with a thickness of 0.08 to 3 mm. Note that
these are very large inclusions compared with a dielectric
thickness of 3 mm. Measurement of the PDs allows to
detect the presence of very coarse defects in the
insulation.

Insulation voltages (Fig. 2,b): 2.5 kV (curve 2), 5 kV
(curve 4) for an insulation thickness of 1.8 mm; 2.5 kV
(curve 3) and 5 kV (curve 5) for an insulation thickness of
1.4 mm, respectively. The dielectric permeability is
& = 4.5 (characteristic values for composite glass-mica
insulation of electrical machines). At voltage of 5 kV PDs
in insulation with a thickness of 1.8 mm are possible if it
has air inclusions with a thickness of 0.03 mm and more,
ie. from 30 ps (see Fig. 2,b, curve 4). For thinner
composite insulation (1.4 mm) at applied voltage of 5 kV,
air inclusions with a thickness of 20 um and more are
activated (see Fig. 2,b, curve 5).

Figure 3 shows the effect of the dielectric
permeability of composite insulation with a thickness of
1.8 mm on the calculated voltages U, on inclusions.
Curve 2 corresponds to ¢ = 4.5; curve 3 — to £ = 4.8 for
the same value of the applied voltage, equal to 5 kV.
Increasing the dielectric permeability of composite
insulation, i.e. the proportion of mica leads to a shift of
the Uy(x) curve to the region of smaller values of
activated air inclusions (see curve 3 in Fig. 3).

10*
Ux, Uxbr F
\

10
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10
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Fig. 3. The effect of the dielectric permeability of composite
insulation on the calculated voltages U, on air inclusions

The influence of the location of the defect on the
voltage of the beginning of partial discharges in the
power cable. In the process of cooling of extruded
polymer insulation on a conductive core, the formation of
internal voids in the thickness of the extruded insulation is
possible. Here, the probability of formation of bubbles
and voids near the core, whose temperature is higher in
comparison with the outer layers of insulation, increases
significantly [2]. It should be taken into account that the
electric field strength near the core is also higher [18]. Let
us determine the possible values of the voltage of the
beginning of the PDs, using the model of a cylindrical air
gap near the core (Fig. 1,c).

The results are presented in Fig. 4: the cross section
of the conductive core is 25 mm?’, the thickness of the
polyethylene insulation is 3 mm, ¢ = 2.2.

105””

Ux, Uxbr
\%

1O4uh

10°

10 10% x, m

Fig. 4. The influence of the location of technological
defect on the voltage of the beginning of the PDs in extruded
power cable insulation
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Curve 1 — breakdown voltage U, of the inclusion;
curves 2 and 3 correspond to the case of a technological
air defect near the conductive core at 4 and 5 kV on the
insulation; curves 4 and 5 — when the air defect is located
near the outer surface of the insulation at voltage of 5 and
10 kV on the insulation, respectively. As the results of the
calculation show, when applying the test voltage,
technological defects located near the conductive core are
activated first. When the voltage on the insulation is 5 kV,
PDs arise in inclusions with a thickness of 200 us. At
voltage of 10 kV, air inclusions located near the insulation
surface are not activated (see Fig. 4, curve 5).

Efficiency of detection of technological defects in
solid insulation according to the characteristics of
PDs. Figure 5 shows the PDs oscillogram in a sample of a
power cable for voltage of 3 kV (cross section of a
conductive core 25 mm? thickness of polyethylene
insulation 3 mm). In the thickness of the insulation there
are air inclusions, which are activated at test voltage of
5 kV 50 Hz. The amplitude of the PDs does not exceed
10 pC, which corresponds to the requirements of the
Standard [11]. It should be noted that at the operating
voltage partial discharges in the cable do not occur.

Fig. 5. PDs oscillogram in the thickness of the solid
polyethylene insulation of the power cable (the mark in the
center of the sweep is a calibration signal of amplitude 2 pC)

Experimental studies on the detection of
technological defects in high-voltage composite case
insulation of the stator winding of the turbo- and
hydrogenerators are carried out on 5 layouts of the same
thickness. The insulation of the layouts is made of glass-
mica paper tapes of different thickness from different
manufacturers (6 samples for each layout).

The PD monitoring method is based, for example,
on the use of a portable analyzer with a set of epoxy-mica
capacitors with a capacitance of 80 pF as capacitive
sensors, which allow measuring PDs in the high
frequency range, in which the PD amplitude significantly
exceeds the interference amplitude [8-10, 19]. This allows
to automatically reliably separate the PDs and
interference. The principle of the system operation is
based on the detection of voltage pulses of partial
discharges arising inside the insulation, using PD sensors,
followed by their analog-digital conversion using a PD
meter and displaying the PD amplitude of both positive
and negative polarity. It should be taken into account that
the maximum voltage of the PD pulse in mV is measured
(see Fig. 5). The suppliers of relevant measuring

equipment indicate the measured value not with a voltage
symbol (U), but with a charge symbol (Q), assuming that
there is an obvious connection between voltage and
charge. The proportionality factor is the electrical
capacitance of an insulation system, for example, a stator
winding, which can always be measured.

An effective way to determine the state of the
insulation system is to compare the results with the
database [9. 10] presented in Table 1.

Table 1
Evaluation of insulation by maximum
PD pulse amplitude values

PD category | PD pulse amplitude, mV
Minor 0-45

Low 46-98

Typical 99-210
Moderate 211-412

Figure 6 shows the results of measurements of the
maximum amplitude of partial discharge pulses of
positive and negative polarity in layouts with high-voltage
solid composite insulation based on glass-mica paper
tapes at voltage of 3.6 kV (Fig. 6,a) and 6 kV (Fig. 6,b).

U=3,6 kV

=

)
|
1
w

Q, mv

Fig. 6. The results of the statistical distribution of the maximum
amplitude of partial discharge pulses depending on the applied
voltage of power frequency in composite solid high-voltage
insulation

56 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.4



The thickness of the tapes: 1 — 2 = 0.14 mm, 2 —
h=014mm,3 -42=0.15mm, 4 —-%=0.18 mm, 5 —
h = 0.18 mm. The amplitude of the partial discharge
pulses of positive polarity is denoted as 1, 2, .., 5; the
amplitude of the partial discharge pulses of negative
polarity: 1', 2', ..., 5', respectively. PD pulses of negative
polarity occur at a positive half-wave of the test voltage of
power frequency, positive — at a negative half-wave of
voltage.

Comparison of positive and negative PD pulses
indicates that the discharges occur exactly inside the
insulation for the layouts, the thickness of the tapes of
which is less than 0.18 mm (Fig. 7,a). The amplitude of
the discharges of positive and negative polarity is almost
the same (compare 1 and 1', 2 and 2', 3 and 3', 4 and 4/,
Fig. 6,b). These results are consistent with the calculated
dependencies (see Fig. 2,b and Fig. 3). For samples with
glass-mica paper tape 0.18 mm thick, the amplitude of
negative polarity pulses is almost 4 times higher than the
amplitude of positive polarity pulses (compare 5 and 5',
Fig. 6,b).

p—r
\‘l
e

-y

a b

Fig. 7. The locations of technological defects in the composite
insulation of the windings of electrical machines

Obviously, such a difference is due to the location of
the technological defect in the form of a bundle at the
interface between the conductor and composite insulation
(Fig. 7,b). At voltage of 6 kV, the amplitude of the
discharge pulses reaches an upper value of 40 mV in the
category of the PDs as a minor level (see Table 1).

Conclusions. The dependencies on the thickness of
air inclusion of its breakdown voltage and calculated
voltages on inclusions for a flat and cylindrical insulation
model are obtained. At the same applied voltages to high-
voltage insulation, in the latter case, air inclusions of
smaller thickness are activated in comparison with the flat
structure.

