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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 47: AIRCRAFT DESIGNER IGOR SIKORSKY AND HIS
ACCOMPLISHMENTS IN DESIGN OF AIRPLANES AND HELICOPTERS

Purpose. Preparation of short scientifically-historical essay about one of founders of world aviation, prominent Ukrainian and
American aircraft designer I.1. Sikorsky. Methodology. Known scientific methods of collection, analysis and analytical treatment
of scientific and technical information, touching becoming and development of world aviation and resulted in scientific
monographs, journals and internet-reports. Results. A short scientifically-historical essay about a prominent Ukrainian and
American aircraft designer Igor Ivanovich Sikorsky, becoming one of founders of world aviation. Basic scientific and technical
achievements of I.1. Sikorsky in an area of design of airplanes and helicopters, emigrating because of overcame civil war from
Russia to the USA (1919). It is shown that 1.1. Sikorsky is the founder of not only American but also domestic aviation industry.
L1 Sikorsky became the first on our planet incarnating in reality the dream of the genius Italian inventor Leonardo da Vinci on
creation of helicopter. He became the «fathery of world design of helicopters. By him in Russia and the USA 17 base types of
airplanes and 18 base types of helicopters were developed and built, operating on piston and gas-turbine engines. Helicopters
development by L1. Sikorsky firstly the world accomplished flying (with refuelling in mid air) over Atlantic (S-61, 1967) and
pacific (S-65, 1970) oceans. It is marked that one of reliability indexes of the designs of aircrafts created by him is that until now
the Presidents of the USA fly on helicopters with inscription of «Sikorsky» onboard. Originality. Certain systematization is
executed known from scientific publications and other mass of scientific and technical materials media, touching becoming and
development of world aviation and contribution to world design of airplanes and helicopters of prominent Ukrainian and
American aircraft designer l.I. Sikorsky. Practical value. Scientific popularization and deepening for University students,
engineering, technical and scientific workers of scientific and technical knowledge in the field of history of becoming and
development of world design of airplanes and helicopters, extending their scientific and technical range of interests and further
development of scientific and technical progress in society. References 12, figures 12.

Key words: aviation, prominent Ukrainian and American aircraft designer Igor Sikorsky, basic achievements in construction
of airplanes and helicopters, scientifically-historical essay.

Hagedeno kopomkuii HAyKoo-iCMOPUHHUI HAPUC NPO BUOAMHOZ0 YKPATHCLKO-AMEPUKAHCbKO20 agiaxoncmpykmopa lzops
leanosuua Cikopcokozo, sAKiit cmag 00HUM 3 OCHOBONOI0MCHUKIG céimosoi asiauil. Onucani ocnoeni docaznenns 1.1, Cik opcbkoz2o 6
2any3i niimako- i 6epmoaimoo0yOyeants, w0 emicpysas i3 0Xonaenor 2pomaoancovkoro giiinoro Pocii ¢ CILA (1919 p.). Ilokazano,
wio L1 Cikopcokuil € 3acHO6HUKAM He MINbKU AMEPUKAHCLKOT, ane i gimuusnanoi agiayitinoi npomucnosocmi. 1.1. Cikopcvkuii
Ccmaeé nepuiolw Ha HAwill naanemi NIOOUHOI0, AKA YMINUNA 6 PeanbHiCMb MpIl0 2eHianbHO20 IMANIliCbKO20 GUHAXIOHUKA
Jleonapoo oa Binui no cmeopennto éepmonvoma. bion. 12, puc. 12.

Knrouosi crosa: aBialisi, BUAATHHIA yKpaiHChbKO-aMepuKaHchbkuii aBiakoHcTpykTop Irop Cikopchbkmii, 0OCHOBHI 10CATHEeHHs
B JIiTaKo- i BepT0/1iTO0y/1yBaHHI, HAYKOBO-iCTOPUYHMII HAapuUc.

Ilpuseden Kpamkuit HaAYYHO-UCMOPUUECKUIL 0UEPK O GbLOAIOWIEMCA YKPAUHCKO-AMEPUKAHCKOM asuaxoncmpykmope Hezope
Heanosuue Cuxopckom, cmaguiem O0OHUM U3 OCHOBONOJIONCHUKOE MUPOGOIl asuayuu. Onucansl 0CHOGHbIE 00CMUNICEHUA
H.U. Cukopckozo 6 obnacmu camonemo- u 6epmonemocmpoeHus, IMUZPUPOBAsULEZ0 U3 0XE6AUEHHOI ZPAXHCOAHCKOIL 6OIIHOI
Poccuu ¢ CILIA (1919 2.). Hokazano, umo H.U. Cukopckuii a61aemcsa OCHOGAMENAM He MOAbKO AMEPUKAHCKOU, HO U
omeuecmeeHnoil asuauuonnoi npomviunennocmu. H.U. Cukopckuil cman nepevimM HA HAuwiell nianeme 4eno06eKoM,
GONIOMUGUIUM 6 PEeaNbHOCHMb MeYmy 2eHUAIbHO20 UMANbAHCK020 u3zodpemamens Jleonapoo oa Bunuu no cosdanuio
eéepmonema. bu6n. 12, puc. 12.

Kniouesvie cnosa: aBumanmsi, BbIAAIOLIUICH YKPAHMHCKO-aMepPUKAHCKUH aBHaKoHCTpYKTOp Urops Cuxopckuii, 0CHOBHBbIE
JOCTHKEHHSI B CAMOJIETO- M BEPTOJIETOCTPOEHHH, HAYYHO-HCTOPHYECKHUIi 0UepK.

Introduction. In the history of mankind there are
many talented personalities who brought one or another
area of scientific and technical knowledge to a new higher
level of their development. One of these personalities was
our compatriot Igor Ivanovich Sikorsky (Fig. 1), who
became the largest aircraft designer of the 20th century
[1]. Many outstanding achievements of design thought in
world aviation are connected with his name. It should be
noted that the beginning of the development of aircraft
industry in the Russian Empire is closely related to the
talent of this person. A significant part of that in aviation,
which made by a Ukrainian by origin LI. Sikorsky,
associated with the development of design of aircrafts and
helicopters in the USA [1, 2]. Paying tribute to this
outstanding Ukrainian-American aircraft designer, we

will try in the form of a brief scientific and historical
essay to trace his life and career in aviation.

The goal of the paper is preparation of a brief
scientific and historical essay on one of the founders of
world aviation, an outstanding Ukrainian-American
aircraft designer I.I. Sikorsky.

1. The beginning of the life and career. The hero
of our essay was born on May 25, 1889 in the family of a
Doctor of Medicine, Professor at Saint-Vladimir Kyiv
University Ivan Alekseevich Sikorsky, known in the
Russian Empire and abroad for his many publications on
psychiatry [1]. The father raised his younger son (Igor
was the fifth child in the family) according to his own
methodology in devotion to the Church, the Throne and

© M.I. Baranov
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Fig. 1. Outstanding aircraft designer of the 20th century
Igor Ivanovich Sikorsky (25.05.1889 — 26.10.1972) [2]

the Fatherland. He managed to develop in him an
unshakable will and instill in him a unique perseverance
in achieving his noble goal [1]. The mother of the future
aircraft designer, Maria Stefanovna (nee Temryuk-
Cherkasova), who was a medical doctor by training (by
profession due to domestic chores and raising children she
did not work), instilled in Igor a love of music, literature
and art. He began studying at the 1st Kyiv Gymnasium,
and in 1903 he wished to continue his education at the
Naval Cadet Corps (Saint Petersburg). At the end of
general education classes, he leaves this Corps in order to
obtain higher technical education. Young L.I. Sikorsky, in
order to realize his true vocation, in 1906 moves to Paris
and entered the Duvigne de Lannoy Technical School [1].
After studying at this school for just one year, in 1907,
due to the death of his mother, he returned to Kyiv and
entered the Mechanical Department of the Emperor
Alexander II Kyiv Polytechnic Institute (KPI).
Successfully completing the first academic year at the
KPI, LI. Sikorsky decided to do practical work in his own
workshop for the development and creation of aircrafts
[1]. It should be noted that the KPI, founded in 1898, was
a higher technical school of Russia of a new type, where
students received deep natural-science fundamental
training in mathematics, physics, chemistry and other
disciplines on which general engineering courses were
built [4]. Training of students at the KPI was combined
with professional and practical work in industry and in
scientific laboratories. The KPI strongly encouraged
research and practical work of teachers and students in
specialized research groups at the Institute. The idea of
building an aircraft of his own design fully captured the
young and promising young man in the field of domestic
aircraft industry LI. Sikorsky, who forgot about his
studies at the KPI for the time being (the period of his
studies at the KPI is considered to be the period of 1907-
1911 [3]). His first experiments on the creation of a
helicopter ended in failure. Soberly assessing the
situation, he decided to postpone work on creating his
own helicopter until better times and start developing
airplanes with a fixed wing. For the period 1910-1911, he
created with his own money five types of biplanes of the

S-1 — S-5 series with an internal combustion engine of
power from 15 to 50 hp. (Fig. 2). Having reached the
height of a flight of 450 meters on an S-5 type biplane and
time in the air of about 1 hour, the aircraft designer L.I.
Sikorsky gained world fame [4].

Fig. 2. Young aircraft designer LI. Sikorsky on his one of the
first airplanes of type S-2 (1910, Kyiv) [2]

2. Major achievements of the aircraft designer
LI. Sikorsky in airplane industry. In December 1911,
on a biplane of his own design of the type S-6 with an
engine of 100 hp, L.I. Sikorsky set the world record for
aircraft speed in airspace — 111 km/h [5]. From 1912 to
1917 a student Igor Sikorsky, who did not finish his study
at the KPI, held a high position as chief designer of the
Aviation Department of the Russian-Baltic plant in Saint
Petersburg (later renamed by the forces of the Russian
revolutionary movement in Petrograd), which supplied
the airplanes for the Russian army [1]. It is interesting to
note that in 1914, for his outstanding achievements in the
field of Russian military aircraft manufacturing, LI
Sikorsky received an Engineering Diploma from the Saint
Petersburg Polytechnic Institute, which became under
Soviet rule known throughout the world as the Leningrad
Polytechnic Institute (now this educational institution is
called Saint Petersburg Technical University). It is at this
Russian plant I.I. Sikorsky creates the first in the world
multi-engine heavy airplanes «Russian Knight» and «Ilya
Muromets» (Fig. 3). His biplanes and monoplanes
brought Russia fame as one of the world's leading
aviation powers.

g

Fig. 3. Four-engine bomber «Ilya Muromets» (S-22) of military
transport purpose developed by LI. Sikorsky (1913, Saint
Petersburg, Russia) [2]

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1



However, in 1918, the talented aircraft designer who
had done so much for the development of Russian
aviation, a former senior student of the KPI Igor Sikorsky,
who had escaped from the Red Terror, was forced to
leave Russia and sail by the English ship from Murmansk
to France [19]. Having worked in Paris for about a year at
one of the aircraft building factories, our young aircraft
designer came to the fateful conclusion for him that there
are more prospects for the development of heavy aircraft
building across the ocean in America. Note that the
aircraft designer L.I. Sikorsky, even before the start of
World War I in 1914, firmly concluded that aviation
would have a future for large aircrafts with two or more
engines. In his opinion, such aircrafts over single-engine
airplanes had clear advantages both in flight range and in
transport capabilities. In addition, this type of aircrafts
was safer than single-engine «brothers». In March 1919,
he arrives (or rather sails) from Europe to North America
to the seaport of New York — a large entrance «gate» for
numerous immigrants from around the world. From now
until the end of his long life, his unique intelligence and
creative forces were largely entirely focused on the
development of the American aviation industry, the
protection and prosperity of his beloved family. After the
usual initial hard ordeals and several years of severe
survival in a foreign land, in 1923 the purposeful aircraft
designer 1.I. Sikorsky founded his first aircraft
manufacturing Company, Sikorsky Aero Engineering
Corporation, in the United States, developing and
producing aircrafts [2]. The first aircraft produced by this
American company was the passenger twin-engine
biplane S-29 (Fig. 4) [2].

SIKORSKY

MANUFACTURING CORP
Sy st

e ——

A

N S 1K 0R sKy e

airplane designed and developed by L.I. Sikorsky in the USA
(1924) [2]

Life of L.I. Sikorsky in 1924 began to improve:
from the former USSR two sisters and a grown daughter
Tatiana from his first marriage came to him for
permanent residence (his first wife refused to move to
the United States). Soon, Igor Ivanovich entered into a
second marriage with the Russian émigré Elizaveta
Alekseevna Semenova. This marriage turned out to be
happy for the Sikorsky couple: one after another, the
sons Sergey, Nikolay, Igor and Georgy were born in
their family [1]. At that time, their father stubbornly
continued to promote his aircrafts on the American
vehicle market. I.I. Sikorsky «discovers» for himself a

niche in the aircraft industry unused in the United States
— the production of amphibious aircrafts capable of
taking off from the surface of the water and landing on
it. In 1928, 1.I. Sikorsky received US passport, and in
1929 his company became a branch of the larger
American company United Aero Craft. At it, he holds
the position of a design engineering manager for
aircrafts [7]. This US aircraft manufacturing Company
produces twin-engine ten-seat amphibious aircrafts of
the S-38 type (Fig. 5) [1, 7].

Fig. 5. Two-engine ten-seat amphibious aircraft of type S-38
developed by LI. Sikorsky (1929, USA) [1]

In 1931 this flying «boat» by I.I. Sikorsky opened
the post-passenger service in the zone of the Caribbean
islands and to South America. By the summer of 1937,
the «Pan American» Company on his four-engine
amphibious aircraft of the S-42 type began to successfully
serve the transpacific and transatlantic routes [7]. Later,
these mainline aircrafts were replaced with his more
comfortable and reliable flying «boats» of the S-44 type

(Fig. 6).

Fig. 6. Four-engine long-range fifty-passenger amphibious
aircraft of type S-44 developed by aircraft designer L.I. Sikorsky
(1937, USA) [2]

By 1939, LI. Sikorsky developed and created 17
types of aircrafts in the «metal» [7]. In the late 1930s, due
to a change in aviation commercial conjuncture for
amphibious aircrafts, I.I. Sikorsky returns to the idea of
building his own helicopter.

3. Major achievements of the aircraft designer
LI Sikorsky in helicopter industry. At the end of 1938,
LI Sikorsky, together with his assistants, began to
develop a fundamentally new and at that time still
unknown aircraft — a helicopter. So the great aircraft

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1 5



designer for the third time (for the first time — in Russia
since 1910, and the second time — in the USA since 1924)
practically from scratch begins his creative career in the
aircraft industry. His first experimental helicopter of the
VS-300 (S-46) type with an open tubular frame took off
on September 14, 1939 under the control of the aircraft
designer himself [1]. This helicopter had an original
single-screw design scheme with an automatic blade skew
and, accordingly, one lifting screw. To counteract the
torque, resulting in a circular movement of the cockpit of
the aircraft, on its tail a small screw with a mechanical
drive from the engine of the main lifting screw was
installed [1, 2]. At present, this single-rotor helicopter
design scheme is considered to be classic. Since then, at
least 90% of all helicopters in the world have been built
on this base. Then, in 1939, many aircraft designers of the
world considered this scheme unpromising. In 1942,
LI. Sikorsky created a double-seat helicopter of the
«Sikorsky XR-4» or S-47 type (Fig. 7), which soon
entered the USA serial production [2].

Fig. 7. Aircraft designer LI. Sikorsky in the cockpit of his new
technical «brainchild» — the world's first serial US helicopter
type «Sikorsky XR-4» (1942, USA) [2]

This type of helicopter turned out to be the only
helicopter of the countries of the anti-Hitler coalition
during World War II. The aircraft manufacturer Sikorsky
Aero Craft, which has become the leader in US helicopter
manufacturing and was part of the large American
company United Aero Craft, is once again gaining
autonomy and a new production base in Bridgeport.
Shares of this Company grew. Due to the large growth in
production orders for helicopters, a new factory was built
for their production in Stratford, where L.I. Sikorsky and
moved his residence. As the main purpose of the
helicopter, he considered the saving of human lives. In
this regard, we quote the phrase he expressed [2]: «... [ am
sure that the helicopter will become a unique vehicle for
saving lives». The S-52 light helicopter was the first
helicopter in the world to perform aerobatics. In 1953, LI
Sikorsky, using his single-rotor scheme, created a heavy
helicopter with a lifting weight of 14 tons [2]. Successful
use of combat helicopters designed by I.I. Sikorsky in the
Korean War forced the leadership of the former USSR to
pay close attention to the rotorcraft technique. So he
indirectly influenced the development of the Soviet
helicopter industry. The best helicopter created by

LI. Sikorsky in 1954, is considered a passenger helicopter
type S-58 (Fig. 8). In terms of its technical and economic
characteristics, it surpassed all the helicopters of the
world of its time [2].

i - e e i e e =
Fig. 8. Passenger helicopter type S-58 — the best design of the
great aircraft designer L.I. Sikorsky,
which became for him a «swan song» (1954, USA) [2]

Fig. 9 shows a general view of a helicopter crane,
designed and created by L.I. Sikorsky [1, 2].

Fig. 9. General view of the helicopter crane development by
aircraft designer LI. Sikorsky, in operation (1950s, USA) [2]

Aircraft designer I.I. Sikorsky (Fig. 10), as the
founder of the world helicopter industry, for many years
remained at the unattainable scientific and technical
«height». In addition to 17 types of airplanes developed
and built in Russia and the United States, he created 18
basic types of helicopters in the United States [2]. During
his life, L.I. Sikorsky received over 80 various honorary
awards, prizes and diplomas. Among them are the
Russian Order of Saint Vladimir of the 4th degree, gold
medals of Daniel Guggenheim, James Watt and a
Diploma from the National Gallery of Fame of Inventors.
In 1948, he was awarded a rare award — the Wright
Brothers Memorial Prize, and in 1967 he was awarded the
John Fritz Medal of Honor for scientific and technical
achievements in the field of basic and applied sciences
[2]. Note that in world aviation only Orville Wright was
awarded this medal before him as the founder of world
aircraft design. Aircraft designer L.I. Sikorsky was elected
an honorary Doctor of many leading Universities in the
world [2, 7].

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1
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Fig. 10. The world-recognized master of world aviation, aircraft
designer LI. Sikorsky during the heyday of his inventive and
engineering activities on American soil (1950s, Easton,

Connecticut, USA) [10]

-

4. Universal human qualities of the aircraft
designer LI. Sikorsky. What kind of person was this
outstanding aircraft designer? Medium height, with a soft
and even shy manner of speaking and behavior among
people [2]. Judging by the data from literary sources
[7, 8], he possessed remarkable physical and moral
strength. He was fond of mountaineering: he conquered a
number of mountain peaks of the USA and Canada. He
was particularly interested in terrestrial volcanoes. He
considered them as «mighty and majestic phenomena of
the earthly nature» [2]. He was quite a closed man.
Human communication he preferred privacy. Often he
went by car to the nature far from the city bustle. He was
a caring father. His daughter Tatiana became Professor of
sociology at Bridgeport University. His eldest son,
Sergey, became design engineer and worked with him at
an aircraft manufacturing Company (he went up to the
position of Vice-President, that is, deputy for his father).
Other sons of LI. Sikorsky chosen other professions:
Nikolay became a violinist, Igor became a lawyer, and
George became a mathematician [2]. LI. Sikorsky
considering the patriarchal upbringing in the family of his
parents was a deeply religious man. He financially
supported the Russian Orthodox Church in America [2].
He was the author of a number of theological works. His
head was usually crowned with a favorite «Fedora» hat
(see Fig. 1). He and his associates believed that this hat
usually brings him good luck both at work and at home.

According to people who knew the outstanding
aircraft designer closely, he was exclusively a peace-
loving person, and considered the main mission of
aviation to be the relief of people's everyday life and work
[5]. According to the son of the pioneer of the helicopter
industry of the USA Sergey Sikorsky, his father
L.I. Sikorsky was a versatile person: a highly qualified
engineer, first-class pilot and philosopher [9]. In addition
to aviation, he was interested in many things — literature,
classical music, history, theology. According to the words

of the eldest son Sergey [9]: «... the father did not become
a millionaire in the USA. But our family lived comfortably
and without material problems.

5. Return of the great aircraft designer LI.
Sikorsky to his alma mater. In 1998, a memorial plaque
was opened at the KPI in honor of the famous aircraft
designer and its former student [4]. It decorated the brick
wall of the building of the former research workshops, in
which the young purposeful Igor Sikorsky worked on the
creation of his first airplanes. On May 14, 2008 a
monument to L.I. Sikorsky was opened (Fig. 11) [11].

Fig. 11. Monument to the outstanding Ukrainian-American
aircraft designer LI. Sikorsky on the campus of the National
Technical University of Ukraine «Kyiv Polytechnic Institute»
(2008, Kyiv, Ukraine) [11]

On the marble slab of the pedestal of this world's
first monument to an outstanding aircraft designer of the
20th century, the honored artist of Ukraine, sculptor
Nikolai Oleinik carved the following words of
LI. Sikorsky, told him in his declining years [4]: «... I take
off my hat to the alma mater prepared me for the conquest
of the sky». Rector of the KPI, Academician of the
National Academy of  Sciences of  Ukraine
M.Z. Zgurovsky at the opening of the monument to the
former talented student of the KPI, who has become a
world-famous aircraft designer, noted that
«.. LI Sikorsky will inspire young polytechnics to fulfill
their dreams with his image, example and his fate» [11].
On August 26, 2016 the NTUU «KPI» (Fig. 12) became
known as the Igor Sikorsky National Technical University
of Ukraine «Kyiv Polytechnic Institute» [12]. The
corresponding order No. 992 of August 17, 2016 was
signed by the Minister of Education and Science of
Ukraine L.M. Hrynevych [12].
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Fig. 12. General view of the main academic building of the Igor
Sikorsky NTUU «KPI» (2016, Kyiv, Ukraine) [12]

So the great compatriot and aircraft designer of
modernity, after his death, returned to his native city of
Kyiv and to his unforgettable alma mater.

Conclusions. Many scientific and technical
achievements in the field of world aircraft and helicopter
design are connected with the name of our famous
compatriot Igor Ivanovich Sikorsky, who became one of
the largest aircraft designers of the 20th century. He
developed and built 17 basic types of airplanes and 18
basic types of helicopters working on piston and gas
turbine engines in Russia and the USA. He became the
«father» of the world helicopter industry. Helicopters
developed by him for the first time in the world flied
(with air refueling) through the Atlantic (S-61, 1967) and
Pacific (S-65, 1970) oceans. One of the indicators of the
reliability of the aircraft designs created by him is that
until now the US Presidents fly helicopters with the words
«Sikorsky» on board. Outstanding Ukrainian-American
aircraft designer L.I. Sikorsky played a crucial role in the
formation and development of world aviation. For his
aircrafts, he was awarded many honorary titles and
awards. The main reward to him, nevertheless, remains
the gratitude of people from all continents of our planet
for peaceful purposes using the flying machines created
by him and the principles of their design and construction
developed by him.
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RESEARCH OF THE MAGNETOELECTRIC LINEAR OSCILLATORY MOTOR
CHARACTERISTICS DURING OPERATION ON ELASTOVISCOUS LOADING

Purpose. To development of mathematical model for calculation of the magnetoelectric linear vibration motor performance with
elastoviscous loading and research of machine characteristics in the different operational modes depending on loading parameters.
Methodology. Experimental results by means of the developed test setup according to the specified methods are obtained. Moreover
we have correlated the experimental data obtained by means of the development experimental setup with the simulated results using
analytical model of the linear oscillatory motor with elastoviscous loading. In the analytical model of the linear vibration motor a
one-mass vibration system with equivalent parameters of stiffness and viscous friction is considered. Results. Calculations of
performance data for three operating modes of the oscillatory motor — for constant value of current, constant amplitude and
acceleration of vibrations are carried out. Results of calculation by means of analytical model are coordinated with the experimental
data obtained with help of a prototype of the linear motor and the load machine. Originality. Analytical expressions for performance
data of the linear vibration motor which are based on the analytical model and an equivalent circuit with the lumped parameters are
obtained. It is shown that for calculation of performance data depending on parameters of loading it is possible to use analytical
model which is based on an equivalent circuit with constant inertial parameters of the linear motor. Practical value. Results of the
work can be used for designing new and improvements of the existing vibration devices on the basis of linear motors with the
specified performance data. References 7, tables 1, figures 7.

Key words: magnetoelectric linear motor, elastoviscous loading, performance data.

Pozenanymo maznimoenekmpuunuili ainiunuii oeucyn eiopayinunoi 0ii yunindpuunoi mononocii. Ilnaxom nineapuzayii
PiBHAHL OUHAMIKU, OMPUMAHO GUPA3U O PO3PAXYHKY POOOUUX XaAPAKMEPUCMUK OGUZYHA 6 3ANeHCHOCHI 6i0 napamempie
RPYHCHO-6’A3K020 HABAHMAINCEHHA. XAPAKMEPUCMUKU GUZHAYAIOMbCA 01 MPbOX PEIHCUMie podoomu — 0as Cmanozo
3HAYEHHA CMpPYMYy 08UZYHA MA OAA CMATUX AMRHAIMYOU Koaueauv i npuckopennsa. Ilpoeedeno Oocniorcennsa 6 ninitinii
nocmanoeyi, 0e po3enA0AEMbCA 0OHOMACOEA KOIUBATIbHA CUCEMA, 8 AKII napamempu HAGAHMANCEHHA 6PAXOEYIOMbCA AK
exeisanenmui Koeghiyichmu sncopcmkocmi ma 6’azkozo mepma. [na noo6yooeu po3paxynkoeoi cxemu 3amiujeHHs
GUKOPUCHIOBYEMBCA MEMO0 eNeKmpomexaniunux aunanociu. IIpoeedeno ekcnepumenmanvHi 00CHiOHCEHHA pPoOOUUX
Xapakmepucmuk MazuimoeaeKmpuiHozo 06uzyna eiopayiinoi 0ii ma 6UKOHAHO HOPIGHANbHUI PO3PAXYHOK XAPAKMEPUCHUK
3a 00noMo2010 npedcmasgnenoi niniunoi moodeni. bion. 7, radun. 1, puc. 7.

Kniouogi cnosa: MmaruitoeneKTpUYHMIA JiHIHUI JIBUTYH, IPY’KHO-B’I3Ke HABAHTAKEHHs, PO00Yi XapaKTePHCTHKH.

Pacemompen  macnumodnekmpuueckuil  oeucamens GUOPAUUOHHO20 Oelicmeus UYUIUHOpUYecKol mononaozuu. Ilymem
NuHeapu3ayuu YpasHeHuil OUHAMUKU, NONYHEHbl 6bIPAdCceHuA ON4 paciema padouux Xapakmepucmuk oeuzamens 6
3a6UCUMOCHU OM NAPAMEMPOE YNPYZ0-6A3KO0U HAZPY3KU. XapaKkmepucmuKu onpeoenaomca 01 mpéx pexcumos padomosl — Ons
NOCMOAHHO20 3HAYCHUA MOKA 06UZAMENA U Ol NOCHOAHHBIX AMNAUNYObL KOedanuii u yckopenus. Boinonneno uccneooganue
6 JIUHENHOI NOCMAHOBKe, 20€ PACCMAMPUECACMCA 0OHOMACCO6AA KOeOAmMENbHAA CUCHEMA, 6 KOMOPOU napamempsl HAzpy3Ku
YUUMDBLEAIOMCA KAK IKGUBATICHMHbIE KOIPPuyuenmol ycecmkocmu u 64a3K020 mpenus. /{na nocmpoenus pacuemnoli cxemol
3aMeuw|enuA UCNOIL3YeMCA MEmo0 INeKMPOMEXanHuuecKux ananozuil. Boinonuenvl sxcnepumenmanvHble UCCIE006aHUA
Pabouux xXxapaKkmepucmuKk MazHumoIIeKmpuieckozo 06uzamesn UOPAYUORHO20 OeilicCmeus, A MaKice CPAGHUMENbHbLIL pacyem
XaApaKmepucmuK ¢ ROMOU{bI0 NPeOCmMasiennoil MuHelnoi modeau. bubn. 7, rabn. 1, puc. 7.

Knrouesvie cro6a: MAarHUTORJIEKTPHYECKHUI JTMHEHHBIA ABUTaTE/Ib, YIPYro-BsA3Kasg HArpy3Ka, pado4yne XapaKTepHCTHKH.

A series of works is devoted to the research and
calculation of the characteristics of the LM of vibrational

Introduction. Vibration technology is the basis of
many modern technological processes associated with the

movement and processing of materials, sealing, sorting,
granulation, etc. Typically, rotary motors with appropriate
mechanical transmissions are used to implement
reciprocating propulsion motion. Low efficiency of rotary
actuators is caused by significant mechanical losses in
transmission devices, and insufficient reliability by
dynamic overloads and non-durability of the typical series
of induction motors used in them.

Linear motors (LMs) are an alternative to traditional
drives based on rotational motors with transmissions that
convert the rotational motion into straightforward one.
Their advantages include the lack of mechanical gears,
low noise, high reliability and improved handling.

The use of vibration devices with a drive from linear
motors has its own peculiarities, which are determined by
the nature of the operation process. In order for the
vibrator to perform a certain technological operation
(sealing, mixing, etc.), it is necessary to ensure the
conformity of the electromechanical characteristics of the
LM to the requirements of the operation process.

action. Considerable attention during the study of such
systems was given to the analysis of the dynamic behavior of
the drive, depending on the parameters of the LM and the
operating frequency [1-3], that is, the frequency
characteristics. In this case, the electromechanical system is
considered as single-mass, on the basis of a linear substitution
circuit with constant lumped parameters. The influence of the
parameters of the elastoviscous loading on the frequency
characteristics of the LM (in particular the power factor) was
investigated in [4]. In [5], limitations were found for using a
linear model by comparison with the results of calculations
with the help of a refined nonlinear model based on the finite
element method. The use of frequency dependent parameters
of the substitution circuit [6] allowed expanding the
frequency range of the linear model to determine the
characteristics of the LM of vibration action.

The above work solves the problem of calculating
the characteristics of a vibrator with a drive from LM

© R.P. Bondar
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depending on the frequency. In this case, LM parameters
are defined, for example, on the basis of finite element
analysis. However, the parameters and the nature of the
loading, especially when it is variable, have a significant
effect on the characteristics. Such a change may result in
the emergence of emergency modes, or the inefficient use
of the machine and low efficiency. Therefore, the
question of researching the performance characteristics of
the LM of vibration action depending on the load
parameters and the creation of mathematical models for
calculating the parameters of the LM with the given
performance characteristics is relevant.

The goal of the work is development of a
mathematical model for calculating the performance
characteristics of the LM of vibration action with
elastoviscous loading and the study of the influence of
load parameters on the characteristics of the machine in
different operating modes.

The results of the work can be used to design new
and improve the existing vibration devices on the basis of
LM with the given performance.

Influence of load parameters on the characteristics
of LM of vibration action. Linear problem definition.
To determine the influence of the load parameters on the
performance characteristics, we conduct a study using the
linear model of the LM of vibration action, characterized
by the following assumptions.

The voltage of the power supply and the current of
the LM are sinusoidal. The parameters of the machine are
constant and do not depend on the mode of operation. An
equivalent mechanical circuit (Fig. 1,a) is represented by
a concentrated mass m,, which performs harmonic
vibrations relative to the position of the mechanical
equilibrium with the coordinate x, = 0 under the action of
the sinusoidal electromagnetic force of the LM F,(i,).
The restorative and dissipative forces are represented by
the corresponding coefficients of rigidity of elastic
suspension k, and viscous friction b,.

E, (i)
m, |

a =X

k, k,
== =]

AN S
LM Loading

Ry L

Fig. 1. Equivalent mechanical (a) and electrical circuits (b, ¢)

The force rating of the load is represented by the
sum of the elastic component, proportional to the

movement of the armature of the LM x,, and the viscous
friction force proportional to the velocity v, i.e.
Fi(xq,ve) =kpxg +byvy, (D

where k;, b; are the respectively, coefficients of rigidity and
viscous friction of the loading. A similar nature of the
loading is typical, in particular, for compressors drives [4].

It is also considered that the electric circuit of the
substitution of the LM (Fig. 1,b) is represented by a series
of connected resistance R,,, inductance L, (constant
averaged value) and source e,, which respectively
simulate the active resistance of the stator winding, the
inductance of the stator winding and the EMF induced by
the movement of the armature. The nonlinear properties
of the magnetic cores of the machine are neglected.

The following system of differential equations
corresponds to the presented substitution circuits:

di
u, = iRy, +LV%+KEvva;
d*x . dx
mg 251 :Fev(lv)_Fl(xa’Va)_kvxa_bv “; ()
dt dt
dx,
=V y
a

where u, =U,, sin(27ft) is the supply voltage of the LM
winding; U,, is the supply voltage amplitude; i, is the LM
stator current; Ky, is the coefficient of the EMF of the
LM; F,(i,) = Kpi, is the LM electromagnetic force; K, is
the coefficient of the electromagnetic force.

In the frequency domain, the system (2) is written as
QV :Lv(Rsv +ijv)+KEvKa;

_maa)zia = KFviv _(kl +kv)£a _ja)(b/ +bv)£a; (3)
ja)za :Ka’

where w is the angular frequency of supply voltage and
mechanical vibrations.

From the second equation of system (3) we define
the displacement

Kp, 1
X, - o )
k; +k, —my@® + jolb; +b,)

Having selected the real and imaginary parts of
equation (4) and taking the initial phase of current of the
LM equal to zero, it is possible to determine the
amplitude of vibrations through the corresponding
components of the complex displacement

Kp, 1
X = Fvtvm , (5)

am
\/(k, +k, —maa)z)z +a?(b;+b,)

where 1,,, is the amplitude value of the LM winding current.

To determine the resonant frequency, we find the
derivative of (5) by frequency and equate it to zero, from
where

mg, 2m2
Consider how the properties of a vibration system
change depending on the load parameters.
From equation (5) it follows that when
k + k, < m,?, the growth of the coefficient £, leads to an

wr:\/kl+kv (b +0,f ©
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increase in the amplitude of vibrations, and if
k + k, > m,w* to decrease. An increase in the damping
factor b, leads to a decrease in the amplitude of vibrations
and vice versa.