The possible values of the voltage of the beginning
of partial discharges and the range of activated
technological defects are determined depending on the
location of the air inclusion in the structure of the power
cable of a coaxial design.

The efficiency of detection of technological defects
in solid high-voltage composite case insulation of the
stator winding of turbo- and hydrogenerators is shown.
Based on the comparison of the amplitude of the pulses of
partial discharges of positive and negative polarity, the
location of technological defects in the structure is
determined.

The results of the studies confirm the efficiency of
registration of partial discharges in high-voltage solid

insulation for detecting defects at the technological stage
of manufacturing of electrical insulating structures, as
well as for setting up the technological process itself.
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M.I. Boyko, S.O. Syomkin

INVESTIGATION OF AMPLITUDE-TEMPORAL CHARACTERISTICS
OF A HIGH-VOLTAGE RESISTIVE VOLTAGE DIVIDER

Purpose. Determination of the possibility of using the developed autonomous voltage divider for measuring high-voltage pulses
with sharpened fronts (down to 1 ns). Methodology. We use the technique to determine the division ratio of the divider using a
calibrated oscillator and oscilloscope. To determine the rise time of the transition characteristic of the divider, we use an
experimental technique based on a high-voltage pulse generator with a steep front and computer simulation using circuit
program Micro-Cap. Results. Oscillograms of high-voltage nanosecond pulses with subnanosecond fronts are experimentally
obtained using an autonomous resistive voltage divider. A computer simulation of the operation of the created divider in various
modes is carried out. Originality. We have shown that an autonomous shielded resistive high-voltage voltage divider can have a
rise time less than 1 ns. The values of the parasitic parameters of the divider, which lead to a distortion of the sharpened pulse
firont with a rise time of =0.1 ns, are established. Practical value. The divider can be used to measure the characteristics of high-
voltage pulses with a steep front (up to 1 ns as the lower limit). References 7, figures 15.

Key words: voltage divider, high-voltage pulse generator, computer simulation, electrical circuit, rise time, transient response,
pulse front.

Mema. Buznauenus moxucaugocmi 6UKOPUCHAHHA DPO3POOIEHO20 AGMOHOMHO20 OiNbHUKA HARPYy2U O GUMIDIOGAHHA
GUCOK060IbMHUX IMnyabcie 3 3azocmpenumu poumamu (00 1 nc). Memoouka. 3acmocoeano memoouKky 6uU3HAUEHHA
Koegpiyienma Oinenna OinbHuKa 3a 00NOMO2010 Kanioposeanozo zewepamopa i ocuyunozpaga. /lna eusnauennsa uacy
Hapocmanns nepexionoi xapaxkmepucmuku OiNbHUKA GUKOPUCHOBYBANACL EKCHEPUMEHMANbHA MemOoOuKa Ha O0CHO8I
2eHepamopa 6UCOKO060JIbMHUX IMRYIAbCI6 3 KPymum Qponmom i Komn’romepne MoOeat08antsa 3 6UKOPUCHAHHAM RPOZPAMU
cxemomexniunozo  mooenrwsauna  Micro-Cap.  Pesynomamu.  Excnepumenmansho  ompumano  ocuyunozpamu
BUCOKOBOJIbMHUX HAHOCCKYHOHUX IMRYIbCI8 I3 CYOHANOCEKYHORUMU (hpOHmMamu 3a 00NOMO2010 CHEOPEHO20 AGHMOHOMHO20
pesucmugnozo Oinonuka nanpyeu. Ilposedeno komn’romepne mooenio8amus pooomu CcmeopeHo2o OiNbHUKA 6 PIZHUX
pexcumax. Haykoea noseusna. Ilokazano, ujo aemoHoMHUli eKPAHOBAHUI Pe3UCMUBHUIL OIIbHUK GUCOKOT HaAnpyzu modxuce
Mamu yac HapoCmauHua menwe, Hiye 1 nc. Yemanoeneni eenuuunu napasumuux napamempie OinbHUKA, W{0 6UKTUKAIOMb
GUKPUBJICHHA 3A20CMPENn020 ¢ponmy imnynvcie 3 yacom napocmanus =0,1 nc. Illpaxmuuna 3nauywicme. /linonuk modxcna
3acmocogyeamu 01sa 6UMIPIOGAHHA XAPAKMEPUCHUK GUCOKOBOIbMHUX IMRYNbCI6 3 Kpymum ponmom (00 1 nc y akocmi
Huxcnboi epanuyi). bidn. 7, puc. 15.

Kniouosi cnosa: pinbHUK HANIPYTH, TEHEPATOP BHCOKOBOJIBTHHUX IMIIYJIbCiB, KOMII’IOTePHE MO/IEJIIOBAHHS, €JICKTPHYHA CXeMa,
4aCc HAPOCTAHHA, IEPEXiIHA XapAKTEePUCTUKA, (PPOHT iMmyJibcy.

ILlens. Onpedenenue 603M0HCHOCIMU UCHONB306AHUA PA3PAOOMAHHOZO0 ABMOHOMHO20 OeUmeNA HARPANCEHUA 014 UIMEPEHUs
BbICOKOGOILIMHBIX UMRYALCO8 ¢ o0bocmpennvimu Gponmamu (00 1 nc). Memoouxa. Ilpumenena memoouxa onpeoeneHus
KoIhpuyuenma oenenusn derumens nPU NOMOULU KAAUOPOGAHHO20 2eHepamopa u ocyuanozpaga. /Ins onpedenenus epemenu
Hapacmanus NepexooHoll XapaxKmepucmukuy Oeaumens UCHOIb308ANACy IKCHEPUMEHMANbHAA MEMOOUKA HA O0CHOGe
2eHepamopa BblCOKOGONbMHBIX UMNYIALCO8 C KPYMbIM (PPOHMOM U KOMRbIOMEPHOE MOOenUposanue ¢ UCHONb308AHUEM
npozpammul cxemomexHuueckozo mooenuposanus Micro-Cap. Pesynbmamol. IKcnepumenmanbHo noayuensl 0CYUIA0ZPAMMBbL
6bICOKOBOIbMHBIX HAHOCEKYHOHBIX UMNYIbCO8 C CYOHAHOCEKYHOHLIMU (BpOHmMAMU NPU NOMOUWU CO30AHHO20 A6MIOHOMHOZ20
pezucmuenozo oenumens Hanpaxycenus. IIpoeedeno KomnvlomepHnoe modenupoganue padomyl cO30aHHO20 Oeaumens 6
paznuunvix pexcumax. Hayunasn nosusna. Ilokazano, umo agmonommulii IKpAHUPOGANHLLI PE3UCMUBHDLIL OeUMENb GbICOKOZ0
HANPANCEHUS MOIICEM UMEMD 6pemsa Hapacmanua menee 1 nc. Ycmanoenenvl genudunsl RApasumHuIx RApamempos deaumens,
npUBOOAMUX K UCKAHCEHUI0 000CMpPEennozo gpouma umnynvcoe ¢ epemenem Hapacmanua =<0,1 nc. Ilpakmuueckas
3Hauumocmeo. /lenument MOMHCHO NPUMEHAMb ONA UBMEPEHUA XAPAKMEPUCHUK 6bICOKOGOJIbMHBIX UMNYIbCO8 C KPYMbIM
dpornmom (00 1 nc kak nuscnei cpanuyspt). budn. 7, puc. 15.