We consider other characteristics of the LM of
vibration action, using the method of electromechanical
analogies. For this it is convenient to introduce a
mechanical link of the system with appropriate supports,
the values of which can be obtained from the following.

From equation (4) it follows that
j CUK Fv iv

SO e T + joolb +b,)
Substituting this expression in the first equation of
system (3), we obtain
J (UKF vK Ev
ky +ky, —mya?* + jo(by +b,) )
where it can be seen that the complete resistance of the
system has electrical Z, = R, + jwL, and mechanical

Qv = lv(RSV + ja)LV +

= JOR K gy components.
ky+k, —maa)z +jco(bl +bv)

By analogy with electric circuits, active and reactive
mechanical resistances are defined respectively as real
and imaginary parts of the complex full mechanical
resistance, that is,

Zmec

2
_ KFVKEv(bl +bv)a)
Zimec = 2 2 2 i
(k,+kv—maa) )2+(b,+bv) o )
2

oK K g \kp +k, —m, 0

(k[ +kv —maa)z)z +(bl +bv)2a)2
The real part of expression (7) is the active
mechanical resistance

+J

KFVKEv(bl +bv)w2

(k,+kv—maa)2)2+(bl+bv)2a)2
and the imaginary one is the reactive mechanical
resistance

Re =

mec

a)KFvKEv(k, +k, —maa)z)

mec D) 5 2 N
ky +k, —m o )z+(b1+bv) w

The appropriate substitution circuit is presented in
Fig. 1,c.

After determining the resistance, the LM power
factor can be determined according to the expression
RSV + Rmec

2 2’
V(R + RV (X + X )
where X, = wL, is the reactance of the LM winding.

PF, = ®)

According to the substitution circuit shown in
Fig. 1,c, the current value of the supply voltage of the LM
is determined from the expression

U, = Iv\/(Rsv + Ryec )2 + (st + Xonee )2 . )
Then the power consumption will be equal

P,=U,I PF,. (10)

One of the possible operating modes of the LM of

vibration action is the mode when the constant value of
current [, = const is supported in the winding. The

amplitude of vibrations, the power factor, the voltage and
the power of the LM, for this mode, can be determined by
the expressions (5, 8-10) respectively. Such a mode of
operation is favorable in order to avoid electrical overloads,
but it does not exclude mechanical overloads. In addition,
this mode is not always optimal for providing the necessary
mechanical characteristics of the drive (amplitude, speed,
driving force or acceleration of the working body).
Therefore, it is also advisable to consider the problem when
it is necessary to determine the current of the LM, the
properties of the elastic system and the coefficient of
electromagnetic force for the given mechanical
characteristics. As the latter, we consider the modes when
the steady amplitude of vibrations X, = const and the
steady acceleration 4,,, = const should be ensured.

From expression (5), the current value of the
current, which provides the required amplitude of
vibrations, will be equal to

_ Xam‘/(kl +kv _mawz)2 +a)2(b1 +bv>2 »(11)

B ‘/EKFV

where it is seen that when &, + k, < m,o?, the growth of
the coefficient k; leads to a decrease in the current
required to maintain a constant amplitude of vibrations,
and if k; + k, > m,o® to increase. The increase in the
damping factor b, leads to an increase in the current of the
LM and vice versa.

The steady

=X ama)z = const, provided that the vibration mass

1
v |X m=c0nst

acceleration mode

A

am
is constant, also ensures the constancy of the inertia force,

since the latter equals Fj =m X, ama)z .

Taking into account the above, the current value of
the LM current, for a constant acceleration mode, is
determined from the expression

2
Aam _ KFvlvmw ,
\/(k, +k, —maa)z)z + (b +b, )
where
2 2 2
; _Aam\/(k,+kv—maa) )z+a) (B +b,) (12)
Vl4,,=const — \/EKF a)Z ’
v

Voltage, power factor and power for the last two
modes can be calculated by the expressions (8-10) taking
into account (11, 12).

The connection of the above characteristics with the
main dimensions and parameters of the LM is determined
by the coefficient of electromagnetic force [7]
Kp, =¥,,7/t, where ¥, is the amplitude of the flux

linkage of the winding; 7 is the pole division.

Design of experimental LM of vibration action
and loading machine. Both experimental and load-
bearing machines have cylindrical configuration. The
stator of the experimental machine (Fig. 2,q) has a
laminated core 1 of electrical steel and a winding of two
coils 2. An armature of the machine contains a permanent
magnet magnetized in axial direction 3 and two poles 4,
which are made of structural steel and have radial
incisions for reduction of eddy currents.
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Fig. 2. Design of experimental (a) and loading (») machines

The loading of the experimental motor is carried out
using the loading machine shown in Fig. 2,b. The stator of
the machine contains a body 5, a core with two
ferromagnetic poles 6, between which there is a winding
7. In order to improve the specific power indicators, in a
stator core a permanent magnet 8 of toroidal shape with
an axial direction of magnetization is used. The
electromagnetic force of the machine is determined by the
force and direction of the current in the winding, as well
as the position of the ferromagnetic armature 9 relative to
the stator. Stator poles and armature are solid and have
radial incisions to reduce eddy currents.

The main design parameters of experimental and
loading machines are given in Table 1.

In accordance with the above mechanical and
electrical substitution circuits (see Fig. 1), the
parameters for the calculation of performance
characteristics are as follows.

The mass of the oscillating part (the total mass of the
armatures of the experimental and loading machinery, as
well as the attached weight of the elastic suspension) is
m, = 6.72 kg. Elastic suspension of the LM has rigidity
k, = 153291 N/m, coefficient of viscous friction
b, =449 kg/s.

Parameters if the electrical substituting circuit of the
LM (see Fig. 1,b) are: Kp, = K, = 13.1; R, = 3.1 Q;
L,,=0.02 H.

The parameters of the loading machine vary
depending on the supply current and are within range
b, = (17+31) kg/s, k; = (3600-26100) N/m.

Table 1
Design parameters of experimental and drive machines

Amplitude of vibrations (operating) | mm | 10
Armature
% Permanent ma.terial . NdFeB(N42)
S | magnet residual rpagnetlc T 13
g flux density
s Stator
g Magnetic core outer diameter mm 89
£ length mm 165
S Stator windings wire section mm® | 1.06
number of turns — 300
Pole division mm 79
Operation vibration amplitude mm 10
Physical parameters
material NdFeB(N42)
o | Permanent - -
£ | magnet residual rpagnetlc T 13
§ flux density
£ | Armature material Steel 3
20 o number of turns 380
5 | Winding wire TIC/T, 01.12
S Main dimensions
Pole division mm 36
Overall diameter mm 160
dimensions length mm 120
Experimental study of the performance

characteristics of the LM of vibration action. Investigation
of LM characteristics, depending on the load parameters, was
carried out on the experimental stand presented in Fig. 3.

c

Fig. 3. Stand for the study of the characteristics of the LM
of vibration action: a, b — external view; ¢ — circuit
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The armature of the experimental LD of vibration
action 1 (LM) is rigidly connected to the armature of the
loading machine 2 (TM). The power supply of the
experimental machine is carried out from a sinusoidal
source, which is realized with the help of generator 3 (G)
and amplifier 4 (Am).

During experiments, a constant current value is
maintained in the winding of the loading machine. To do
this, a hysteresis current controller, made on
microcontroller 5 (MCU), which controls the inverter 6
(IA), is used.

Measurement of voltages, currents of the LM and
loading machine is performed using sensors VS1, VS2,
CS1, CS2. The installation is equipped with an
accelerometer AS, which is attached to the armature of
the experimental machine. Measured values signals are
fed to the multichannel measuring unit ADC 7 (ADC) and
transmitted to the computer 8 (PC), which acts as a
recorder.

Fig. 4 shows the dependencies of controlled
quantities as time functions for the case when:
1,=475 A; I;=-2 A; X,,, = 0.0048 m; f=23.5 Hz.

a, m/ s
: ;

%o % o5 03 o2 03 A
Fig. 4. Voltages and currents of the LM (u,, i,) and loading

machine (u, i;), a, — accelerations

The presented below experimental operational
characteristics are obtained as a result of appropriate
processing and recalculation of the time charts of the
measured values, namely:

e determining effective values of the voltage U, and
current /, of the motor

U, =

>

e determined average value of the loading machine
current /;

1 t
1 | = F J.ll dt 5
t-T
e determining vibration amplitude

X |__‘V“5+b3
am|

>
w2

t t
where a, _2 Iaa cos(nat it ; b, = jaa sin(net it
T t-T t-T
are the coefficients of the Fourier series; # is the order of
the harmonic (and n = 1, that is, the calculation was
carried out according to the basic harmonic frequency of

the mechanical oscillations w); T=1/fis the period;
o calculating active power P, and power factor PF, of
the motor

N

t
1 P
P,=— |u,i,dt; PF,=—
v T tJ‘T vy v Uv]v
In Fig. 5 marker shows the experimental

characteristics of the LM of vibration action for the
operating mode when it’s current is constant — I, = 4.75 A.
Characteristics are presented for three values of the
frequency: 24.2; 24.9; 25.6 Hz. In this frequency range,
with given LM and load parameters, the system is near the
frequency of mechanical resonance w,.

The lines show the calculation results using the
above linear model. The corresponding dependencies
were determined by the equations (5, 8-10).

Amplitude of vibrations (Fig. 5,a), for the mode
I, = const, has clearly expressed maxima corresponding
to the parameters of the mechanical resonance at the
corresponding frequencies. The maximum value of the
amplitude decreases with increasing damping coefficient
of loading b,, which also follows from equation (5). As a
result of the decrease in the amplitude of vibrations (and
hence the velocity), the voltage K, v,, which is included
in the equation of the balance of the system voltage (2),
decreases. Therefore, with the increase of damping, the
value of the voltage required to provide a constant
current decreases (Fig. 5,b).

Several factors influence on the form of
dependencies of the power factor PF, on the load
parameters (Fig. 5,c). Depending on the frequency and
parameters, the mechanical resistance can be active-
inductive or active-capacitive. In the latter case, electrical
resonance is possible if the value of the capacitive
mechanical resistance is balanced by the inductive
resistance of the LM. During the passage through the

o= (kl+kv)/ma >
resistance changes its character from inductive to
capacitive or vice versa [5]. The change in the power
factor from the coefficient of rigidity of the loading £

depends on how the latter differs from the value
corresponding to the change in the sign of the reactive

frequency reactive mechanical

resistance, i.e. k; = a)zma —k, . Changing the mechanical

resistances (active and reactive) will determine the nature
of the change (increase or decrease) of the power factor.

In Fig. 6 marker shows the experimental
characteristics of the LM of vibration action for the mode
of the steady-state vibration amplitude X, = 0.007 m.
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The lines show the calculation results using a linear
model. The corresponding dependencies were determined
according to the equations (8-11).

In this mode there is a significant change in the
current and voltage of the LM. The minimum value of
current (Fig. 6,a) approximates to the parameters of
mechanical resonance, which in particular follows from
equation (11). From this equation, it is also seen that with
the increase of the coefficient b,, increased current values
are needed to provide given amplitude of vibrations.

In Fig. 7 marker shows the experimental
dependencies of the LM characteristics on load parameters
for the case of steady acceleration A,, = 192 m/s’ (in

amplitude).
The lines show the results of the calculation of
characteristics using a linear model. The

corresponding dependencies were determined by the
equations (8-10, 12).
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The characteristics for a stable acceleration case are
similar to those for stable amplitude of vibrations, since
the quantities are proportional. The difference lies in the
fact that in this mode, with increasing frequency, the
amplitude of vibrations decreases, and the form of the
characteristics varies less depending on the frequency.
Therefore, the minimum values of current, voltage and
power corresponding to the near-resonance parameters are
close and slightly increase with increasing frequency.

As can be seen from Fig. 5-7, the results of
calculations according to the linear model are satisfactorily
consistent with the experimental data. Since the operating
frequency range is relatively small (Af = 1.4 Hz), the
machine parameters change practically does not appear
depending on the frequency, which makes it possible to
use the steady values of LM parameters for the
calculation of the operating characteristics.

¢ 242 Hz B 249 Hz
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0 10000 | ki, N-m
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T
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b
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Fig. 7. Characteristics of the LM of vibration action for the mode 4, = const

Conclusions.

I.In the paper analytical expressions for the
performance characteristics of a linear motor of vibration
action based on a linear model and a substitution circuit
with lumped parameters are obtained.

2. The calculation of performance characteristics for
three modes of operation — for the constant value of
current, constant amplitude and acceleration of

oscillations is carried out. The results of the calculations
according to the linear model are satisfactorily consistent
with the experimental data obtained using the prototype of
the LM and loading linear machine.

3.In the mode of constant current, the operating
amplitude of oscillations has clearly expressed maxima
that correspond to the parameters of mechanical
resonance. The maximum value of the amplitude

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1 15



decreases with increasing damping coefficient of the
loading.

4.In the mode of steady-state oscillation amplitude
there is a significant change in the current and voltage of
the LM. The minimum value of the current approximates
to the parameters of mechanical resonance. Also, with
increasing damping coefficient, increased current value
is needed to provide given amplitude of oscillations.

5. The form of the characteristics for the case of
steady acceleration changes little depending on
frequency. Therefore, the minimum values of current,
voltage and power corresponding to the near-resonance
parameters are close and slightly increase with
increasing frequency.

6. It is shown that in order to calculate the performance
characteristics, depending on the load parameters, a linear
model based on the substitution circuit with steady,
inertial values of LM parameters can be used.
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DETERMINATION OF INFLUENCE OF GEOMETRIC PARAMETERS OF
PIEZOCERAMIC PLATE ON AMPLITUDE CHARACTERISTICS OF LINEAR
PIEZOMOTOR

Purpose. The purpose of the paper is to determine the influence of the geometric parameters of the stator of a linear piezoceramic
motor in the form of a piezoceramic plate on the characteristics of its amplitude oscillations. Methodology. For the research,
mathematical modeling in the COMSOL Multiphysics software package was used, taking into account the interrelation of
electrostatic and mechanical phenomena. Results. By numerical simulation of the process of operating of a linear piezoceramic
motor, a rational ratio of the width to the length of the piezoceramic plate is determined. Originality. The rational value of the
thickness h of the piezoceramic plate of the motor is also established. Approximate dependencies are proposed for determining the
parameters of the relationship between the geometric dimensions of the piezoceramic plate of a linear piezomotor, which makes it
possible to predict its characteristics. The adequacy of calculation models is confirmed by experimental studies. Practical value.
The results obtained can be used in the design of piezoceramic motors. References 15, figures 8.

Key words: piezoceramics, piezoceramic motor, piezoceramic plate.

Memoto cmammi € 6U3HAUEHHA GNIIUBY 2EOMEMPUYHUX NAPAMEMPIE CMAMOpa AiHIlIHO20 N’€30KePAMIUHO20 06UZYHA Y 8U2NADL
n’ezokepamiunoi  naacmunu  Ha  Xapakmepucmuxku i amnaimyonux Koaueans. JIna  npoeedeHHA  00CTiONHCEHb
GUKOPUCHIOBY8ANIOCA MAmMeMamuune Mooenioeannsa 6 cepedosunyi nakema npozpam COMSOL Multiphysics 3 ypaxysannuam
63acm036'13Ky  enexmpocmamuunux i mexaniuhux seuuwy. Ilnsaxom uucenvnozo moodeniosanns npouecy (QYHKUioOHyeanus
JNUHITIH020 N €30KePamiunoz0 08UZYHA BUHAYECHO PAUIOHAIbHE GIOHOUWIEHHA WUPUHU 00 008)HICUHU N’€30KEPAMIYHOI NIACMUHU.
Bcmanoeneno maxoxyc payionanvne 3uaueHHs moswyunu h  n'ezoxepamiunoi naacmunu  0eucyna. 3anpononosani
ANPOKCUMAUIHI 3a1eHcHOCmI 0718 GU3HAUEHHA NApPAMEempie 368'A3KYy MINC 2e0MEemPUYHUMU DPO3MIpAMU N’€30KepamiuHol
naacmunu JiHIIHO20 RN’€3006U2YHA, WO 003801A€ HPOZHO3YBAMU 11020 XAPAKMeEPUCMUKU. AdeKeamuicms MoOeabHUX
PO3PAXYHKI6 NiOmeepoHcena eKCnepumMeHmanbHuUMu 00Cioncennamu. Ompumani pe3yromamu MoHCyms 6UKOPUCHOBYEAMUCA
npu npoexmyesanni n’czokepamiunux oguzynis. bion. 15, puc. 8.

Knrouoei cnosa: m’e3okepamika, 1’ €30KkepaMiuyHMii ABUT'YH, I’ €30KepaMiyHa ILUIACTHHA.

Lenvio cmamovu aenaemca onpedenenue GIUAHUA 26OMEMPUYECKUX NAPAMEMPOE CHAMOPA NUHENHO020 Nbe30KepaAMUYECKO20
oguzamensa 6 6uoe Nbe30KEPAMUUECKOU NAACMUHbLI HA XAPAKMEPUCHMUKU ee AMRAUMmYOHbIX Konebanuii. /{na npoeedenus
UCCNIe006AHUTL UCNONB306ANI0OCy MaAmMemMamuieckoe mooenuposanue 6 cpede naxkema npozpamm COMSOL Multiphysics ¢
YUEmOoM 63aUMOCEA3U INIEKMPOCMAMUYECKUX U mexanuueckux senenuil. Ilymem uucnennozo mooenuposanus npoyecca
DyHKYUOHUPOBAHUA NUHETIHO20 NbE3OKEPAMUYECKO020 O06U2AMeENA ONPeOeleHO PAYUOHAIbHOE OMHOUIEHUEe WUPUHbL K OUHE
Nbe30KepamMuuecKoil nAAcmuHbyl. YCmanosieno maxkyice payuoHaibHoe 3nauenue monwunsl h nve3okepamuueckoil niacmuns
osuzamensn. Ilpeonosicenvl  annpoKcumMayuoHHble  3A8UCUMOCHU Ol ONPEOeNleHUs  NAPAMEmMpPO8  CEA3U  MEHCOy
2e0MempuiecKUMU PA3MEPAMU NbE30KEPAMUYECKON NAACIMUHbL TUHENHO020 Nbe3008UZAMeNIA, YMO NO360JIAEM NPOZHOZUPOCAMb
e20 xapakxmepucmuixu. AOeKeamHoCmy MOOENbHBIX PACUEmO8 NOOMEEPHCOeHA IKCREPUMEHMANbHBIMU UCCIE006AHUAMU.
ITonyuennsvie pe3yibmanmyt MOZym UCRONB3IOBAMBCA NPU NPOCKMUPOSAHUU Nbe30KepamMuuecKux oguzamenei. butin. 15, puc. 8.
Knrouesvie cnosa: Nbe30KepaMuKa, Mbe30KePAMHYECKHUIl ABUraTellb, Ibe30KepaMuyecKas IacTHHA.

Introduction. Piezoelectric motors are used in exact instrument on which a movable telescope is

microscopy,  robotics,  photographic = equipment, mounted for measuring angles in the horizontal and
nanometrology, nanolithography, nanoprint, microdosing,  vertical planes.

etc. They can be used for vacuum and cryogenic Piezoelectric motors have a number of advantages
equipment, as well as ultra-precise positioning of objects  over electromagnetic ones, namely [2]: the absence of
and systems, in particular, for radar systems [1-3]. radiated magnetic fields and their resistance to their

Piezomotors are devices in which mechanical influence; the possibility of miniaturization; wide range of
movement is achieved due to the inverse piezoelectric ~ rotational speeds and torques on the shaft; fire resistance;
effect. The materials that form the basis of such drives are ~ absence of windings; simple manufacturing technology
called piezoelectrics. The inverse piezoelectric effect and, consequently, higher efficiency.
consists in changing the linear dimensions of a At the same time, behind the external design
piezoelectric when an electric field is applied to it. simplicity of a piezoelectric motor, there is a whole series

The relevance of the use of piezoelectric motors in ~ Of physical phenomena that are interconnected in a
various precision measuring and tracking systems, the complex way [5, 6]. The difficulties of their joint
adjustable values of which are angular and linecar accounting significantly restrain the development and
displacements, is explained by several factors. This is, improvement of this type of motors. . .
first of all, their high resolution (up to 0.1 nm), the The object of the research is the interaction
possibility of self-stopping of the drive link, the  PrOCesses of transverse bending and longltufhnal
maximum duration of trouble-free operation, as well as ~ mechanical —oscillations of the stator of a linear
their high reliability [3]. A demonstration application Piezoceramic motor. The subject of the research is

based on piezomotors is a theodolite [4], which is an © V.Ya. Halchenko, Yu.Yu. Bondarenko, S.A. Filimonov, N.V. Filimonova
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the piezoelectric element of a linear piezoceramic
motor, i.e. stator.

The goal of the work is determination of the
influence of the geometric parameters of a piezoceramic
plate of a linear piezoceramic motor on the characteristics
of its amplitude oscillations.

Problem definition. To achieve this goal, it is
necessary to consistently solve a number of problems:
determine the resonance frequency at which the
piezoceramic element, namely, the stator pusher, becomes
elliptical oscillations; determine the maximum amplitude
of oscillations of the pusher when changing the geometry
(width and length) of the piezoceramic plate; determine
the rational ratio of the width to the length of the
piezoceramic plate and the rational thickness of the
piezoceramic plate with the selected effective ratio of its
width to length.

Literature review. Piezoelectric motors according
to the principle of the final movement of the rotor
(carriage) can be classified into linear and rotational
types. This paper discusses a linear piezoelectric motor.
One of the most common types of linear piezoelectric
motors is the design shown in Fig. 1 [4, 7-9]. The main
elements of this piezoelectric motor are: rectangular
monolithic piezoceramic plate (stator) 1 with electrodes 2,
3; friction tip (pusher) 4, as well as a carriage (rotor,
which is not shown in the Figure). Electrode 2 is divided
into two sections —5, 6. The pusher and the plate are a
one-piece construction made of a piezoceramic material.
Piezoceramic plate from side 7 under the action of an
external force F is pressed against the carriage (rotor).

,
- 3 4 :
i _ 9
' _. Y2
2
g | -3 '
2 WENRT

Fig. 1. Piezoceramic plate of a linear piezoceramic motor
of the Company Physik Instrumente

The piezoelectric motor operates as follows (Fig. 1).
The control voltage is applied to one of the sections 5 or 6
of the electrode 2, which depends on the chosen direction
of movement of the carriage, and to the opposite electrode
3, which is common («ground»). In this design of a
piezoelectric motor, in order to obtain a linear movement
of the carriage, in the pusher oscillations are excited in
two mutually perpendicular directions. In this case, the
longitudinal vibrations in the pusher are excited by the
longitudinal oscillations of the piezoplate (stator), and the
transverse bending vibrations — by mechanical way, due
to the interaction of the pusher with the surface of the
carriage. Thus, the pusher begins to perform oscillations
in the shape of an ellipse and push the carriage.

One of the main criteria for designing such a linear
piezoelectric motor is the complex matching of the
geometric parameters of a piezoceramic plate, namely,
length, width and thickness, for maximum energy transfer
to its carriage [10]. Incorrect selection of these parameters
significantly affects the technical characteristics of the
linear piezoceramic motors.

In the works [11, 12] the description of this design
of a piezoceramic motor is given, and they say about «a
certain ratio of length to width of the selected element».

In the works [5, 7-9], only one of the possible ratios
of width to plate length is given, at which acceptable
results can be obtained is presented. In this case, the
dependence on the change in its thickness is not given. At
the same time, it is not known whether such a choice is
close to optimal.

Theoretically, there are other ratios of width to
length of the piezoelectric element, at which the
maximum oscillations or close to them are reached.

Analysis of technical literature, research papers, and
patents showed that in the existing works the choice of
parameters is not considered, and also the dependencies
for the geometry of the piezoceramic plate of a linear
piezoceramic motor, providing an effective mode of
operation, are not presented.

Thus, the determination of rational parameters of a
piezoceramic plate of a linear piezoceramic motor is an
important and urgent task.

Materials and methods. Mathematical
dependencies are known for calculating piezoceramic
elements of standard shapes (plate, disk, ring, bar and
rod) without small structural details on them [13].

The parameters of the piezoceramic plate (static shift
along the length A/, width Aw and thickness A#) can be
determined using the empirical formulas below [13]:

ar=B10
h
pw=331w (1)
h
Ah:d33 V,

where A/ is the static shift in length, Aw is the static shift
in width, A% is the static shift in thickness, d3; and ds; are
the piezoelectric modules, 4 is the thickness of the
piezoceramic plate, V;, V,, and V is the applied voltage to
the corresponding side of the plate (length, width and
thickness).

At the same time, the use of elementary methods of
calculation does not allow visualizing the shape of
oscillation of the entire piezoceramic element, and
therefore does not make it possible to determine the
acceptable shape of its oscillations.

Considering the technical features of piezoelectric
motors, which make it difficult to experimentally
determine and select the correct oscillation shape of the
piezoelectric element, it is optimal to use for this purpose
numerical calculation methods implemented by
specialized CAD systems.

To study the influence of the design parameters of
the piezoceramic plate of a linear piezoelectric motor,
numerical simulation of the operation of the piezoelectric
element was carried out using the COMSOL Multiphysics
3.5 software package.
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The COMSOL piezoelectric device interface
combines the functionality of modeling of solid
mechanics modules and electrostatics COMSOL's Solid
Mechanics and Electrostatics into one tool for modeling
piezoelectric materials. Piezoelectric devices in COMSOL
Multiphysics 3.5 are simulated using the Piezoelectric
Effects module. Since the operation of piezoelectric
motors is based on the reverse piezoelectric effect,
therefore, the Stress-Charge Form mode is selected in the
Piezoelectric Effects module.

The piezoelectric element is characterized by the
connection between the deformation and the electric field,
which is determined by the material or constitutive
relations [13]:

T=cpS—e E; D=eS—¢gE; )
where S is the deformation, T is the mechanical stress,
E is the electric field strength, D is the electric
displacement.

The material parameters cg, e and g in (2)
correspond to the stiffness of the material, the coefficient
of electromechanical coupling and the dielectric
permeability. These values are of the 4th, the 3rd and the
2nd rank tensors, respectively, but since tensors are
symmetric for physical reasons, they can be represented
as matrices in an reduced notation, which is usually more
convenient [14].

For modeling, Lagrangian finite elements with
elementary second order basis functions, Lagrange-
Quadratic, were used.

The linear piezoceramic motor was analyzed in the
Frequency response mode. The calculated finite element
mesh in the «Meshy» section is selected as orthogonalized
— Normal. The investigated 3D model is represented by a
set of elements obtained as a result of meshing with a
tetragonal dividing. Direct is used as a solver, in which
the SPOOLES numerical method is chosen to solve
systems of linear equations with sparse matrices.

The material used for modeling a piezoceramic plate
was a brand of piezoceramic PZT-5H. Variants of the
geometry of the piezoceramic plate are represented by the
parameters K = w// in dimensionless form, obtained by
the ratios of width w to its length /.

At the first stage of modeling, the parameter K
changed from 0.125 to 1.25 with a step of 0.125, while
the thickness remained constant at 3 mm. At this stage, a
rational relationship was determined between the length
and width of the piezoceramic plate. At the second stage
of the simulation, with the chosen ratio of the parameter
K, the thickness of the piezoceramic plate was changed
from 1 to 6 mm with a step of 1 mm. The geometrical
dimensions of the pusher did not change (Fig. 2).

/

J

Fig. 2. Linear piezoelectric motor pusher dimensions

The boundary conditions for the model of a
piezoelectric motor are as follows: piezoceramic plate 1
in width on both sides 8, 9 (Fig. 1) has the type of
boundary conditions Roller; electrical voltage (Electric
potential) of 100 V is applied to the partitioned electrode
5, and the ground (Ground) to the entire electrode 3 on
the opposite side.

When conducting numerical simulations in the
COMSOL Multiphysics software package, the resonance
frequency was first determined at which the piezoceramic
element, namely the plunger, acquires elliptical
oscillations. The dynamics of elliptical movements of the
piezoelectric motor pusher is quite complex and is
provided by resonant phenomena, which is described in
detail in [3]. Important for their implementation is the
provision of the resonance mode, which is fixed at
stepwise variation of the control voltage frequency and
manifests itself in a sharp increase in amplitude periodic
oscillations of the piezoelectric element sizes at one of the
model frequencies. Approximate resonant frequency
approximately without taking into account the influence
of the pusher can be determined using the
recommendations [15]. In the vicinity of this frequency
with a step of 100 Hz, numerical experiments were
conducted using the COMSOL software package to
determine its exact value. Then, when the geometrical
dimensions of the piezoceramic plate were changed, the
maximum amplitude of the oscillation of the pusher was
determined, and the rational ratio of the width to the
length of the piezoceramic plate was selected. Finally,
studies were conducted on the choice of a rational
thickness of a piezoceramic plate.

Experimental studies were conducted to verify the
adequacy of the results obtained by numerical simulation.

Fig. 3 shows a schematic representation of an
experimental linear piezoelectric motor.

—_—

2 1

Ao

7
4
6

E

Fig. 3. Schematic representation of an experimental linear
piezoelectric motor

The methodology of the experiments is as follows.
The piezoelectric plate 1 with the hub 2 is fixed so that it
is fixed from opposite sides by width 3, 4 across damping
rubber gaskets 5, 6. The hub 2 of the piezoelectric plate 1
is firmly pressed against the rolling guide (carriage) 7 by
the pressing force F' acting from the opposite side and
created by a leaf spring. The pressing force can be
changed using adjustment screws.

Results of investigations. Some of the results of
numerical simulation of oscillations of a piezoceramic
plate of a linear motor are presented in Fig. 4, which
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illustrates the oscillations of a piezoceramic plate of the
motor. In Fig. 4, 6, on the right, on the vertical axis, the
color scale of the gradation of the amplitude of
oscillations of the geometric dimensions of a piezoplate
is shown. The values of the resonant frequency of
oscillations are taken based on the graphical images of
the conducted numerical studies in the COMSOL
Multiphysics environment in the pusher region. The
numerical values of the frequency are displayed in the
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postprocessor window of the package automatically and
correspond to the maximum amplitude of the piezoplate
oscillations. Thus, we obtain a set of frequencies taken
for various ratios of the geometric parameters of the
piezoceramic plate. For example, the frequency
Sfineor = 74.9 kHz is obtained with the following plate
sizes: [ = 40 mm; w = 20 mm; 2 = 3 mm. When
modeling the size of the piezoceramic plate was changed
in the range w = 10+60 mm, / = 10+60 mm.
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Fig. 4. Some of the results of simulation of amplitude oscillations of a piezoelectric element of a linear motor with different ratios
of width to plate length: a — K=0.125; b—K=0.5; ¢c—K=0.875; d—K=1.125

As a result of the simulation, resonant frequencies
were determined that correspond to the elliptical shape of
the pusher oscillation are determined.
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Fig. 5. The dependence of the amplitude of oscillations of the
pusher on parameter K of a piezoceramic plate

The obtained results of numerical simulation are
presented in graphical form by the dependence of the
amplitude of oscillations of the pusher on the parameter
K of the piezoceramic plate and are shown in Fig. 5.

As can be seen from the graphs, two ratios can be
selected at which the maximum amplitude of the pusher is
reached, namely, 53 um for K = 0.5, and also 33.6 um for
K=0.875.

The graphical dependence for the amplitude of
oscillations of the pusher obtained as a result of numerical
simulation was approximated using the least-squares
method by a second-order polynomial function

f I 3)

a+bx+cx

where 0 is the pusher oscillation amplitude, x is the

parameter K of the piezoelectric plate, a = 4.074768,

b = -16.243571, ¢ = 16.263542, d = 1206.5824 are the
coefficients.

This model is adequate in the range of variation of
parameter K of a piezoelectric plate from 0.345 to 0.625.

After choosing the geometry of the piezoceramic
plate, its rational thickness was determined. To do this,
during modeling this parameter varied in the range from 1
to 6 mm with a step of 1 mm.

Some of the results of numerical simulation of
oscillations of a piezoceramic plate of a linear motor are
presented in Fig. 6.

The results obtained are graphically shown in Fig. 7.

It is obvious that the rational thickness of the
piezoceramic plate is 3 mm, while the amplitude of
oscillations of the pusher was 53 pm, which follows
from the analysis of the graphical dependencies shown
in Fig. 5, 7.
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Fig. 6. Some of the results of simulation of amplitude oscillations of a piezoplate of a linear motor with different thickness

at constant parameter: K=0.5: a—h=1;

The dependence presented in this Figure was
approximated by the Gauss function, which has the form:
~(n-by
S=ae 2 | (4)
where ¢ is the pusher oscillation amplitude, 4 is the
piezoelectric plate thickness, a = 53.247361, b =
=2.9480015, ¢ = 0.50561783 are the coefficients.
This model is adequate in the range of variation of the
piezoceramic plate thickness from 2 to 4 mm.

6, pm
60 +

30 +—

6 h

Fig. 7. The dependence of the amplitude of oscillations
of the pusher on the piezoceramic plate thickness 4 at the
parameter K = 0.5 = const

f }
o 12 3 4 s

To choose rational sizes of a piezoceramic plate, it is
advisable to use graphic (Fig. 5, 7) and analytical (3), (4)
dependencies. Guided by the graphs for the maximum
amplitude of the pusher, you can choose a rational ratio of
the parameters K and thickness 4. If necessary, in the
absence of piezoelectric ceramics of necessary sizes, the
choice of rational sizes of K and 4 can be made using
analytical dependencies. In this case, the oscillation
amplitude of the pusher is chosen as close to the
maximum.

b-h=2; ¢c—h=3; d-h=4

According to the selected rational sizes of the
piezoceramic plate, which amounted to / = 40 mm; w =
=20 mm; # = 3 mm, an experimental sample of a linear
piezoceramic motor was made (Fig. 8). The study of its
operation in accordance with the previously described
method has confirmed the adequacy of determining the
resonant frequency and the performance of the motor. The
experimentally determined resonant frequency was f.., =
= 77.2 kHz, which coincides with the theoretically
determined (for = 74.9 kHz) using the COMSOL
Multiphysics software package (Fig. 4,b and Fig. 6,c)
with acceptable accuracy not exceeding 3 %.