Kniouesvie cnosa: nejMTeNb HANPSKEHHSl, FeHEPATOP BbICOKOBOJBTHBIX HMMIIYJIbCOB, KOMIBIOTEPHOE MO/eIHPOBaHMNe,
3JIeKTpUYecKasi cXxeMa, BpeMsl HapacTaHMs, lepexXoAHasi XapaKTePUCTUKA, (PPOHT UMITY.JIbCA.

Introduction. In high-voltage pulse technology, the
solution of the problem of measuring nanosecond
differences (first of all, fronts) of high-voltage pulses at
different loads is relevant [1-5]. In the work, the results of
which are presented in [6], a compact autonomous
resistive  shielded low-resistive  voltage divider
(ARSLVD) is developed and tested to measure the record
amplitude-temporal characteristics of high-voltage pulses
from a generator in an apparatus for broadband
electromagnetic pulse therapy (ABEMPT). The generator

design is described in [6]. If the generator in ABEMPT
operated without the use of a sharpening of the pulse
front, then the voltage divider transmitted the expected
pulse shape, including its front (=2.5 ns), without
distortion. If the mode of operation of the generator with
the sharpening of the pulse front was used, then the
divider introduced significant distortions at the front of
the measured pulses. To register pulses from an ABEMPT
generator, a C7-19 analog oscilloscope with a 5 GHz
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bandwidth was used. It is known [2] that for a satisfactory
measurement of the amplitude-temporal characteristics of
pulses, the rise time of the transient characteristic of a
voltage divider (VD) should be noticeably shorter than the
measured pulse front duration. Since the sharpening of the
pulse front using spark gaps — sharpeners leads to a
shortening of the front by about 10 times, the required rise
time of the transient characteristic of the voltage divider
used should be shorter than 0.2 ns for measuring pulses
with sharpened fronts without significant distortion.

The definition of a scientific problem and the
justification of its relevance with the identification of
unsolved problems. In high-voltage pulse technology
there is the problem of measuring the amplitude-temporal
characteristics of high-voltage pulses with high accuracy
[1]. Its relevance is determined by the fact that for
different high-voltage electrical technologies, radars,
high-voltage tests of various equipment high voltage
pulses with a very steep front (units ns or less) are
required [1-5].

The goal of the work is the determination of the
possibility of using the developed autonomous voltage
divider for measuring high-voltage pulses with sharpened
fronts (up to 1 ns).

Tasks that need to be solved to achieve the goal:

e to determine the rise time of the transient response
of an autonomous compact resistive voltage divider
developed;

e to create a computer model of a two-stage resistive
voltage divider;

e to determine what caused the appearance of high-
frequency oscillations with large amplitude at the front of
the measured high-voltage pulses with an extremely steep
front (0.1 ns);

e to determine whether a combination of a short
transient response (less than 1 ns) of the created
autonomous voltage divider with a large division ratio
(more than 500) is possible.

The circuit, the design of the divider and the
experimental results to determine its division ratio and
the rise time of the transient response. The first
mention of the divisor considered in this paper is in [6].
The electric circuit of the divider is shown in Fig. 1.

According to measurements made with a multimeter
M890G, Ry =738 Q, R, =3Q,R;=239Q, R, =17 Q,
Rs =47.2 Q taking into account the uncertainty (error) in
the readings of the multimeter of 0.4 Q.

o
e Gy GCs i
Z. I i R, | |R3 ||1€5 | Lino
O—O] I |
G | N [
R Ry | Ruo| | ==c,.
| |
e TTel
Shielded Resistive

Voltage Divider — SRVD

0

Fig. 1. The electrical circuit of the system of the generator G of pulses, resistive divider taking into account the parasitic capacitances
and inductance L,, ,, coaxial broadband connecting cable with a characteristic impedance Z. = 100 Q
and oscilloscope with input resistance R;, ,, input capacitance C;,,

The divider is designed and manufactured as
autonomous, collapsible in an aluminum case. At the
input and output of the divider, coaxial connectors-
sockets CP-50-165®B are applied, the pulsed electrical
strength along the insulation surface of which determines
the maximum allowable working voltage of the divider.
Photo of the divider is presented in Fig. 2. The divider is

o BN,

The second stage is formed by the resistances R;
(high voltage arm of the second stage of the divider) and

made on the volume resistors TBO-1, TBO-0,5 and TBO-
0,25 and is two-stage. The first stage is formed by the
resistances R (high-voltage arm of the first stage of the
divider) and R, with a chain connected in parallel to it
(the low-voltage arm of the first stage of the divider), if
generator G is connected to the divider as in Fig. 1, i.e. to
the 75-Q input, and has a division ratio K7s ;.

w .

Fig. 2. Photo of autonomous resistive shielded low-resistive voltage divider (ARSLVD)

R4 (low voltage arm of the second stage of the divider)

and has a division ratio Kjys,. Resistance Rs in

60
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combination with the rest of the resistances of the divider
forms a matching resistance equal to the characteristic
impedance of 50 Q of the coaxial cable, if one is
connected between the output connector of the divider
and the input of the oscilloscope. In this case, the input
resistance of the oscilloscope can be either low-resistance
(for example, 50 Q) or high-resistance (for example, 1
MQ): this does not lead to additional parasitic reflections
in the cable as a long line. The total division factor of the
divider can have two values: K7sj;=K75.1K7s2, if the input
of the oscilloscope is  high-resistance, and
K75100~2K751K75,5, if the input is low-resistance, i.e.
oscilloscope input impedance R;,,=50 Q. This allows
matching the coaxial cable (if used) with a wave
resistance of 50 Q connecting the 50-Q output of the
divider with the input resistance of the oscilloscope
R;, ;=50 Q from both ends. The body-screen of the divider
can be conditionally divided into five component parts:
two extreme cylindrical, each connected to its own
coaxial connector CP-50-165®B, one central cylindrical,
separated from the extreme cylindrical parts by two disk
parts. In one extreme cylindrical part, the resistance
R, = 73.8 Q is located. In the other extreme cylindrical
part — resistance Rs = 47.2 Q. In the central cylindrical
part of the body, the resistance R; = 23.9 Q is located. In
the disk parts of the body there are resistors R, = 3.0 Q
and Ry = 1.7 Q. Resistance R, is formed by 7 TBO-0,25
resistors with nominal resistances of 22 Q each,
connected in parallel (see photo in Fig. 2). Resistance Ry
is formed by 4 TBO-0, 5 resistors with nominal
resistances of 6.8 Q each, connected in parallel.

If we do not take into account the influence of
parasitic inductances and capacitances, then the division
factor Ky of the considered divider when applying a
signal from the pulse generator to its 75-Q input and
using an oscilloscope with a high-resistance input can be
defined as follows (see circuit in Fig. 1):

K75 /7[Rt Ry(Rs+Ra) (Ry R +Ra) V[ Ro( Ryt Ry) /(RyHR3+R)
Ki52=(R3tR4)/Ry.

Then:

Kisnigi=[RiHRy(R3HR)/ (RytR3+R4) [/ [Ry(R3+Ry)/
H(RotRy+Ry)|(RytR4)/Rs =
=[73,8+3(23,9+1,7)/(3+23,9+1,7)1/
/[3(23,9+1,7)/(3+23,9+1,7)](23,9+1,7)/1,7=
~ (76,485/2,685)-25,6/1,7 ~ 28,5-15,1=430,35.

So,

K75high:K75']K75'2:28,5'15,1 = 430,35

Here K75[0w = 2]{75‘1]{75‘2 =~ 228,515,1 = 860,7

The input and output of the divider can be reversed,
since the same coaxial connectors CP-50-165®B, capable
of withstanding pulse voltages up to 6 kV, are installed at
the input and output. This changes the division ratio of the
divider.

The division ratio Ksopg, of the considered divider
when applying a signal from the pulse generator to its
50-Q input and using an oscilloscope with a high-
resistance input Ksopigi=Ks0.1K50.2.

Ks0.1=[RstRy(Rs+Ry) (Ry Ry +Ry) Y [Ra( R+ Ry) (Ry Ryt Ry) ),
Ks0,=(R3tRy)/R;.

Ksonigi=[RstRa(Rs+R:)/(Ry+R3+R4) )/ [Ry(R3+Ry)/
/(R2+R3+R4)](R3+R2)/R2:[47,2+1 ,7 (23,9""3)/
/(3+23,9+1,7)1/[1,7(23,9+3)/(3+23,9+1,7)]-(23,9+3)/3 =
~ (48,799/1,599)26,9/3 ~ 30,52-8,97 ~ 273,76.

Then K5010,~2K’50.1K50,~2:30,52-8,97 = 547,52, if the
oscilloscope input resistance is R;, ,=75 Q.

The input resistances of the divider are selected as
low-resistance, since it is the low-resistance resistive
voltage dividers that have the shortest rise time of the
transient characteristic [2]. Specific values of 75 Q and
50 Q of input resistances are chosen based on the fact that
the characteristic impedances of the most common
coaxial cables in practice are 75 Q and 50 Q, and the
input resistance of high-speed oscilloscopes with a wide
(more than 1 GHz) bandwidth is, usually, 50 Q.

As a generator in the experimental determination of
the division factor of the divider, we used a Cl1-74
oscilloscope calibrator, which generates sinusoidal signals
with known amplitude-frequency characteristics.

The division factor of the divider has been
experimentally determined in two stages. At the first
stage, we determined the K35 division factor of the first
stage of the divider as the ratio of the voltage amplitude
from the calibrator at the 75- Q input of the divider to the
voltage at the low-voltage arm of the first cascade divider.
At the second stage, K5, has been defined as the ratio of
the voltage amplitude from the calibrator at the input of
the second stage of the divider (at series-connected
resistances R; and Ry, Ry+R4 = 25.6 Q) to the voltage at
the low-voltage arm of the second stage of the divider (on
resistance Ry).

At the first stage, the signal from the calibrator has
been fed through a coaxial tee to the 75- Q input of the
divider and to the input (I MQ, 30 pF) of the C8-13
oscilloscope. At the same time, the 50-Q input (output) of
the divider has not been connected to external devices.
Thus, the signal from the calibrator at the input of the
divider has been measured. The oscillogram of this signal
is presented in (Fig. 3).

Fig. 3. Oscillogram of the voltage pulse from the calibrator of
the C1-74 oscilloscope loaded on the input resistance R;, = 75 Q
of the voltage divider (the scale along the time axis it is 1 ps/div,

and along the signal axis is 0.1 V/div)

After that, the signal has been measured — the
voltage on R, = 3 Q in the disk part of the divider case
with the remainder of the divider connected in parallel to
R, — the low voltage arm of the first stage of the divider.
The middle part of the body was removed from the
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voltage divider, the C8-13 oscilloscope input has been
connected to R, using a coaxial cable, and The 75-Q
divider input has been connected to the calibrator with a
separate coaxial cable. The result of measurements in the
form of an oscillogram of voltage at R, — the output of the
first cascade of this two-stage divider is shown in Fig. 4.

Fig. 4. Voltage pulse from a low-voltage arm
the first stage of the voltage divider (the scale along the time
axis is 1 pus/div, and along the process axis it is 0.01 V/div)

The ratio of the voltage amplitudes on the
oscillograms in Fig. 3, 4 represents the experimentally
determined division factor KE75.1 of the first cascade:
Kigrs1 = 27.1, which, taking into account the uncertainty
(error) of measurements using oscillographs = 10 %, is in
good agreement with the value K75, = 28.5 obtained by
calculation by the resistances of the divider elements
Ri... Ry

At the second stage, the voltage (signal) from the
calibrator has been fed through a coaxial tee to the input
of the second stage of the divider, i.e. for series
connection of resistances R; and R4, and to the input
(1 MQ, 30 pF) of the recording oscilloscope C8-13. The
50-Q input (output) of the divider remained not connected
to external devices, and the output of resistance Rj,
initially connected to the corresponding pins of R; and R,,
has been disconnected from the connection point. This
was done to ensure that the very low resistance R, = 3 Q
does not short the calibrator output. Thus, the signal from
the calibrator at the input of the second stage of the
divider has been measured. The oscillogram of this signal
is presented in Fig. 5. Its amplitude is less than on the
oscillogram in Fig. 3, because the calibrator in this case is
loaded on the total resistance R3;+R4~25.6 Q, significantly
less than the input resistance of the divider = 75 Q, which
was the load of the calibrator in the first stage.

Fig. 5. The voltage pulse from the calibrator of the C1-74
oscilloscope at the input of the second stage of the divider (the
scale along the time axis is 1 ps/div, and along the process axis

itis 0.1 V/div)

Next, the signal has been measured — voltage on
Ry = 1.7 Q (low-voltage arm of the second stage of the
divider) in the disk part of the divider case. The CP-50
connector of the divider, connected by its central output to
R4 through Rs, has not been connected to external devices.
The C8-13 oscilloscope input has been connected to Ry
with the help of a coaxial cable, and the input of the
second stage of the divider has been connected to the
calibrator with a separate coaxial cable. The measurement
result in the form of the oscillogram of voltage on R, — the
output of the second stage of this two-stage divider is
shown in (Fig. 6).

Figure 7 shows an oscillogram of voltage from the
low-voltage arm of the second stage of the divider for the
mode in which in parallel to the high-resistance (R;, =1
MQ) C8-13 oscilloscope input a 50 Ohm load has been
connected.

Fig. 6. The voltage pulse from the low voltage arm of the second
stage of the voltage divider at the input resistance of the
oscilloscope R;, , = 1 MQ (the scale along the time axis

is 1 ps/div, and along the process axis it is 0.01 V/div)

Fig. 7. The voltage pulse from the low-voltage arm of the
second stage of the voltage divider when connecting a load of
50 Q in parallel to the input resistance of the oscilloscope
R;, =1 MQ (the scale along the time axis is 1 ps/div, and along
the process axis it is 0.01 V/div)

From Fig. 6, 7 it follows that connecting of a 50 QQ
load in parallel to the input resistance of the oscilloscope
R;,,=1 MQ reduces the voltage amplitude from the output
of the second stage of the divider by about half, i.e.
approximately doubles the division ratio of the divider.

The ratio of the voltage amplitudes on the
oscillograms in Fig. 5, 6 represents the experimentally
determined division factor K5, of the second stage:
Kg75,=15.5, which, taking into account the uncertainty
(error) of measurements using oscillographs =~ 10 %, is in
good agreement with the value Kjg;5,=15.1 obtained by
calculation using the resistances of the divider elements
Ry;=239Q,R,=1.7Q.
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So,

KE75high: Ki51Kg752 = 27,1-15,5 = 420,05;
Ke1510w=2K15.1K£7527840,1;
K75high/KE7Shigh:K7510w/KE7SIuw:430935/420305 ~1,0245,
i.e. the relative error (uncertainty) between the calculated
value and the experimental value of the division factor for

this divider does not exceed 2.5 %.

Determination of the rise time of the transition
characteristics of the divider in the experiment. There
are two main options for determining the rise time in the
transmission system [2]. The first option implies as the
rise time a period, during which the measured value (for
example, voltage) increases from 0.1 to 0.9 of its
maximum value. In the second variant, the rise time is the
time during which the output signal reaches a certain
percentage of the steady-state value when a rectangular
pulse or voltage jump u;(f) of a given amplitude U, is
input to the system

(0= Unl (0),
where 1(¢) is the unit function:

l(t):{o at 1<0;

1 at ¢>0.