Fig. 8. Experimental sample of linear piezoceramic motor

Conclusions.

1. By numerical modeling of the operation of a linear
piezoceramic motor, the influence of the geometric
parameters of the motor piezoelectric element on its
amplitude characteristics was determined, graphic and
analytical dependencies were established to select their
rational ratios.

2. The results of investigations can be used in the
design of piezoceramic linear motors.
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IMPLEMENTING OF MICROSOFT AZURE MACHINE LEARNING TECHNOLOGY
FOR ELECTRIC MACHINES OPTIMIZATION

Purpose. To consider problems of electric machines optimization within a wide range of many variables variation as well as
the presence of many calculation constraints in a single-criteria optimization search tasks. Results. A structural model for
optimizing electric machines of arbitrary type using Microsoft Azure machine learning technology has been developed. The
obtained results, using several optimization methods from the Microsoft Azure database are demonstrated. The advantages of
cloud computing and optimization based on remote servers are shown. The results of statistical analysis of the results are
given. Originality. Microsoft Azure machine learning technology was used for electrical machines optimization for the first
time. Recommendations for modifying standard algorithms, offered by Microsoft Azure are given. Practical value. Significant
time reduction and resources spent on the optimization of electrical machines in a wide range of variable variables. Reducing
the time to develop optimization algorithms. The possibility of automatic statistical analysis of the results after performing
optimization calculations. References 20, tables 3, figures 7.

Key words: electrical machines, optimization, algorithm, data set, machine learning, Microsoft Azure, cloud computing.

Paccmompenvt npobnemvl onmumusayuu INeKMPUHECKUX MAUWIUH NPU  WUPOKOM OUANA30HE 6APLUPOCAHUA MHOUX
nepemMeHHbIX, HANUYUU OOAbWO020 YUCIA 6LINUCTAACMBIX OPAHUUEHUI, 6 0OHOKPUMEPUATbHBIX 3A0a4aX ONMUMUZAUUOHHO20
noucka. Paspabomana cmpykmypnaa mooens onmumuzayuu 31eKmpudecKkux Mawul npou36onibHO20 MUNA ¢ NPUMEHEHUEM
mexnonozuu mamunnozo odyuenusa Microsoft Azure. IIpodemoncmpuposansvt pe3yibmamol, HOIAYUEHHblE C UCHOTb306AHUEM
HeCKONbKUX Memooog onmumuzauyuu u3 o6azet Microsoft Azure. Ilokazanvl npeumyuiecmea 00IAUHBIX pPACYEMO8 U
onmumu3ayuu Ha oaze yoanennvix cepeepos. Ilpugedennvie pezyiomamsl Kacaiomcsa peuwienus 0OHOKPUMEPUAIbHOU 3a0adu
onmumuzayuu ¢ 06ymsa nepemeHHvimu. Jlansvt pesynvmamol CMAMUCMUYECKO20 AHANU3A NOJYYEeHHbIX pe3yabmamos. /lanst
PeKoMeHOayuu no NPpUMeHeHuI0 Mauunno20 odyuenua Microsoft Azure ¢ npoeKkmupoeanuu u ONMUMUSAYUU INEKMPULECKUX
Mmawun. bubn. 20, tabn. 3, puc. 7.

Kniouesvie cnosa: 3jneKTpUYecKHe MAIIMHBI, ONTHMHU3ALUs, AJITOPUTM, Ha0Op JaHHBIX, MAlIMHHOe o0y4yeHue, Microsoft
Azure, 00J1a4HBIE pacYeThI.

4)the choice of the optimal variant from the set of
effective one, which have been tested for restrictions.
Known methods for searching the optimum version
of calculating object, such as the method of coordinate
descent, Nelder-Meade, the method of a deformable
polyhedron, etc., do not allow performing calculations
while changing all configuration variables [8]. As a rule,
many methods allow alternating variation of variables
with  subsequent adjustment of the convergence
calculations region [9-12].
Thus, the issue of improving the search for the
optimal variation and reducing the time and technical

Introduction. The task of electrical machine (EM)
optimal design or a series of EM can be represented as a
general non-linear mathematical problem. This problem
follows to finding the minimum or maximum of the
optimality criterion in the presence of a certain number of
independent variables and limiter functions, which are
technical or technological requirements-limitations to the
project [1-6].

In computer-aided design (CAD) systems, the
optimization of an electrical machine consists in multiple
calculations of the dependencies between the main
indicators given in the form of an equations system,
empirical coefficients and graphical dependencies, which

can be considered as a design equation [7]. The optimal
design of an EM can be represented as the search for
optimal parameters by solving this system of equations.
The complexity of the calculation algorithm complicates
the optimization task.

Reducing the number of independent variables by
increasing the number of stages for solving a design
problem makes it much easier to find the optimal variant.
However, this loses the accuracy of determining the
optimal value of the objective function.

Considering CAD in the context of electric
machines, it is possible to distinguish the following
system components that are used in modern electrical
engineering [1]:

1) automated design of an electric machine;

2)search for the optimal version of the designed
machine;

3)software implementation of design project and
search for optimum;

resources, spent on these tasks as well, becomes relevant.
In this regard in the paper the development of an
optimization model of electric machines, using cloud-
based machine learning technology provided by Microsoft
Azure services was considered [13, 14].

The aim of the work is the development of a
methodology for optimizing electrical machines using
Microsoft Azure machine learning technology.

Formulation of the optimization problem. At the
optimization stage we assume that the basic version of an
electric machine is already calculated (Table 1).

In this case, any electric machine, regardless of its
type, turns into a set of initial data (or dataset):

e geometric dimensions;

e winding parameters;

e clectrical and magnetic values;
loss, efficiency, etc.

© V. Pliuhin, M. Sukhonos, M. Pan, O. Petrenko, M. Petrenko
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Table 1
Base machine parameters

Parameter name Parameter value
Rated power, kW 15
Line voltage, V 380
Rated speed, rev/min 1500
Frequency, Hz 50
Stator core length, mm 130
Stator core inner diameter, mm 185
Efficiency 0.884

The specified dataset, being placed in a one-
dimensional vector, can be changed with a given law,
obtaining various combinations of the same electric
machine. Thus, in order to obtain a machine with the
highest efficiency, it was required to find a solution to the
following equation:

U =fX1, X25-ve» Xn)s (1
where xi, x,...x, — varied variables; u — target function.
The search for the optimal value was not limited to
finding the extremum of the objective function (1).
During the search, candidates were screened out that do
not pass the specified restrictions. The number of equality
constraints within one project can be arbitrary and is set
by the designer:

gl(‘xlﬁxza"wxn): O,
g2(x1»x2»-~-,xn)= O,

2)
g (xl,xz,...,xn): 0.
Inequality constraints are also used:
[24] < 71(X1,X2,...,xn)§ bl!
(2%) < ]/2(X],X2,...,Xn)£ bz,
3)
ap <y (X1, %0, x, ) < by
In general case for target function f{x;, x, ..., x,) the
minimum m is finding in restricted area D (x|, x,, ..., X, € D)

[2]. The considered task was replaced by unconditional
optimization (minimization) of a one-parameter family of
functions:

F(x,ﬂ):f(x)+%¢)(x), x= {xl,xz,...,xn}, 4

where ¢(x) — penalty function; § — penalty factor.
As a penalty function in (4) @(x) was taken, that
become zero when the conditions (2) — (3) are fulfilled:

1| 4 .
Pl)=—1 gl 0+ Lt li-sign ;0]
plE A ©)
£>0.
In expression (5) the limitations of the equality and
inequality types are:
gi(x)=0,i=12,..,1;

. 6
hj(x)>0,]:1,2,...;x:{xl,xz,...,xn}. ©)

The additional (penalty) function ¢(x) is chosen in
the way, when f—0, the solution of the auxiliary problem
tends to solve the original one, or that their minimums
coincide: min F(x, ) — m while f — 0.

To solve the optimization problem, a Java program
was written, the functionality of which made it possible to
solve the following problems [15]:

o design of the base machine;

e setting restrictions;

e setting a set of varied variables with setting their
variation relative to the base value and the step of their
change;

o selection of optimality criteria.

When changing only two variable values (stator core
length and its internal diameter) in the range +20 % of the
base value, 710000 non-repeating combinations of
electric machines were found. Only 441 combinations
from this value were passed the restrictions, among which
the best option was found. On the Intel Core i3 2.54 GHz
processor and 8 Gb RAM, the calculation time was 9 min
and 8 s. The results of sampling the selected values are
shown on Fig. 1.

100
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Fig. 1. Sampling combinations diagram of electrical machines in
the Java program: Efficiency along the vertical axis and the
number of the combination along the X-axis

The obtained optimization results were compared
with the experimental data, obtained on two machines
with the parameters of the basic and optimized versions,
manufactured at «SpesialEnergyService» LLD, Kharkiv,
Ukraine. The results of laboratory tests showed a
discrepancy with the theoretical no more than 7-8 %.

Performed tests, as well as software solutions of
classical optimization methods [2, 3], can be taken for
comparison with alternative approaches to optimization.

The disadvantage of the existing method is that the
total development time for a Java project was about
3 days (72 hours). In addition, the operating time of the
calculated algorithm increases significantly with a change
in the range and number of varied values. Fig. 2 shows a
comparative chart of the obtained results.

As can be seen from Fig. 2, even at 4 variable
variables and the range of their variation £20 % from the
base value, the calculation time was about 8 h.

In real industrial projects of electric machines
optimization, it is necessary to vary about 32 parameters,
with a range from £10 % to £100 % of the base value [3].
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Category 1

Fig. 2. Comparative chart of time spent on optimization
calculations

It is easy to assume that resources of the local PC are
not enough to solve such problems, and the debugging
time of the project becomes unattainable.

The solution to the problem of operations with large
amounts of data (also known as Big Data) and
computational operations is the parallelization of
calculations and the organization of high-performance
computing (HPC) on PC-cluster. However, parallel
computing will inevitably entail both changes to the code
of an existing program (and an inevitable increase in the
debugging time of the program), and will require the
presence of the HPC cluster itself.

One solution to this problem is to use the computing
power of the Microsoft cloud cluster and machine
learning technology based on the Microsoft Azure
service.

Developing Microsoft Azure model. Azure
Machine Learning enables computers to learn from data
and experiences and to act without being explicitly
programmed. Customers can build Artificial Intelligence
(Al) applications that intelligently sense, process, and act
on information — augmenting human capabilities,
increasing speed and efficiency, and helping
organizations achieve more [16].

Machine Learning finds patterns in large volumes of
data and uses those patterns to perform predictive
analysis. Microsoft offers Azure Machine Learning, while
Amazon offers Amazon Machine Learning and Google
offers the Google Prediction API. Software products such
as MATLAB support traditional, non-cloud-based ML
modeling. There are four steps in the process of finding
the best parameter set:

o define the parameter space: for the algorithm, first
decide the exact parameter values you want to consider;

e define the cross-validation settings: decide how to
choose cross-validation folds for the dataset;

e define the metric: decide what metric to use for
determining the best set of parameters, such as
accuracy, root mean squared error, precision, recall, or
f-score;

e train, evaluate and compare: for each unique
combination of the parameter values, cross-validation is
carried out by and based on the error metric you define.
After evaluation and comparison, you can choose the
best-performing model.

To iterate on your model design, you edit the
experiment, save a copy if desired, and run it again. When
you're ready, you can convert your training experiment to
a predictive experiment, and then publish it as a web
service so that your model can be accessed by others [17].

Elastic cloud infrastructure is the optimal choice for
solutions requiring large design capacities in short periods
of time. It allows you not to wait for training models for
weeks and at the same time not to keep «supercomputersy»
on balance.

The source data vector (with parameters of the base
machine and its non-repeating combinations) for the
investigated electrical machine was saved into a .csv file
(comma separated data) and imported into a block of the
Microsoft Azure model. In this table (Table 2) for the test
task there were 10 variable values (columns) and 442
combinations (rows).

Table 2
Vector of initial data, imported to Microsoft Azure model
Combo | Diameter | Length | Efficiency cosQ

| e

0 175 120 0.8824 0.8618

1 175 121 0.8831 0.8679

2 175 122 0.8838 0.8739

3 175 123 0.8844 0.8787

4 175 124 0.8848 0.8828

5 175 125 0.8852 0.8866

6 175 126 0.8855 0.8896
Statistical analysis of the selected optimality

criterion (Efficiency) is performed automatically after
importing the source data table into the Microsoft Azure
workspace (Table 3).

Table 3
Efficiency statistical performance
Parameter name Parameter value

Average value 0.8801
Median 0.8817
Minimum value 0.8553
Maximum value 0.8865
Standard deviation 0.0059
Unique values 87
Lost Values 0
Type of analysis Numeric label

The Microsoft Azure database contains hundreds of
computational blocks from which a research task can be
made and the complexity of which is limited by the
designer’s skill [18-20]. Numerous examples of already
completed works are available in the Azure cloud. This
allow to choose selected one as the basis for the own
development.

In this example, the Microsoft Azure project
contained the following elements:

e IM Data — table of parameters;
e Clean Missing Data — deleting of empty rows;
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e Select Columns in Dataset — selection of columns of
variable parameters;

e Split Data — initial dataset dividing (70% for model
teaching in left port and 30% for model analyses using
original data in right port);

e Algorithm (Boosted Decision Tree,
Neural Network);

e Train Model — blocks for model teaching;

e Score Model — block of selection and analysis of the
optimality criterion;

e Evaluate Model — block for calculating of statistical
information.

The block-scheme of the project is shown on Fig. 3

Multiclass

IM_Data

f

Clean Missing Data
Remove missing row values

Select Columns in Dataset
Comb. Length, Diameter
Efficiency & Starting Torque

{

Split Data
70% for training (left port)

Multiclass Neural Network 30% for scoring (right port)
- = =4

!
Lo

Train Model
Efficiency

1

Score Model

{

Evaluate Model

Fig. 3. The project on the optimization of the electric machine
in Microsoft Azure workspace

After performing the calculations, related to the
system training, testing the sampling algorithm and
searching for the optimum, the final results were obtained.
We can get access to these results from «Evaluate Model»
block (Fig. 3) and receive various reports. The sample of
efficiency data is shown on Fig. 4 and Fig. 5.
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Fig. 5. Efficiency dispersion summary

Fig. 6 shows the report, obtained after analyzing
the constructed model in Microsoft Azure using the
method of multiclass neural networks. The generated
report in tabular format represents the source data sets,
followed by columns with calculated deviations from the
optimum, as well as statistical indicators (on Fig. 6 only
one column (rightmost one) is shown out of 10 available
for analysis).

Fig. 7 shows the user project view in the Microsoft
Azure workspace, where in addition to the neural network
method, the decision tree algorithm, the Poisson
regression analysis were included in the analysis of the
source data sample.

According to the calculation results, the optimal
combination No. 420 was chosen (the choice was made
according to the table, the first row of Fig. 6, where the
optimization results are sorted in order of increasing
error) with the following parameters: stator core length
120 mm, stator core diameter 195 mm, efficiency 0.884.

The computation time was only 1 min 45 s. The
metric estimation module built into Microsoft Azure
made it possible to determine the quality of the performed
calculations. Absolute error 0.000702, standard deviation
0.005926, relative absolute error 0.164582 and relative
square error 1.011483 (the lower the value, the better)
were obtained.

It should be noted that if the functionality of the
embedded Microsoft Azure tools is not enough for some
reason, researchers can write and execute their own
scripts on R or Python [13, 14].

Thus, the use of Microsoft Azure in optimizing
electrical machines has been demonstrated. In the shown
example, only one data vector was used and there were no
modules for intermediate processing and data transfer
between the modules.

Further research will be focus on creating own
Python calculating blocks and R scripts with a view to
transferring to the Microsoft Azure platform not only data
set (now this data set is forming based on the results of
separate calculations in Java program), but also creating a
population of source data based on the vector parameters
of the base machine.

26 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1



rows columns

133 131
Scored
[ailalla"M PowerFactor Induction StartCurrent StartTorque MaxTorque Temperature g::lé?absislities
"0.8556"
Ll whbe WL MR
0.8849 | 0.9052 0.709 5.65 1.35 2.53 90.6 0
0.8828 0.8793 0.73 5.61 139 2.59 92,9 0.000001
0.8778 0.8582 0.729 5.61 142 2.66 96.2 0.000792
0.8696 0.8256 0.659 5.12 1.36 2.57 95.9 0.00181
0.8779 0.8524 0.768 5.76 1.48 2.76 98.9 0.00042
0.881 0.8598 0.769 5.72 1.46 2.72 96.8 0.000045
0.8835 0.9042 0.684 5.54 132 2.49 89.7 0
0.8765 0.8627 0.676 5.36 135 2.55 931 0.000138
0.88 0.8829 0.683 5.48 134 2.53 91.6 0.000021
0.8831 0.8805 0.743 57 141 2.63 93.8 0.000004

Fig. 6. Results of the neural network sampling algorithm in the Microsoft Azure report table
(screenshot of the project table in the browser workplace)

(s]

Lr

(@ et ° .) I e oo v | [

2 ®s

Fig. 7. Full project model in Microsoft Azure (Screenshot of the project model in the browser workplace)
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Conclusions.