If a jump occurs after a time interval ¢ after the
origin, then the unit function is zero at <z, equal to 1 at
1, and is denoted by 1(z—1) [7].

The voltage u,(f) causes the voltage u,(f) — the
response to a rectangular pulse in the output of the system
(in our case, in the output of the voltage divider connected
to the oscilloscope input and matched with it). The
dimensionless function of time

h(t) = ux(1) Uy )
is called a transition function or temporal characteristic of
the system [2, p. 39], as well as the transient response of
the circuit [7, p. 116].

In our case, A(?) is represented as oscillograms. Here,
the voltage at the output of the divider u,(f) can be
determined using the Duhamel integral as a response to
the input signal u,(¢) of any form [2, p. 40]:

7=t
uy (t) =u; (+ O)h(t)+ Iul (t - T)h(T)dT . 2)
=0

Since in our case the duration of the pulse front from
the generator, both when using sharpening and without
sharpening, is much less than the half-drop time (drop to
half the pulse amplitude) = 50 ns, as far as in the first
approximation, the pulse from the generator can be
considered as a voltage jump (square pulse). Therefore,
the time derivative u'(f — 7) in (2) can be taken equal to
zero, since the function u; itself has only two values (two
constants): 0 for <z and 1 for £7 (taking into account the
limits of integration — at ¢ = 7), and formula (2) is
simplified to:

uy(t)=uy (+0)ale). 3)

If we take into account that u;(+0) = Uy in (1), then
(2) fully corresponds to (1).

Fig. 8 shows the oscillograms of voltage pulses from
the output of the voltage divider under study, connected to
the input of C7-19 oscilloscope with 5 GHz bandwidth
and an input active resistance of 50 Q.

d

Fig. 8. Oscillograms of the pulses as a whole and of the front part of the pulses from the generator, measured by the divider and
recorded with the C7-19 oscilloscope: a, ¢ — without sharpening of the pulse front; b, d — using the sharpening of the front.
On oscillograms a, b the scale along the time axis is 100 ns/div and 50 ns/div, respectively, on the oscillograms c, d, the scale along
the time axis is 2.5 ns/div. The scale along the process axis is 1.5 V/div on all oscillograms, the division ratio
of the divider K7s,,,,~860.7
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The front of the pulses from the high-voltage
generator [6] without sharpening is = 2.5 ns. The divider
transmits it without distortion (see the oscillogram in
Fig. 8,a). From oscillograms in Fig. 8,b,d it can be seen
that at sharpening (significant shortening) of the pulse
front from the generator, parasitic oscillations occur on it
(at the front). These oscillations are excited in this
resistive voltage divider containing parasitic capacitances
and inductances, by sharpened (subnanosecond) pulse
front from the generator. Oscillogram in Fig. 8,d shows
that the first voltage surge during sharpening of the front
of measured and recorded pulses is significantly steeper
than in the absence of sharpening, and in the rise time
itis <0.5 ns.

To validate the experimental results and find out
exactly which parasitic capacitances and inductances in
the divider to the greatest extent affect its transient
characteristic (function), computer simulation of the
resistive voltage divider taking into account its parasitic
parameters is carried out. The presence of a broadband
coaxial cable with an impedance of 100 Q and electrical
length of 5-10 ns between the output of the high-voltage
pulse generator and the input of the divider is also taken
into account.

Computer simulation of the operation of the
divider. The circuit used to model the operation of the
divider when applying voltage pulses to the 75 Q input

with different fronts duration from the generator through a
coaxial cable with an impedance of 100 Q and an
electrical length of 5 ns, is shown in Fig. 9. The values in
the circuit elements varied. From the diagram in Fig. 1 it
differs taking into account the parasitic inductances in the
divider. In the diagram (Fig. 9), the pulse generator has
the following characteristics. The amplitude of the pulses
is 5 arbitrary units (for example, 5 kV). The delay before
the start of the pulse is 10 ns. The duration (rise time) of
the pulse front from the generator is 0.1 ns. The duration
of the decay of pulses from the generator is 1000 ns. Pulse
width (shelf on top) is 100 ns. The pulse repetition period
from the generator is 5000 ns. The recording oscilloscope
C7-19 in the diagram is represented by the input active
resistance R6 = 50 Q and included in parallel with the R6
input capacitance C1 = 15 pF. The parasitic inductance L3
at the point of connection of the divider output to the
oscilloscope input during modeling varied in the range
L3 =0.1 ... 10.0 nH, and L1 — in the range L1 = 0.5 ...
10.0 nH. The values of inductances L1 and L3 have a
significant effect on the shape of the front part of the
pulse voltage at the output of the divider connected to the
input of the oscilloscope.

The maximum step duration in modeling in
Microcap-10 was 0.001 ns, the number of points in time
was 100,000.

1ip 1p 1p
C10 Cco ce
|- n u
Eik is VE\LUE=ZEJI_;1C|CITD=5ns|_1 R1 L2 R2 -
5n 0.01n 0.5n 73.8 0.5n| 239 47.2
10 5 ] 2 < 5 At

- i + =

Fl49 ip ip 3 1D_L i

T ca] <R3 gd [ v

i

DCOACO Pulse 0 510n0.1n 10000 100n 5000n

Fig. 9. Circuit for computer simulation of the voltage divider operation

The simulation results for the circuit (Fig. 9) are
shown in Fig. 10. In Fig. 10,a the amplitude of the voltage
v(1) and v(2) at points 1 and 2 is less than the amplitude
v(8), v(9) and v(10), because the characteristic impedance
Z0=100 Q of the cable line 72 is greater input resistance
(=75 Q) of the divider. The division coefficient K75, of
the first stage of the divider can be determined from the
graphs in Fig. 10,a,b, as K75 ~Vuax(1)/Viax(3)=
~ 4270/150=28.5 excluding the outlier, which
corresponds to the above calculated value of K7s;. From
the graphs in Fig. 10,c,d, similarly, we determine
K752 = Vinax(3)/Vimax(5) = 150/9.95 = 15.1, which also
corresponds to the calculated value K7s,.

Regular bursts with a repetition period of 10 ns on
the graph (Fig. 10,a) of the voltage transient at point 2 (at
the 75-Q input of the divider) at the pulse front from the
0.1 ns generator are caused by the longitudinal capacitance
in the divider 1/(1/C8+1/C9+1/C10) = 0.33 (pF).
The repetition period is determined by the electric length
of 5 ns of the cable 72 and is equal to twice the running

time of the voltage wave from the generator through the
cable to the input of the divider. Similar bursts were
observed on oscillograms from the C7-19 oscilloscope.
Only the period of these bursts was longer (approximately
20-25 ns) due to the longer cable length. If the
longitudinal capacitance in the divider during modeling is
reduced by an order of magnitude — to 0.033 pF, then the
amplitude of bursts sharply decrease and become hardly
noticeable. The bursts also decrease with increasing
duration of the pulse front from the generator, which
agrees well with the experimental data (see Fig. 8).

The numbers affixed to Fig. 9 are the numbers of
the points at which the voltage was measured in the
simulation (the voltage between this numbered point of
the circuit and the grounded point of the circuit — the
body of the divider). Filter C11-L5-R9 provides on the
resistance R9, to which the input of a coaxial cable with
an impedance Z0 = 100 Q and an electrical length
of 5 ns, is connected, the pulse shape in the form of a
falling exponent with a steep front. If in the diagram in
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Fig. 9 take C1 = 5 pF instead of 15 pF, the amplitude
(range) of oscillations at point 6 at the input to the
oscilloscope decreases slightly, and negative surges in
oscillations disappear, as shown by the curves in
Fig. 10,d and Fig. 11.