The application of Microsoft Azure machine
learning technology in electrical machines optimizing is
shown for the first time.

As a result of the performed optimization using
Microsoft Azure cloud services, the computation time was
reduced by more than 300 times (from 480 minutes to
2 minutes) when solving the same task compared to
calculations on a stationary PC.

The project development time of an electric
machine, on the example of an induction motor with a
squirrel-cage rotor, was reduced from several working
days to 30 minutes.

The complexity of project developing (induction
motor parameters optimization task) has significantly
decreased compared to direct Java programming, due to
the use of ready-made analysis units provided by
Microsoft Azure.

The Microsoft Azure platform for the
implementation of machine learning technology can be
recommended in solving optimization problems of
various electric machine types.
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DETERMINATION OF THE ELECTRIC DRIVE POWER FOR LIGHTLY ARMORED
CATERPILLAR AND WHEELED VEHICLES USING SINGLE- OR TWO-STAGE
MECHANICAL GEARBOXES

When designing electromechanical transmissions (EMT) for lightly armored caterpillar and wheeled vehicles (LACWY), there is
often a problem that the coefficient of adaptability of the traction motor (TM) at the minimum design power is not sufficient to
meet the requirements for the power range of the transmission. In the literature, several ways have been worked out to solve this
problem, however, there was not found a single algorithm allowing to formalize and step by step pass the process of choosing the
most rational structure of the EMT. The purpose_of the proposed work is the formation of scientifically based methodology for
evaluating the possibility of using single-stage gearboxes in EMT for LACWYV and calculation of the required TM power of the
selected type for single- or two-stage mechanical gearboxes. Methodology. To carry out the research, the theory of motion of
caterpillar and wheeled vehicles was used. Result. A formalized methodology for determining the required mechanical power of
the electric drive for the LACWYV is proposed, depending on the power capabilities of the motor-generator set, the torque
characteristics of the selected TM and the number of stages in the mechanical gearboxes. Scientific novelty. For the first time, a
formalized connection has been established between the tactical and technical requirements for LACWYV, the characteristics of
the selected TM, the structure and parameters of the mechanical gearboxes. Practical value. The toolkit for the engineering and
design personnel developing the EMT for the LACWYV was obtained. Work with the algorithm is illustrated by the example of
power selection and gear ratios of mechanical gearboxes for the multi-purpose lightly armored caterpillar tractor MT-LB.
References 10, tables 3, figures 4.

Key words: electromechanical transmissions, lightly armored caterpillar and wheeled vehicles, traction electric motor,
mechanical gearbox, power transmission range.

Ilpu npoexmyesanni enexkmpomexaniunux mpancmiciu (EMT) ona nezkodponvosanux 2ycenuynux i koaicnux mawiun (JIGI'KM)
uacmo GuUHUKA€e npodrema Heoocmaui Koegiyiecnma npucmocosnocmi msmaz2068020 enexmpoosuzyna (TE/]) minimanonoi
PO3PAXYHKOGOT NOMYHCHOCHI 0N 3A0080J1€HHA GUMO2AM 00 CU08020 dianazony mpaucmicii. Y nimepamypi nanpayboeano
KinbKa cnocodie piwienna uiei npodaemu, 00HAK He 0Y10 3HANOEHO EOUHOZ0 ANZOPUMMY, U0 003801A€ (opmanizyeamu ii
NOKpPOK080 nposecmu npouec euoopy Haiidinews payionanvnoi cmpykmypu EMT. Memotwo 3anpononosanoi pooomu €
opmysanna HayKoeo 00TPyHmoBanoi MemoOuKu OUIiHKU MOHCTUBOCHI 6UKOPUCIANHA 0OHOCMYniHUacmux pedykmopie ¢ EMT
ona JIBI'KM i pospaxyuky mneooxionoi nomymcnocmi TEJ] obpanozo muny 0ns 00H0o- ado 080CMYyniHUACMUX MEXAHIYHUX
pedykmopis. Memoouka. /[na npogedenns 00CNi0NCeHb UKOPUCHOBYBANUCA NOTONHCCHHA MEOPIi PyXy 2YCEHUYHUX | KOJLiCHUX
mawun. Pesynemam. 3anpononosana ¢popmanizoeana memoouxa eusHAUeHHA HeOOXIOHOT MexaniuHoi nomydcnocmi
enekmponpueooa JIBI'KM 3aneixcno 6i0 eHepzemuyHuUx MOMCIUGOCHEN MOMOP-2EHEPAMOPHOT YCMAHOBKU, MOMEHMHOL
xapaxmepucmuku oopanux TEJ/] i kinokocmi cmynenie y mexaniunux pedykmopax. Haykoea nosusna. Ynepwe ecmanoeneno
dopmanizoeanuit 36'azox mixc maxmuko-mexuiynumu eumozamu 00 JIBI'KM, xapaxmepucmuxamu ooépanux TE/,
cmpyKkmyporo i napamempamu mexaniunux pedykmopis. Ilpakmuuna yinnicmes. Ompumano incmpymenmapiii Onsa inxceHepHo-
KOHCMPYKMOpPCbKo20 nepconany, wio pospoonasc EMT ona JIBIKM. Po6oma 3 anzopummom Rpoiniocmposana Ha Rpuxiadi
6uOOpy nomydxcrHocmi i nepeoamHux GiOHOUWIEHb MeEXAHIYHUX peOyKmopie O0na 0azamouyinpo6020 J1€2KOOPOHbOBAHO20
mpancnopmepa mazawa MT-JIb. bi6n. 10, tabmn. 3, puc. 4.

Kniouosi cnosa: enekrpomexaHiuHi TpaHcMmicii, JIerko0pOHbLOBaHI I'yCeHMYHi i KOJIiCHI MallMHHU, TATOBMil €JICKTPOJBUIYH,
MeXaHIYHMI peyKTOp, CHI0BU 1iana30H TPAHCMICII.

IlIpu npoexmuposanuu snexmpomexanuueckux mpauncmuccuit (IMT) Ona ne2KoOPOHUPOBAHHBIX 2YCEHUYHBIX U KOJECHBIX
mawun (JIBI'KM) uacmo eo3nukaem npoodiema nexeamxu Koyghghuyuenma npucnocodnnemocmu mazo6020 J1eKmpoosuzame’is
(T3/]) munumanvnoil pacuemnoit MOWHOCIU 01 YOOBIEMBEOPEHUA MPEHOBANUAM K CUIN060MY OUAnA3ony mpancmuccuu. B
Jiumepamype Hapadomano HecKoabKo CROCO008 peuwieHus IMoil npoodiemvl, 00HAKO He Obll10 HAOEHO eOUHO20 al2opummd,
n03601410U4€20 hopmanuzoeams u ROWA2080 RPOBECMU NpoUecc evloopa Haubdonee payuonanrvnoi cmpykmypot IMT. Lenvio
nPeonodHceHHOUl padomol A61AAeMCcA HOpMuUpPosanue HayuHo 000CHOBAHHOU MeMOOUKU OUEHKU B03MOMCHOCHU UCNOIb306AHUSA
oonocmynenuamuix pedykmopoe ¢ IMT ona JIBI'KM u pacuema neooxooumoii mownocmu T/ eviopannozo muna onsa 00no-
U 0BYXCHYNEHUAMBIX MEXAHUUECKUX PeOyKmopos. Memoouka. /{nsa npoeedenus uccied06anuil ucno1b306anuch nOaA0HCEHU
meopuu 06UMCEHUA 2YCEHUYHBIX U KoJecHbIX mawiun. Pesynomam. Ilpeonoscena gpopmanuzosannas memoouka onpeoeneHus
HeoOX00uMoli mexanuueckou mowipocmu nekmponpueooa JIBI'KM ¢ 3asucumocmu om rnepeemuiecKux 603MONCHOCHENl
MOmOop-2enepamopHoil yCImanoeKu, MOMeHmHoll xapakmepucmuku gvlopanuvix T/ u konuuecmea cmyneneii 6 MexaHuuecKux
pedykmopax. Hayunaa noeusna. Bnepgvle ycmanosnena opmanuzosannan cea3b MmexHcoy MAKMUKO-MEXHUUECKUMU
mpeobosanuamu k JIBI'KM, xapakmepucmukamu evtopannvix T/, cmpykmypoit u napamempamu mexanuueckux peoykmopoe.
Ilpakmuueckan yennocmeo. Ilonyuen uncmpymenmapuii 014 UHIHCEHEPHO-KOHCMPYKMOPCKO20 NEPCOHANA, PA3padamuvlearou|ezo
IOMT ona JIBI'KM. Pa6oma c anzopummom RpouniioCmMpuposand Ha npumepe 6vloopa MOWHOCHMU U NepedamoyHbIxX
OMHOWIEH Ul MEXAHUYECKUX PEOYKMOPO8 OlIA MHOZ0Ue1€6020 J1€2KOOPOHUPOSannozo mpancnopmepa mazava MT-/Ib. bu6n. 10,
Tabm. 3, puc. 4.

Kniouesvle crosa: 3neKTpoMeXaHUYeCKHe TPAHCMUCCHH, JIETKOOPOHUPOBAHHbIE TYCEHMYHBIE U KOJIECHbIE€ MAIIMHBI, TATOBBIN
3J1eKTPOJABHIATE]b, MEXAaHUYECKHUI PeIyKTOP, CHIIOBOI 1HANIA30H TPAHCMHUCCHH.

Introduction. Electromechanical transmissions not only in civilian vehicles, but also in military
(EMT) have recently become increasingly widespread, equipment [1-7]. This is due to the fact that EMT can
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provide a number of significant advantages, which were
formulated in [8, 9]:

e the stepless change of speed, traction force and
turning radius;

e case of automating the transmission and ensuring the
control of the vehicle by any crew member and remote
control,

e cnhanced capabilities for recovering energy from
slowing down, turning, oscillations of sprung masses,
etc.;

o the possibility of short-term movement without an
operating internal combustion engine;

o the possibility of short-term summation of the power
of the generator unit and energy storage devices;

e absence of rigid mechanical connections between
the main units, facilitating the layout.

Classic stepped mechanical transmissions with
hydrodynamic elements almost completely selected their
technical potential for increasing the power density and
mobility of both tracked (caterpillar) and all-wheel drive
wheeled vehicles. In addition, with such transmissions on
multi-axle all-wheel vehicles, there is an unjustified
complexity in implementing a system for maintaining
road holding and thrust control in order to avoid slipping.

All this made the task of designing the EMT for
lightly armored caterpillar (tracked) and wheeled vehicles
(LACWYV) relevant and timely.

Brief analysis of the issue, the goal and definition
of the problem. The characteristics of modern traction
motors (TMs), in particular induction TMs with frequency
control, allow to obtain a hyperbolic characteristic of
constant power close to ideal. However, as a rule, it is still
not enough to produce an electric drive with stepless
regulation in the whole range that is required for vehicles
moving not only on paved roads, but also off-road [8, 9].
This is due to the limitation of the maximum torque of the
TM, which is dictated by the value of the maximum
current in the windings and overheating.

In existing foreign designs, usually to solve this
problem, TMs with large power reserve are used, which
cannot even be ensured at all by the total power of the
generator and storage device [2-4, 6]. This leads to an
additional increase in the weight, size and cost of such a
transmission and reduces in aggregate the advantages that
could be obtained when introducing an electric drive for
military armored vehicles. In the works [8, 9], the traction
balance of vehicles with EMT was calculated using the
example of the MT-LB tracked multipurpose conveyor-
tractor and the BTR-4 wheeled armored personnel carrier.
However, a coherent and relatively universal algorithm
that allows determining the limits of the possibility of
using single-stage gearboxes in the EMT for the LACWV
and the power of the TM required for this purpose has not
been found in the scientific literature.

The goal of the work is the formation of a
scientifically based methodology for assessing the possibility
of using single-stage gearboxes in EMT for LACWVs and
calculating the required power of a TM of the selected type
for one- or two-stage mechanical gearboxes.

Tasks solved to achieve the goal:

e formalization of requirements for the kinematic and
force ranges of EMT for LACWYV;

e determination of the required mechanical power of
selected TMs for use in transmissions with single-stage
mechanical gearboxes while ensuring the specified
mobility parameters;

e determination of rational values of transmission
ratios of both stages of mechanical gearboxes and the
minimum possible value of the required mechanical
power of the selected TMs for transmission with two-
stage mechanical gearboxes.

Algorithm for determining the power and choice
of characteristics of the gearbox. According to their
functional purpose, LACWVs perform diverse tasks for
conducting combat operations in direct contact with the
enemy, for transporting personnel, military cargo, towing
artillery and other systems both in conditions of paved
roads and in full off-road conditions.

If we try to summarize the modern requirements for
mobility of these vehicles in relation to electromechanical
transmissions, then, first of all, the following should be
highlighted:

1) the achievement and long-term maintenance of the
maximum speed v, When driving on the highway;

2) the ability to climb on the soil sodded slope with
angle of arm.x with speed of at least viy;

3) the acceleration time to maximum speed when
driving on the highway;

4) the acceleration time up to speed of 20 m/s for
wheeled vehicles (WV) and up to 12 m/s for caterpillar
(tracked) vehicles (CV) when driving on the highway;

5) the acceleration time up to speed of 10 m/s when
driving on the dry dirt road;

6) the long-term implementation of the dynamic factor

Drﬁgx for CV and WV with the power organization of

rotation on the principle of CV, as a rule, not less than 0.8
and for WV with kinematic rotation of not less than 0.7.

The proposed algorithm contains the following
sequence of actions:

1. The first requirement allows to determine the
minimum required mechanical power of the electric drive,
necessary for its implementation. In accordance with
[8, 9] for the first requirement

— (GM f + kF° Vrznax )Vmax

v, B

e nMwaGlcp
where G, is the weight of the vehicle (N); vy, is the
maximum speed on the highway (m/s); f'is the coefficient
of resistance to movement on the horizontal surface,
depending on the quality and microrelief of the terrain
and type of propulsion; k is the coefficient of flow around
the body of the vehicle (N-s/m*); F is the area of the
frontal projection of the vehicle (m?); 7y is the
efficiency of the mechanical wheel gear; 7cp is the
efficiency of the caterpillar propulsion, which at
maximum speed is calculated by the formula
Tcp = 41 —a2Vmax »

where the coefficients a; and a, depend on the type of
hinge of the caterpillar propulsion and for the metal hinge
(MH) are a; = 0.95 and a, = 0018 s/m, and for the rubber
metal hinge (RMH) a; = 0.98 and a, =0.012 s/m.

2. According to the calculated power value, the TMs
of the adopted type are selected, the total long-term
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operating mechanical power of which is not less than the
required value:
Nsrvm 2N,

3. By given or accepted dimensions of the driving
wheels Rpy and the maximum angular velocity of the TM
Orymax, We determine the gear ratio of the mechanical
wheel gears, allowing the vehicle to move at given
maximum speed vy, on the road with hard surface:

_ Orm maxRpw

max

el
Vnmx

4. Knowing the value of the gear ratio of the wheel
gears and specifying the value of their efficiency
depending on the structure, we determine the maximum
values of the traction force P and the dynamic factor D of
the vehicle at the moment of start at v = 0 for the short-

term mode and at v=v,,;, for the long-term mode

AST . AST
M i Pz
PVAST — YSTM max"WGTWGIICD -, 4 pAST _ 2v=0

i) =0 =
Rpw Gu
. L
piL  _ MSTM maxlWGWGNCD g pLL  — Ymin
V=Ymin RDW V=Ymin GM

where M {175]\7,} max 1 the maximum total short-term

allowable torque of all TMs, and M ZL%Mmax is the
maximum total long-term torque of all TMs.
5. We check the value DL_L

V=Vmin

for compliance with
requirements 6 and 2 at the selected value of the gear ratio
of the wheel gear. To do this, we calculate the gear ratio

of additional gearboxes

LL
Do __DPrmax a __Jy
ladd _DLL <1 and ladd = 7 Sl,
V=Vmin V=Vmin

where fs is the total coefficient of resistance to movement,
which is determined by the formula

fs =f-cosa+sina,

where « is the slope angle equal to a,,x — the specified in
tactical and technical characteristics of the LACWYV
maximum slope angle on a soil sodded slope.

If one or both conditions are not fulfilled, then it is

necessary to take the larger of the values il;; and

zal?i‘;a" found and, in this number of times by the available

method, increase the maximum total long-term operating
torque of all TMs or install a reduced stage in the wheel
gears with the additional transmission ratio found.

6. Assess the capabilities of the intended power
plant, generator and storage devices by the possibilities of
long-term and short-term power supply to the
transmission.

7. Check the fulfillment of requirements 2 — 5 by
carrying out a traction calculation in the appropriate road
conditions taking into account the limitations on the
possibilities of the power plant, generator and storage
devices. If, in the course of the calculation, lower stages
were introduced in the wheel gears, then the traction
calculation should be carried out in two modes — first
estimate the acceleration time at the start immediately
from the second gear, and then, if conditions are not met,

consider acceleration with sequential gears up starting
with down one.