According to [2, p. 49] t; = 0.35/B, where B is the
bandwidth determined by attenuation 3 dB, # is the rise

time for the system under study, in our case for the
studied low-resistance resistive voltage divider or for a
recording oscilloscope. Therefore, for a C7-19
oscilloscope with a 5 GHz bandwidth, the front # of
pulses, which it transmits without significant distortion,
t~ 0.35/5 GHz = 0.07 ns.
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Fig. 10. The results of the simulation of transient in the circuit in Fig. 9
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Fig. 11. The voltage at the output of the divider according
to the circuit in Fig. 9 at C1 =5 pF

If in the circuit in Fig. 9 to increase L3 from
0.1 nH to 0.5 nH, then the amplitude of oscillations at
point 6 at the pulse front from the generator increases
by about 2.5 times, which illustrates the simulation
result in Fig. 12.

Fig. 12. The oscillations at the output of the divider according
to the circuit in Fig. 9 at L3 = 0.5 nH

Under these simulation conditions, the oscillations at
point 6 at the front decay beyond = 0.6 ns, which is less
than in the experiment (see Fig. 8,d).

If in the simulation circuit in Fig. 9 set the duration
of the pulse front from the generator not 0.1 ns, but 2.5 ns,
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which corresponds to the operation of a real pulse
generator in the mode without sharpening of the front, as
a result of the simulation we obtain the dependence of
voltage on time at various points of the circuit, shown
in Fig. 13.

Small fluctuations in the form of bursts and
valleys at a front duration of 2.5 ns are caused by
breaks in the initial pulse from the generator: at the
beginning of the pulse and when going from the front
to the flat top.
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Fig. 13. The results of the simulation of the transient according to the circuit in Fig. 9 at a pulse front duration 2.5 ns
from the generator

Modeling at extremely short rise times of the front
from the pulse generator, causing the appearance on the
front of the oscillograms from the output of the divider of
high-frequency oscillations (see Fig. 8,d), turned out to be
the most difficult at modelling the operation of the
divider.

The task is complicated by the fact that the duration
of the pulse front from the generator in experiments in the
sharpening mode is unknown. It was only clear that the
shorter the front from the generator, the greater the
amplitude of oscillation on the oscillograms from the
output of the divider.

Experiments have shown that the amplitude of these
oscillations reaches twice the value compared with the
amplitude of the voltage from the output of the divider in
the mode without sharpening the front. The selection of
the parasitic inductances and divider capacitances in the
simulation of oscillations on the front part in the mode of
sharpening the front of pulses made it possible to achieve

good agreement between the simulation results and the
experimental results (see Fig. 8,d). The circuit, which
allowed to model the oscillations on the front of a
sharpened pulse, is shown in Fig. 14, and the simulation
results are presented in Fig. 15. The front part of the
simulated pulse, close to that in the experiment using the
sharpening mode, was obtained with a front duration of
0.1 ns of the original pulse from the generator in the
simulation circuit. Hence, in the sharpening mode, the
duration of the front from the generator in the experiment
was also = 0.1 ns.

The simulation does not take into account the
processes in the divider as in a long line, which lead to
the emergence of higher types of electromagnetic waves
when a long line is excited by pulses with steep fronts
whose duration is comparable or less than the electric
line length (in our case, of the voltage divider). With a
pulse front duration of 0.1 ns, the corresponding path
length of an electromagnetic wave in air is 3 cm, and the
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divider length is 18 cm. Therefore, the appearance of
higher-type waves in it is real. This can explain the
somewhat higher intensity of oscillations at the front of

a sharpened pulse at the output of the divider in the
experiment (as compared with the results of computer
simulation).
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Fig. 14. Circuit with parasitic inductances and divider capacitances, which provided the simulation results of the pulse front at the
divider output, closest to the experimental ones

Thus, computer simulation has allowed to clarify the
duration of the pulse front from the high-voltage
generator used in the experiment in the sharpening mode
and to estimate quantitatively the values of the parasitic
inductances and capacitances in the considered divider. In
particular, the value of the simulated parasitic inductance
at the input of the divider was L1 = 7 nH, and at the
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output the divider L3 = 10 nH. The rise time of the front
of the voltage pulse v(7) at the RC-input of the
oscilloscope (R6 = 50 Q, C1 = 10 pF in Fig. 14 at point 7)
was approximately 0.7 ns (see Fig. 15,b), while the rise
time of the voltage pulse front v(7) from the generator at
point 8 is 0.1 ns. From here it follows that the rise time
the transitional characteristics of the divider is = 0.7 ns.
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Fig. 15. The results of the simulation of the transient at the output of the divider, close to the experimental results;
a —pulse as a whole, b — front part of pulse

Simulation has shown that the influence of parasitic
capacitances and inductances in the investigated divider at
subnanosecond and even shorter rise times of pulses at the
input of the divider should be taken into account.

Conclusions.

1. Theoretically (using computer simulation) it is
reasonable and experimentally it is confirmed that the
developed voltage divider with the rise time of the
transient response =~ 0.7 ns allows to measure high-
voltage pulses with a steep front (up to 1 ns as the lower
limit) and provides the division factor K7s;,,~ 861 when
using a 75-Q divider input and with an oscilloscope input
resistance of 50 Q (Ks,,,~548 when using 50-Q divider
input and at the input resistance of the oscilloscope, equal
to 75 Q).

2. A computer model of VD is created, with the help of
which it was possible to explain the presence in the
experiment of oscillations with amplitude twice as large

as the amplitude of the pulses according to the division
factor of the divider at the front of the pulses from the
output of the divider. These oscillations (arising when
pulses with a very steep front =~ 0.1 s are applied to the
divider input) are caused by the presence in the divider of
a parasitic longitudinal capacitance ~ 0.3 pF and parasitic
inductances, the total value of which is = 17.5 nH).

3. This divider can be recommended for measuring the
characteristics of high-voltage pulses with steep
(nanosecond) fronts.
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ENERGY COMMITMENT: A PLANNING OF ENERGY CARRIER BASED ON ENERGY
CONSUMPTION

Purpose. Energy consumption is one of the criteria for determining the quality of life in a country. Continued supply of energy
and the possibility of long-term access to resources require a comprehensive plan. One of the key issues in the field of energy
planning is energy carriers. In this paper, a new theory is introduced to energy network studies for planning of energy carriers
called Energy Commitment. In this theory, an appropriate planning is applied for energy carriers based the final energy
consumption. Energy carriers are available either naturally or after the energy conversion process. Energy commitment is
modeled on an energy network with the presence of electrical energy, gas energy, transportation section, agriculture section,
industrial section, residential section, commercial section, and general section. References 25, tables 3.

Key words: energy, energy commitment, energy carrier, energy consumption, unit commitment.

Lenv. Ilompebnenue snepeuu a6AAeMCcA 0OHUM U3 KpUmMepues onpedenenus Kawecmea scushnu ¢ cmpane. Henpepoignvie nocmasku
IHepUL U 603MOICHOCHIL 00JI20CPOUHO20 OOCHIYRA K Pecypcam mpeoylom KOMRIeKcHo2o niaana. OOHuM u3 Kiloueevlx 60NpOCO8 6
obnacmu HepzemMutecKoz0 NIAHUPOSAHUA AGTIAIOMCA IHepzoHocumenu. B oannoii cmamuve 6 uccnedosanusn snepzemuueckux cemeii
0Nl NIIAHUPOBAHUA IHEP2OHOCUMENell 6600UMCs HO8as meopuss noo Haseanuem Energy Commitment («nepzemuueckoe
o0a3amenvcmeo»). B ymoii meopuu 0na ynepzonocumeneii RPUMEHsIENcs COOMEEMCMEyIouiee NIAHUPOBANHUE HA OCHO8E KOHEUHO20
nompeonenus nepzuu. IHepzonocumenu OOCHYnHbL TUOO eCeCINBEHHbIM RymeM, 10 Nocie npoyecca nPeodpazo6anus IHePuu.
Energy Commitment modenupyemcs 6 Hepeemuyeckoil cemu ¢ y4emom INeKmpuiecKoll IHepeuu, IHepeun 2aa, mpaHcnopmuoil

ompaciu Hapoduozo Xo3aiicmea,

CeNbCKOX03AUCHMEEHHOU  Ompaciu,

RPOMBIUIIICHHO20 CEKmOopa IKOHOMUKU, HCUTTUUWIHO-

KOMMYHATIBHO20 X03ATCMEA, PeanbHO20 CEKMOPA IKOHOMUKU U NPOUUX 8UA08 IKOHOMUYECKOI akmuehocmu. bubn. 25, Tabn. 3.
Kniouesvie cnosa: IHeprus, JHEpreTHYecKoe 00s13aTeILCTBO, JHEPrOHOCUTEJIb, JHEPToNoTped/IeHne, eTHHUIHOE 00513aTeIHCTBO.

Introduction. Energy consumption is one of the
criteria for determining the level of development and
quality of life in a country [1]. If energy used properly
and reasonably, it can in any country make progress in the
science, technology and welfare of its people. Otherwise,
it will cause irreparable economic losses and a massive
economic downturn [2]. The energy consumption trend
has been very fast and critical in recent years. Continued
supply of energy and the possibility of long-term access
to resources require a comprehensive energy planning,
which is why energy planning is indisputable economic,
national and strategic imperatives. One of the key issues
in the field of energy planning is energy resources.

Many studies is done on the power system such as:
transformers [3], battery energy storage [4], distributed
generation [5], energy [6]. One of the most important
studies of electric power network is the issue of Unit
Commitment (UC) [7]. UC is to determine the most
appropriate electrical power generation pattern at power
plants, firstly, to meet technical requirements, and then to
be the most economical [8]. UC has been studied using
various methods. The priority list method and dynamic
programing are the first methods in UC [9]. In the
Lagrange method, equal and unequal constraints were
added to the objective function [10]. In [11] UC problem
is investigated the in presence of FACTS devices and
energy storage. In [12] UC problem is studied under
cyber-attacks. In addition, evolutionary methods have
been used for solving UC in recent years. In [13] a
method is proposed based on the classical genetic
algorithm. Integer-coded genetic algorithm in [14] is
proposed. Researchers have also used other methods to
solve the UC problem such as: Particle Swarm
Optimization (PSO) [15], Teaching Learning Based
Optimization (TLBO) [16], Gravitational Search
Algorithm (GSA) [17] , Water Cycle Algorithm (WCA)
[18] and Grey Wolf Optimization (GWO) [19], Whale

Optimization Algorithm (WOA) [20]. Other algorithms
are also suggested for UC solving [21-24].

Energy Commitment (EC) is to determine the most
appropriate pattern for using energy resources to meet
energy demand, firstly, to meet technical requirements,
and secondly, to be the most economical. In other words,
energy sources should be used as much as needed, if the
energy sources are in line with the demand peak it will
cost a lot. Therefore, EC reduces energy supply costs.

This problem can be articulated mathematically, so
that a function called F is defined as the objective
function, which is equal to the total cost of supplying
energy demand. In this case, the problem is to minimize
F. Note that losses are discarded and there is no explicit
mention of any exploitation restrictions in the issue. So:

F ZFI(Esl )+F2(ES2 )+F3(ES13 )+

N.\'
+..+Fy. (ESNS ): > F, (Esl_ )
i=1

where F is the objective function, F; is the cost of i-th
source, g is the i-th kind of energy demand and N is

(M

the number of energy carriers.

The above issue is an optimization problem that can
be examined using appropriate methods.

Problem Formulation. Energy grid modelling.
The energy network consists of the following sections:
transportation,  agriculture, industrial, residential,
commercial and general.

In the energy grid, energy demand is calculated as a
sum of sub networks of the grid:

N
EC; =EC, +ECy+..+ ECy = Y EC;, Q)
i=1
where EC; is the final energy consumption, N is the
number of different sections of energy consumption and
EC; is the energy consumption of i-th section.

© M. Dehghani, Z. Montazeri, O.P. Malik

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.4 69



Firstly, the final energy consumption matrix based
on different sections is determined as

E =|EC, EC, ... EC; ... EC\ T, 3)
where E| is the final energy consumption matrix based on
different sections.

Now final energy consumption matrix based on
different energy carriers is determined as

Ey =T x Ey, 4
where E, is the final energy consumption matrix based on
different energy carriers and 7', is the transpose matrix of
different sections to different energy carriers.

Energy losses is modeled as

By =T 3% Ey, ®)
where FE; is the final energy consumption based on
different energy carriers considering losses and 753 is the
efficiency matrix.

At this stage, electrical energy is converted into
energy carriers. The electrical energy of different power
plants is determined as

E, =T,xE,, (6)

where E, is the electrical energy of different power plants,
T, is the separation matrix of electricity generation by
different power plants and E, is the total electricity
demand.
Input fuel for different power plants is determined as
Eel =Ly, f XEuv (7)
where E o is the input fuel for different power plant
and Electrical manufacturer carriers is determined as
E, =Ts . xE,, (8)

where E, is the electrical manufacturer carriers and 7.

is the conversion matrix of input fuel to energy carriers.

After simulation of electrical energy, final energy
consumption is calculated as
E4 =E3 -|-Ee2 —Ee, (9)

where E; is the final energy consumption after conversion
of electrical energy.

At this stage, the process of refining crude oil is
simulated as

E, =T,xE,, (10)

where E P is the energy carriers produced by refining, 7,

is the separation matrix of produced products from
refining crude oil and £, is the maximum capacity of
refineries.
After simulation of process of refining crude oil,
final energy consumption is calculated as
E5=E4+Ep—Ep1, (11)

where Es is the final energy consumption after refining
crude oil. Actually E5 determines energy carriers in order
to supply of energy demand.

Test energy grid. EC is applied to energy grid with
10 power units. Electrical network information is adapted
from [25].

Simulation. After modeling the energy network, EC
is simulated on energy grid.

The simulation results of EC on the energy grid
studied are presented in Tables 1-3.

In Table 1, dynamic scheduling results are presented
with equal paths to the maximum number of states per
hour of the study. The second path, (S2) is identified as an
appropriate strategy. The cost of EC in this path is equal
by 8,554,182 USD. The need for energy carriers to
provide final energy consumption is specified in Table 2.
The result of economic distribution of electrical energy is
presented in Table 3.