We illustrate the above methodology with an
example of the development of an electromechanical
transmission for the MT-LB multi-purpose conveyor
tractor.

Initial data for calculations on the vehicle are
presented in Table 1, regarding TM — in Table 2.

Table 1
Initial data on the conveyor tractor

Indicator name Value
Vehicle weight Gy, N 117720
Maximum velocity on the highway 18.06
V max, Vs (km/h) (65)

on the highway 11.11
Average velocity of movement, Vay (40)
m/s (km/h) on the dirt road 8.33
Vi (30)
Maximum slope angle on the ground .y, © 35
Rise velocity with slope 35°
not less, m/s (km/h) 1396)
Vehicle height A, m 2.035
Track width B, m 2.5
Clearance 4, m 0,4
Driving wheel radius Rpy, m 0.265
Flow rate k, (N-s*)/m* 0.65
Calculated acceleration time on the highway, s (no
more) to velocity 0.95V, . —17.153 m/s 60
(61.75 km/h)
Calculated acceleration time on the highway, s (no 15
more) to velocity 11.11 m/s (40 km/h)
Calculated acceleration time on the dirt road, s (no 10
more) to velocity 8.33 m/s (30 km/h)
Maximum value of the dynamic factor (not less) 0.8
Table 2
Characteristics of the TM M73

Indicator Value
TM mass, kg 88
Dimensions (diameter x length), mm 483 x 232
TM maximum power, kW 150
TM maximum long-term power, kW 120
Maximum rotation speed, rpm 3100
Maximum long-term torque, Nm 1050
Maximum short-term torque 2050
(less than a minute), Nm

In accordance with the proposed algorithm:
1. Power required to reach maximum velocity

— (GM S/ +kF Vilax )Vmax —

wallcb

N
Vmax

2
117720-0.045+0.65-4.0875- 651716
36) |3.6

= & =181692 W,
0.98-{0.95-0.018 —
3.6
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where the frontal area of the vehicle is
F=B(H - h)=2.5(2.035-0.4)=4.0875 m’.
2. For the TM M73, having a long-term power of
120 kW, two TMs will suffice — one for each driving
wheel (board).
3. The gear ratio of the wheel gears for these TMs
will be

73100
iy = 2 max R _ 30 —.0265=4765.
vmax i
3.6

4. We determine the maximum values of the traction
force and the dynamic factor of the vehicle at the moment
of start at v = 0 for the short-term mode and at v = vy, for
the long-term mode:

AST .
PAST _ M5 7M maxiwewellcp
HAST _ -

Rpw
_ 2-2050-4.765-0.98-0.95 — 68636 N:
0.265
AST
pAsT _hi=o _ 68636 _ 405
Gy 117720
L .
L _ MsTv maxiwawallcn _
V=Vmin
Rpw
2-1050-4.765~0.98-(0.95—0.018356j
= —=34230 N;
0.265
P,
i Do 34230 o)
mn Gy 117720

5. We calculate the gear ratios of additional
gearboxes:

LL
.D Diax 0.8
[ = =——=2.75>1;
add — pLL 0291
0.065 - c0s35° +sin35°
2, = =2.154>1.
add = pLL 0.291
V=Vmin
The values obtained indicate that in this
configuration, the electromechanical drive for the

conveyor tractor will not meet the requirements of either
point 2 or point 6.

6. To solve this problem, it is necessary either to
increase by 2.75 times the total torque at the TM, or to
introduce an additional reduced stage in the wheel gears
with an additional gear ratio of 2.75.

Consider the first solution of the issue.

The increase in the total long-term TM torque is
possible either by switching to a higher torque TM or
increasing their number. In our case, there is only an
opportunity to apply a larger number of TMs M73
accepted for calculation.

We estimate the power that will be consumed by 6

TMs M73 when implementing DVL:LVmin =0.8. In this
case, the traction force should be
RY, =D, G =08-117720=94176 N.
Accordingly, the total torque of all six TMs will be

LL
P R
LL —Ymin DWW
M$Ta max = .V . =
wanwallcp
_ 94176-0.265 - 5778 N
4.765-0.98-(0.95—0.018]
3.6
Their rotation speed will be
Vigiwe %-4.765 1
oy =S = 2 =2497 s
™M R 0.265

The mechanical power consumed will be just
Np max = @iy MEER o =24.97-5778 =144299 W,

which is completely valid.

We consider the second solution.

In this case, we leave two TMs M73 and add a lower
stage in the wheel gears with gear ratio

i, =iy - ime =4.765-2.75=13.1.

7. Let us check the fulfillment of requirements 2 — 5 for
both options by carrying out traction calculation in
appropriate road conditions taking into account the
limitations on the possibilities of the power plant, generator
and storage devices. We take the maximum total long-term
mechanical power of all six TMs M73 equal to 200 kW.

Then the dependence of the total torque of all 6 TMs
on the rotation speed of the armature will correspond to
the curve shown in Fig. 1. And, respectively, the graph of
the dynamic factor for a vehicle with 6 TMs M73,
calculated by the formula

M$fyiwenwelicp 2
D= Rpw ’
Gy

will have the form shown in Fig. 2.
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Fig. 1. Total torque of 6 TMs M73 at power limit 200 kW
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Fig. 2. Dynamic factor of the conveyor tractor with 6 TMs M73
at power limit 200 kW

Respectively, for two TMs M73 and two-stage
wheel gear, graphs of the total torque and dynamic factor
are presented in Fig. 3, 4.
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To verify the requirements of 2-5, 3 variants of
calculations were carried out for the vehicle accelerating
on a horizontal surface:

e 6 TMs M73, single-stage wheel gears with iy =
=4.765;

e 2 TMs M73, two-stage wheel gears with gear ratios
—reduced i; = 13.1 and normal iy = 4.765, acceleration
from the transmission of the normal series without
switching in the process of movement;

e 2 TMs M73, two-stage wheel gears with gear ratios
—reduced i; = 13.1 and normal i = 4.765, acceleration
from the lower stage with switching during movement.

Also, calculations were carried out to determine the
maximum velocity of the vehicle to climb 35° on the dirt
road in two versions:

e 6 TMs M73, single-stage wheel gears with iyg =
=4.765;

e 2 TMs M73, two-stage wheel gears with gear ratios
—reduced i; = 13.1 and normal g = 4.765, acceleration
and movement in low gear.

The results of the calculations are given in Table 3.

Analysis of the results obtained. The variant of
construction of the EMT for the MT-LB conveyor tractor
with two TMs M73 and single-stage wheel gears was
removed from consideration as not allowing to provide
for points 2 and 6 of the «Requirementsy.

The remaining three options for construction
suggest:

o six TMs M73 (three per board) with two single-stage
wheel gears (one per board);

e two TMs M73 (one per board) with two two-stage
wheel gears (one per board) with the possibility of
activating a lower row when stopping the vehicle to drive
in heavy road conditions;

e two TMs M73 (one per board) with two two-stage
wheel gears (one per board) with the possibility of
sequential activation of the reduced and normal rows in
motion, both during acceleration and deceleration.

The requirements for mobility of LACWYV,
prescribed in [1, 2], are underestimated and, in fact, repeat
the parameters of a vehicle with a classic mechanical
manual transmission. All three retained for consideration
options for building EMT confidently meet the
requirements.

The best performance of the mobility of the
conveyor tractor has EMT, consisting of six TMs M73
(three TMs per board) with two single-stage wheel gears
(one per board). However, its use leads to an increase in
the drive mass by 352 kg and cost — at the cost of four
additional TMs M73 compared to a transmission
containing 2 TMs M73 and 2 single-stage wheel gears.

Table 3
Results of calculations of the mobility of the conveyor tractor at power limit of 200 kW
2 TMs M73
. . 6 TMs M73 Acceleration in the | Acceleration with
Indicator name Requirement oo
normal row switching
MH RMH MH RMH MH RMH

Rise velocity with slope 35° 1389 (5) 2.408 2.522 B B 2408 | 2.522
not less, m/s (km/h) ) (8.67) (9.08) (8.67) | (9.08)
Calculated acceleration time on the highway, s (no 29.622 20.335 30.64 | 21.286 | 29.629 | 20.341
more) to velocity 095V, —17.153 m/s 60 100 % 100 % 349 | —47% |-0.02%|-0.03 %
(61.75 km/h)
Calculated acceleration time on the highway, s (no 15 8.153 7.063 9.17 8.014 | 8.159 | 7.069
more) to velocity 12 m/s (43.2 km/h) 100 % 100 % —12.5% [—13.5 %|—0.07 % |-0.08 %
Calculated acceleration time on the dirt road, s (no 10 5.879 5.141 7.064 6.245 5.884 | 5.147
more) to velocity 10 m/s (36 km/h) 100 % 100 % —20.2 % |-21.5%|-0.09 % [—0.12 %
Maximum long-term value of the dynamic factor 08 0.896 0.924 0.299 0.308 | 0.821 0.847
(not less) ) 100 % 100 % - - —8.37 % |-8.33 %

The smallest weight and cost when losing the first
option in mobility from 3 % to 21.5 %, depending on the
indicator and the type of hinge of the tracked propulsion,
has the option with two TMs M73 and two two-stage
wheel gears with the ability to turn on the reduced row

when stopping the vehicle for movement only at heavy
road conditions. In this case, it is possible to avoid
friction discs in a two-stage planetary gearbox, and to
organize switching by means of gear couplings by
analogy with the reversing onboard gear of the fighting
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vehicle «Oplot». In contrast to the first option, an increase
in the mass of the drive is expected to be in the range of
only 160-165 kg compared to a transmission containing 2
TMs M73 and 2 single-stage wheel gears.

The most promising, in our opinion, is the third
option, which very slightly loses to the first option in
mobility (from 0.02 % to 8.37 %), but in the case of a
properly designed wheel gear, it is possible to combine
the functions of stopping brakes and control range
switching clutches on the same friction devices. In this
case, weight increase is expected to 200 kg.

Conclusions and recommendations.

As a result of the presented work, a scientifically
based method was developed, which allows to find the
required power of the TM of the selected type when using
single- or two-stage mechanical gearboxes.

The obtained method allows the developer of an
electromechanical transmission to determine rational
limits for using single-stage mechanical gearboxes and, if
necessary, to choose a method for using two-stage
mechanical gearboxes sufficient to provide the specified
tactical and technical characteristics of military
equipment.
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ALTERNATIVE INDICATORS OF POWER OF ELECTRIC ENERGY IN A SINGLE-
PHASE CIRCUIT WITH POLYHARMONIC CURRENT AND VOLTAGE

Introduction. Many electrical engineering issues use a power balance. It is compiled from averaged power values, and equivalent
power is used to characterize power of transient processes. To account electricity, both mono- and polyharmonic currents and
voltages use active and reactive power, the quality of electricity is not taken into account. Problem. A number of works are
declared a certain number of power components that reflect indicators of quantity and quality of electrical energy. These
components of power are subject to criticism. The order of determining power components requires algorithmization, as well the
task of determining indicators that will reflect poor quality of energy. Goal. Development of a technique for determining the
components of power in single-phase circuits with polyharmonic current and voltage, for definition electrical energy transmission
indicators. Methodology. Based on analysis of power components determined in known papers and order of their calculation, the
features of taking sign of sine and cosine orthogonal components are marked, depending on combination of numbers a current
and voltage harmonics. Using Fourier theory of series and elements of the logic algebra, an algorithm for determining
components of electric power energy is developed. Results. Highlighting active and reactive powers of the fundamental harmonic
of current and voltage; active and reactive power; canonical power components; non-canonical power components, and proposed
indicators of quality of transmission of electrical energy. Originality. Based on analysis of power represented by trigonometric
Fourier series, the specific calculation of canonical and non-canonical components with use of a number of indicators of electric
energy transmission is proposed that reflect its quality. Practical value. The proposed power components of transmission of
electrical energy can be used in technical accounting systems. References. 12, figures 6.

Key words: power of electric energy, quality indicators, power norm, quantity and quality of electric energy.

Mema. Po3pooka memoouxku 6U3HAYEHHA KOMROHEHM ROMYICHOCHI, 8 00HODAZHUX KOIAX 3 NONIZAPMOHIIHUMU CIMPYMOM mda
Hanpyzo10, 013 hopmysanna noKazHuKie nepeoayi enekmpuunoi enepzii. Memoouka. Buxopucmosytouu meopiio paoie @yp’c ma
enemenmu anzeopu a102iku, 6iOMiueHi 0CO0IUCOCMI 6UHECEHHA 3HAKY OPMOZOHATbHUX KOMROHEHM ROMYICHOCHI 8 3ANeHCHOCHI
610 KOomMOIHayii nomepy 2apmoHik cmpymy ma nHanpyzu. Pezynomamu. Biookpemniorouu akmugHy ma peaKxmugeny nomymxcHocmi
OCHOGHOI 2apMOHIKU CIMPYMY MA HARPY2u; AKMUGHY MA PeAKMUGHy NOMYHCHOCH; KAHOHIYHI KOMROHEHMU NOMYMNCHOCHI;
HEeKAHOHIUHI KOMNOHEHMU NOMYIHCHOCHI, 3ANPONOHOBAHO NOKA3HUKU AKOCMI nepedayi enekmpuunol enepzii. Haykoea nosusna.
Homysicnicms, npeocmaenena mpuzonomempuunum paoom @Dyp’e, micmums KaHOHIYHI Ma HEKAHOHIYHI KOMNOHEHMU, AKI
6ioousarome aAxicmo enekmpuunoi enepeii. Ilpakmuuna 3nauumicme. Komnonenmu nomyscnocmi, ma nokasHuku nepeoaui
eNneKmpuynoi enepeii Modscymo oymu 6UKOPUCHMAHUMU 6 CUCIEMAX MEXHIUN020 00NIKY 0114 UMIPIOBANHA 00cA2i6 AKICHOI ma
HeaKicnol enepeii. bion. 12, puc. 6.

Kniouoéi croea: MOTYKHICTh €JIeKTPHYHOI €HEPrii, NOKA3HUKH AKOCTi, HOPMA MOTYKHOCTI, KUILKICTL Ta AKICTh €1eKTPUYHOI
eHeprii.

Ienv. Pazpabomka memoouxku onpeoenenus KOMHOHEHmM MOUWIHOCHU, 8 OOHOPAZHBIX UENAX ¢ NONUAPMOHUYECKOM MOKOM U
HanpsaxceHuem, Ona Gopmuposeanus nokazameneil nepeoayu rnekmpuieckoii Inepeuu. Memoouxa. Hcnons3ya meopuio paooe
Dypve u Inemennul anzedpvl 102UKU, OMMEYEHHbIE 0COOEHHOCMU BbIHECEHUS 3HAKA OPMO2OHATbHBIX KOMNOHEHM MOUWHOCIMU 8
3a6UCUMOCIU OM KOMOUHAUUU HOMEPA 2AGPMOHUK MOKA u Hanpaycenus. Pezynomamel. Omoenas akmugnylo u peakmugeHyio
MOUWHOCMU OCHOGHOU 2APMOHUKU MOKA U HANPANCEHUA; AKMUGHYIO U PEAKMUGHYI0 MOWHOCHU; KAHOHUYECKIe KOMNOHEHNIbL
MOWIHOCMU; HEKAHOHUYECKUEe KOMNOHEHMbL MOW{HOCHU, NPeOlodCeHbl NOKA3amenu Kauecmea nepeoauu IieKmpuyecKoil
snepeuu. Hayunasa noeuszna. Mowinocms, npedcmagieHHaa mpuzoHomempuyeckum paoom @Pypve, codeprcum KaHoOHUYEeCKue u
HeKAHOHUYeCKUue KOMNOHEHMbl, KOMOpble OMpPAMcaiom Kawecmeo rneKkmpuyeckoi nepzuu. Ilpakmuueckas 3nauumocme.
Komnonenmuvt mowpocmu, u nokazamenu nepeoauu 31eKmMpuiecKoii IHeP2uu moym Oblinb UCHONb3IO6AHBI 6 CUCHEMAX
MeXHUYeCcK020 yuema 014 U3MepeHus 00vemo8 KauecmeeHHoll U HeKayecmeenHoll Inepzuu. bubn. 12, puc. 6.

Kniouesvie cnosa: MOIHOCTD JIEKTPUYECKOH IHEPrHH, MOKA3aTeJH Ka4ecTBa, HOPMA MOIIHOCTH, KOJHYeCTBO H KAa4eCTBO
3JIeKTPUYECKOI JHePIUH.

Introduction. In the electric power, introduced that characterize the mode — S1-S8 [1]. Here, a

electromechanical and electrical engineering systems and
complexes, when solving the problems associated with
the transformation of electric energy into other types of
energy, the balance of energy or power is used. This
allows to check the result of the task solution and estimate
the distribution of power flows. In most cases, the balance
consists of values averaged over a certain period of time.
For a category of problems with stationary processes,
such an approach is rational.

In the case of a transient process, such as
transforming the power of electric motors in an automated
electric drive of technological mechanisms characterized
by variable power consumption, additional parameters are

certain period of time — a cycle is considered. Equivalent
mode parameters are used for the cycle, in particular —
equivalent power [2].

In modern systems, the generation, transportation
and consumption of electric energy are carried out by
alternating current except for traction networks of direct
current, onboard networks of vehicles, and specialized
inserts of direct current [3]. The latter only in a certain
approximation operate with direct current, in the general
case, the current is alternating.