Table 1
The output result of dynamic planning in ten unit energy grids
Strategy
S6 S5 S4 3 $2 S Hour
2 2 2 2 2 2 The initial state
3 3 3 3 3 3 1
3 3 3 3 3 3 2
3 3 3 3 3 3 3
3 3 3 3 3 3 4
3 3 3 3 3 3 5
4 4 4 4 4 4 6
4 4 4 4 4 4 7
9 9 9 9 9 9 8
9 9 9 9 9 9 9
9 9 9 9 9 9 10
10 10 10 10 10 10 11
10 10 10 10 10 10 12
10 10 10 10 10 10 13
9 9 9 9 9 9 14
9 9 9 9 9 9 15
9 9 9 9 9 9 16
9 9 9 9 9 9 17
9 9 9 9 9 9 18
9 9 9 9 9 9 19
9 9 9 9 9 9 20
9 9 4 4 4 4 21
9 6 4 4 3 3 22
7 6 4 4 3 3 23
7 6 5 4 3 2 24
8,557,932 8,557,192 8,557,153 8,554,502 8,554,182 8,555,398 Cost (USD)
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Table 2

The need of energy carriers in ten unit energy grids

8 7 6 5

4

3 2 1 Hour

3721.1 3721.1 3721.1 3721.1 3721.1

3721.1 3721.1 3721.1 Petroleum

51.78965 | 44.67028 | 37.55091 | 23.31218 | 16.19281 | 1.95407 |—12.2847 | —19.404 | Liquid gas

—350.552 | —365.265 | —354.657 | —429.906 | —466.355 | -539.254 | —612.154 | —647.68 Fuel oil

—11.7441 | -61.1345 | -123.351 | —210.1 | —253.46 | —340.182 | -426.903 | -470.252 Gas oil

17.72885 | 1.640607 | —14.4476 | -46.6241 | —62.7124 | —94.8888 | —127.065 | —143.154 | Kerosene

405.1893 | 363.9642 | 322.7392 | 240.289 | 199.0639 | 116.6137 | 34.16357 | =7.06152 | Gasoline

53.06305 | 50.85209 | 48.64113 | 44.2192 | 42.00824 | 37.58632 | 33.1644 | 30.95344 | Plane fuel

4380.603 | 4190.728 | 3988.239 | 3615.204 | 3432.123 | 3065.959 | 2699.796 | 2519.415 | Natural gas

26.60254 | 25.4941 | 24.38566 | 22.16878 | 21.06034 | 18.84346 | 16.62658 | 15.51815 | Coke gas

58.79772 | 56.34781 | 53.89791 | 48.9981 | 46.54819 | 41.64838 | 36.74857 | 34.29867 Coal

16 15 14 13 12

11 10 9 Hour

3721.1 3721.1 3721.1 3721.1 3721.1

3721.1 3721.1 3721.1 | Petroleum

30.43155 | 51.78965 | 66.02839 | 80.26713 | 94.50586 | 87.3865 | 80.26713 | 66.02839 | Liquid gas

—459.901 | —350.552 | —275.868 | —198.861 | —135.511 | —158.969 | —198.861 | -275.591 | Fuel oil

—141.826 | —11.7441 [ 74.99814 | 161.7678 | 260.843 | 205.169 | 161.7678 | 75.0014 Gas oil

—30.5359 | 17.72885 | 49.90533 | 82.0818 | 114.2583 | 98.17004 | 82.0818 | 49.90533 | Kerosene

281.5141 | 405.1893 | 487.6395 | 570.0897 | 652.5398 | 611.3148 | 570.0897 | 487.6395 | Gasoline

46.43017 | 53.06305 [ 57.48497 | 61.90689 | 66.32881 | 64.11785 | 61.90689 | 57.48497 | Plane fuel

3831.358 | 4380.603 | 4751.988 | 5130.168 | 5531.033 | 5323.32 | 5130.168 | 4752.798 | Natural gas

23.27722 | 26.60254 | 28.81941 | 31.03629 | 33.25317 | 32.14473 | 31.03629 | 28.81941 | Coke gas

51.448 | 58.79772 ] 63.69753 | 68.59734 | 73.49714 | 71.04724 | 68.59734 | 63.69753 Coal

24 23 22 21 20

19 18 17 Hour

3721.1 3721.1 3721.1 3721.1 3721.1

3721.1 3721.1 3721.1 Petroleum

—5.1653 |9.073439 | 37.55091 | 66.02839 | 80.26713 | 51.78965 | 37.55091 | 23.31218 | Liquid gas

—595.486 | —548.095 | —423.452 | -275.868 | —198.861 | —350.552 | —423.452 | -496.351 | Fuel oil

—370.456 | —277.548 | 98.4652 | 74.99813 | 161.7678 | —11.7441 | —98.4652 | —185.186 Gas oil

—110.977 | —78.8006 | —14.4476 | 49.90533 | 82.0818 | 17.72885 | —14.4476 | —46.6241 | Kerosene

75.38865 | 157.8388 | 322.7392 | 487.6395 | 570.0897 | 405.1893 | 322.7392 | 240.289 | Gasoline

35.37536 | 39.79728 | 48.64113 | 57.48497 | 61.90689 | 53.06305 | 48.64113 | 44.2192 | Plane fuel

2913.867 | 3278.051 | 4014.44 | 4751.988 | 5130.168 | 4380.603 | 4014.44 | 3648.277 | Natural gas

17.73502 | 19.9519 | 24.38566 | 28.81941 | 31.03629 | 26.60254 | 24.38566 | 22.16878 | Coke gas

39.19848 | 44.09829 | 53.89791 | 63.69753 | 68.59734 | 58.79772 | 53.89791 | 48.9981 Coal

Table 3
The electrical energy economical distribution within the energy grid
= o o ~ © %) < o S — 5
: | 2| E|E | 2| E|E| )| E|E| 2
5 =) 5 =) =) =) =) 5 =) 5
0 0 0 0 0 0 0 129.9054 | 150 | 420.9897 1
0 0 0 0 0 0 0 130 [ 1659591 | 455 2
0 0 0 0 0 0 0 130 266.087 455 3
0 0 0 0 0 0 0 130 [ 3662149 | 455 4
0 0 0 0 0 0 0 130 [ 4162788 | 455 5
0 0 0 0 0 0 61.40668 130 455 455 6
0 0 0 0 0 0 111.4706 | 130 455 455 7
0 54.94904 10 25 78.91501 25 20 129.9395 | 403.1555 | 454.5755 8
0 54.92522 | 38.19602 25 79.91727 25 40.51524 | 129.8847 | 454.393 | 453.831 9
0 54.99011 | 46.54565 | 75.69185 | 79.97855 25 129.9675 | 129.966 | 454.8779 | 454.8368 10
55 55 55 85 80 5198213 | 130 130 455 455 11
55 55 55 85 80 157.1164 | 130 130 455 455 12
31.11385 55 55 85 80 25.80435 | 130 130 455 455 13
0 55 46.5999 | 25.09276 80 25.18803 | 130 130 455 | 454.9096 14
0 50.46745 10 25 4235772 25 20 129.0834 | 452.7482 | 446.8778 15
0 54.57776 10 25 75.61226 25 20 129.572 | 260.4829 | 451.0978 16
0 54.58248 10 25 75.74856 25 20 129.4813 | 209.902 | 451.5645 17
0 55 10.06585 | 25.04071 80 25.08315 | 20.12963 | 130 | 4012152 [ 455 18
0 55 46.61355 | 25.03679 80 25.13997 | 130 130 455 455 19
0 53.36535 10 25 79.89353 25 70.70835 | 129.7906 | 454.3342 | 453.5704 | 20
0 0 0 0 0 0 61.40668 | 130 455 455 21
0 0 0 0 0 0 0 130 [ 316.1509 | 455 22
0 0 0 0 0 0 0 130 216.023 455 23
0 0 0 0 0 0 0 130 216.023 455 24
Conclusions. technical requirements, and secondly, to be the most

Energy Commitment (EC) was introduced as a
planning of energy carrier based on energy consumption.
EC is to determine the most appropriate pattern for using
energy resources to meet energy demand, firstly, to meet

economical.

The energy grid including different sections was
modeled in matrix form. EC was simulated on the one
energy grid with ten power plants and result was
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presented. Different combinations of power plants are
available to provide final energy consumption. Due to the
different fuel inputs to each power plant, there are
different combinations of energy carriers. The proper
combination of energy carriers is determined to provide
final energy consumption using the dynamic
programming method.
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