When operating networks that provide electric
energy consumers, regardless of the nature of the current,
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problems arise in the account of electrical energy. For DC
networks, the average (at a specified interval) power
value is used as the accounting indicator, for AC networks
— active and reactive power [4, 5]. In this way, the volume
of electric energy is accounted, and reactive power in
some way characterizes poor quality. The reactive power
is uniquely determined for periodic monoharmonic
currents and voltages. In case of distortion of current or
voltage, for accounting indicators determined by averaged
current and voltage are used. The resulting poor quality of
electric energy is estimated by certain indicators,
normalizing their acceptable values [6], but accounting
low-quality energy is not performed.

Analysis of previous research. A well-known
Standard [7], which is a product of many years of work by
a group of scientists, declares a certain number of
components of electric energy power, each of which
reflects characteristic indicators. The determination of the
power components of electric energy occurs on the basis
of the currents and voltages presented in the trigonometric
form of the Fourier series. Using well-known vector
forms and concepts of full, active, inactive, reactive
power, distortion power, for three-phase circuits of
corresponding fundamental powers of direct, zero and
reciprocal sequences, the authors sufficiently multifaceted
define a characteristic of the electric energy flux. These
power components are based on the Budeanu concept and
are criticized [8, 9] from the standpoint of determining the
harmonic components of power based on harmonic
current and voltage. In [10] the question of the formation
of power components, both as power source and elements
of electric circuits, both with linear and nonlinear
characteristics, is considered in various ways. As in the
works previously mentioned, the authors are based on the
representation of periodic currents and voltages in the
trigonometric form of the Fourier series. The
substantiated [11] procedures for the determination of the
volt-ampere characteristics of nonlinear elements are also
based on the representation of current, voltage and power
by periodic polyharmonic functions. The last group of
works emphasizes the observance of the law of
conservation of energy and the implementation of the
Tellegen theorem.

Problem definition. The differentiation of the
power component provides an opportunity for a certain
assessment of the energy process [7]. The analysis of
processes in electric circuits using the representation of
currents, voltages and powers by polyharmonic functions
is used for tasks of identifying parameters and
characteristics of circuit elements [11]. In spite of the fact
that in both cases the polyharmonic current and voltage
are the basic, the determination procedure and the
resulting power components are different. In the latter
case, the law of conservation of energy is provided, which
makes it more favorable for assessing the indicators of
transmission of electricity. But the order of determining
the components of power requires algorithmization, and
as a consequence the problem of determining the
indicators that reflect the poor quality of the flow of
electric energy, arises.

The goal of the work is the development of a
method for determining the components of power of

electric energy in single-phase circuits with polyharmonic
current and voltage, for the formation of indicators of
transmission of electric energy.

Main material and results of investigations. In the
theory of linear circuits with energy sources which
determine the monoharmonic currents in the branches and
the corresponding monoharmonic voltages in the nodes,
for example

u=+2U sin(et +w,, )

i=~21 sin(a)t +y; ),
where U, I are the effective values of voltage and current;
w., W are the initial phases of voltage and current; o is

the angular frequency, based on the corresponding power,
active P, reactive Q and full § powers are introduced:

p=ui= Jau sin(or + v, )\/EI sin(or + ;)=
=UI cos(y/u -y )COS(O)— Ul cos(y/u +y; )cos(2a)t)—
-uI sin(l//u -y, )sin(0)+ Ul sin(l//u +y; )sin(2a)t) =
= Pcos(0)— Qsin(0)— S cos(2art +w,, +v; ).
We emphasize the well-known fact that the full

power in this case is determined by the product of
effective values of current and voltage. At that, obviously

2 . 2 2
(07 cos(y, —y )P + U1 sinly, )P [= 7P
P2+ 02]=52.
In the case of polyharmonic currents and voltages
u= Z\/EUk sin(ka)t +W ok ):
k
= \Ez (U} cos( . )sin(kar )+ Uy, sin(y, )cos(ket ) =
k
= Z(Ua.k sin(ket )+ Uy ;. cos(keot )
k
i= Z\/Eln sin(not +y;, )=
n
= \EZ (1, cos(y;, )sin(kar)+ I, sin(l//m )cos(ka)t)) =
n
= Z(Ia.n sin(nat)+1,, cos(nat)),
n
where k, n are the numbers of harmonics of voltage and
current; U, I, are the effective values of harmonics of
voltage and current; i, Wy are the initial phases of
voltage and current; U, ;, U, are the amplitudes of cosine
and sine components of harmonics of voltage; 1 ,, I, are
the amplitudes of cosine and sine component of
harmonics of current, expression for power is
considerably complicated
pP= ZUkIn COS[(k - n)a)t YWk —Vin ]_
k,n
- ZUkIn COS[(k + n)a)t TWuk T¥in ] >
k,n
As indicated in [12] from the last expression, the
instantaneous power function contains harmonics whose
order (s) is defined as the difference (k — n) and the sum
(k + n) of the orders of the harmonics of voltage and
current, that is s = k £ n. Thus, instantaneous power

P=D Py =P0+P1+ -+ Py tot Ppin +t P2y (2)
N

)
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where the numbers of harmonics are defined by the set
Z=1{0,1,2,...,s, ..., z}. The spectrum of the harmonics
of the power function depends on which harmonic
numbers are represented in the voltage and current
spectrum. It must be borne in mind that different, but
certain combinations of harmonics of voltage and current
form harmonics of power of one order (for example, if
k=n + 1, then the difference s = k — n equals one for any
numbers s = k£ and s = n), so the actual number of
harmonics of power may be less than maximum, but not
less than twice the number of harmonics of voltage or
current.
In this case, it is accepted to use active, reactive and

full power in the form

P=py= ZUkIn COS(‘//uk ~Yin );

k=n
0= ZUkIn Sin(‘/luk _l//in)ﬂ
k=n

S=yP?+07,

but as is known from the functional analysis, the Cauchy-
Budianovsky-Schwartz inequality is fulfilled [6] and in
the case under consideration, as noted in [4, 12]:
S# UL

Without going into Budeanu theory and its
generalization in work [4] in the part of inactive power
and components of the distortion power, we consider the
order of formation of the power components of (2) based
on (1).

In [12] the conditional distribution of the power
components is used in the form of the sum:

pP=pot Z(pa.c.s +pb.c.s)+

s=k+n
s=2k=2n
3)
+ Z (pa.pc.s + Pb.pc.s )+ Z (pa.nc.s * Phonc.s ) >
s=kxn s=ktn
s=2kN2n s#2kM2n

where py is the zero component of power (active power)
for all harmonics; p,.; are the cosine canonical
components; p., are the sine canonical components;
Dapes are the cosine components of non-canonical order —
pseudo-canonical components; py,., are the sine
components of non-canonical order — pseudo-canonical
components; p,..s are the cosine noncanonical
components; pj ... are the sine noncanonical components.

Direct calculation and differentiation of indicated
power components by expression (1) requires a lot of time
and effort. Therefore, an algorithm for calculating the
power components, the general form of which is shown in
Fig. 1, is developed. The algorithm can be divided into
four stages: preparation of measured signals of current
and voltage; fast Fourier transform of voltage and current;
definition of power components; calculation of indicators
of transmission of power of electric energy.

At the first stage, the measurement of current and
voltage, depending on the characteristics of the
equipment, setting the discretization rate, discretization
time and the maximum number of harmonics. Also,
instantaneous power and its quadratic norm are

N

d=1/f

N - N

N=T/dt
j=1.N

|

u=u(jdt)
i=i(jdy)

-

I
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Fig. 1. The algorithm for determination of power and its
qualitative indicators
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determined. At the second stage, fast Fourier transform of
voltage and current is performed, as a result of which
their orthogonal components are determined. On the basis
of this, at the third stage, the definition of canonical and
noncanonical power components is performed. The
procedure for determining these components has a certain
peculiarity and can be implemented by performing the
algorithm shown in Fig. 2.

P =P +P

Cycle for £
from 0 to Z

Fig. 2. The algorithm for determining orthogonal power
components

Cycles of the definition of orthogonal power
components, the input in each of which is indicated by the
number 1, and output by the number 2 (see Fig. 2), by the
structure are the same. The specified cycles differ in the
essence of the conditions and are shown in Fig. 3-6. As a
result of calculations by the algorithm (Fig. 2) using
cycles (Fig. 3-6), for all combinations of harmonics of
current and voltage, the following components of power
are determined:

1. Active and reactive power of the main harmonic of
current and voltage

{Pa.l—l =0.5(Uq L1 +Uplp1 )
Pyio1 =0.5(U g 1Ip1 ~Up i)
2. Active and reactive powers
Fi0=05 Z(Ua.kla.n +Upilpn );
k—n=0 (5)

Po=05 > Uyrlpn—Upilan)
k—n=0

3. Canonical power components (k = n)

“4)

0.5 Z(Ub.klb.n - Ua.kla.n)’
P ‘k+n‘=s
a.c.s
0.5 Z(Ub.k[b.n + Ua.kla.n );
‘k—n‘=s
(6)
0.5 Z(Ua.k[b.n + Ub.kla.n );
‘k+n‘:s
Fyes = .
0.5 > Uailpn —Upilyn)signlk —n)
‘k—n‘=s
4. Noncanonical power components Pg,,c;, Phucs

which are calculated by the system of equations (6) at the
condition (k # n).

Ps = O'S(Ubkllm - Uaklan)_

])s = O'S(Uaklan + Ubklbn) ™

P =0 ";1{:13&_41334»@

Fig. 3. The cycle of definition of cosine canonical components

P=05(U,I

bk~ an

p=0 Yol =p+ri—(2)

Fig. 4. The cycle of definition of sine canonical components

Thus, the power can be represented in a
trigonometric form by the following series
p="F;pco0s(0)+ Z(Pa.c.s + Fyne.s )COS(S(OI‘)+
s#0
+ B, ¢sin(0) + Z(Pb“ + B s )sin(sa)t),
s#0
The above-mentioned  power  components
characterize in a certain way the process of transmission
of electric energy. In general, this process can be
characterized using a quadratic power norm

+ Uul« Ibn ) ]

t+T

1 2
=7 [t

38 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1



])s = O'S(Ubklbn - Uaklan ) ]

})S = O'S(Uaklan + Ubk[bn) ™

Fig. 5. The cycle of definition of cosine noncanonical

components
i +
’ +
P =0 Y,

S p-rirf—(2)

Fig. 6. The cycle of definition of sine noncanonical components

PS :0~5(Ubk]an+UU](1bﬂ) ]
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Using similar relations and previously used power
components, a number of indicators have been proposed
that characterize the process of energy transmission:

1. The degree of active and reactive power by the main
harmonic

Faar Byi-1
aP1=— g 2901 = -
R
2. The degree of active and reactive power

Fao Bro
ap =790 =7 "
Pl I
3. The degree of transfer of power by canonical

components
2 2
. SR+ Y B,
.= .
]
4. The degree of transfer of power by noncanonical

components
2 2
_ \/Z Pa.nc.s + ZPb.nc.s

e [l

These indicators reflect the
transmission of energy, both
consumption and generation,

quality of the
in the case of its
taking into account

components that are caused by higher harmonics of
current and voltage. These indicators require a detailed
substantiation from the standpoint of the processes of
energy conversion in electric circuits and can be
expanded, in particular, in part with regard to the
influence of the transition of pseudo-canonical harmonics
of power on canonical harmonics, the order of which
coincides.

Conclusions and directions of further research.

The methodology and procedure for determining the
power based on the measured current and voltage are
proposed, as a result of which the power components and
indicators of its quality are recorded.

For circuits with polyharmonic currents and voltages
on the basis of their orthogonal components, using known
power distribution division into constant, canonical,
noncanonical components, a calculation algorithm and
corresponding cycles for each of the components are
developed.

A set of indicators characterizing the process of
electric energy transmission taking into account quality is
determibed: the degree of active and reactive power by
the main harmonic; the degree of active and reactive
power; the degree of power transfer by canonical
components; the degree of power transfer by
noncanonical components.

The proposed indicators need to be substantiated
from the standpoint of the physical processes of the
distribution of electric energy in the elements of electric
circuits, and more importantly, the power supply systems.
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O. Makarchuk, D. Catus, V. Moroz, Z. Gatuszkiewicz, P. Galuszkiewicz

TWO-DIMENSIONAL FEM-ANALYSIS OF EDDY CURRENTS LOSS IN LAMINATED
MAGNETIC CIRCUITS

Purpose. One of the solutions of the problem of taking into account losses in laminated magnetic circuits caused by eddy currents
was examined. The proposed solution is intended for use in specialized mathematical models, which are based on a two-
dimensional description of the electromagnetic field. The algorithm for calculating the equivalent value of the specific electrical
resistance of the material of the magnetic circuit is based on the FEM analysis of the spatial distribution of the current density
vector in the laminated magnetic core model, as well as the magnetic and electrical properties which are as close as possible to
electrotechnical steel. The principal possibility of using the proposed approach was confirmed by comparing the calculated and
experimental time dependences of the regime values, for example, of a single-phase transformer operating at different voltage
supply frequencies. References 11, tables 3, figures 6.

Key words: eddy current losses, laminated magnetic core, two-dimensional FEM analysis, single-phase transformer.

Poszensdacmoca oone 3 eupiwiens npodiemu 6paxysanns 6mpam ROMYMHCHOCHI 8 WUXHOGAHUX MAZHIMONPOBOOAX, W0 GUKIUKAHI
suxposumu cmpymamu. 3anpononosane piwieHHa RPUHaueHe ONA UKOPUCIANHHA Y CREYIani306aHUX MAMEMAMUYHUX MOOETIAX,
AKI [PYHMYIOMbCA HA 08OBUMIPDHOMY ORUCE €1eKMPOMACHIMHO20 RONA. Anzopumm pOo3PAXYHKY eKGIi6a1eHMHO20 3HAYEHHA
RUMOMO20 eNeKMPUYHO20 ONOpY Mamepiany mMazHimonpoeody nooyooseano na niocmaei FEM-ananizy npocmopoeozo po3nodiny
6EeKMOpa ZyCMUHU CMPYMY 6 WUXHOBAHOMY 63ipUi, MAZHIMHI Ma e1eKMPUYHI 61ACIMUBOCIE AKO20 MAKCUMATILHO HAOUMCEH] 00
enekmpomexniunoi cmani. Ilpunyunosa moxciugicmes UKOPUCIMAHHA NPONOHOBAHO20 NIOX00Y NIOMEEPOHCYEMbCA NOPIGHAHHAM
DPO3DAXYHKOBUX MA  eKCHEPUMEHMANbHUX YACOBUX 3ANEHCHOCHEN DPEeHCUMHUX 6eIUYUH, HA HPUKIadi 00HOpA3HO020
mpancgopmamopa, wio npayroe 3a pizHux yacmom Hanpyeu xcuenenns. bion. 11, tabmn. 3, puc. 6.

Kniouoei cnosa: BTpaTH Bil BHXPOBHX CTPyMiB, IIMXTOBaHMii MarHitonposin, asopumipnuii FEM- ananis, onnodasHuii

Tpanchopmarop.

Introduction. Despite the fact that the methods of
calculating the field of the vector of current density in
electrically conductive areas of arbitrary configuration are
well known, mathematical models that are intended for
analysis of energy conversion processes in objects with
laminated magnetic cores are usually based on
assumptions about the absence of losses from them. There
are several reasons for this discrepancy between the
theoretical level and the practical implementation of the
algorithms of mathematical models of electromechanical
energy converters, in particular, the need for an extremely
high level of discretization of the calculated area. Also,
the directions of vectors of current density and vector
magnetic potential do not always coincide in the modes
close to saturation.

Both of these factors lead to the need to use
powerful computing technology, which is far from always
guaranteeing the creation of mathematical models with
desirable performance indicators — fast performance,
acceptable RAM and precision.

The analysis of recent research. The relevance of
this issue is evidenced by numerous publications.

The approaches described in [1-3] are based on the
results of the calculation of the magnetic field obtained by
a specific conversion of the characteristics of the
magnetization of materials, and are intended for further
determination of losses in the steel.

The authors apply the principle of overlay in relation
to the non-linear system.

Attempts for analytical calculation of losses in
laminated areas of simple form are described in [4, 5]. In
3 the importance of taking into account the distribution of
the current density field at least in several outer sheets of
the laminated packet is emphasized.

In 5 the mutual influence of hysteresis losses and
eddy current losses is investigated. It is pointed out that

this effect is fairly significant, but unfortunately, the
question of creating adequate models for its inclusion in
dynamic regimes is not considered. Similarly, in 6,
solving the problem in terms of the magnetic scalar
potential, the authors propose a method for replacing a
laminated medium so that an adequate reflection of the
magnetic field is achieved in the problems of magneto-
statics. The issue of determining the losses in these
materials remains open.

This problem is solved, but in a three-dimensional
space in 7. For field problems, it is proposed to use
homogeneous materials, anisotropic in both electrical and
magnetic terms.

The authors of the paper 8 are engaged in the study
of the dependences of specific losses in the laminated
cores, depending on the field intensity and in the wide
frequency domain (20+2000 Hz). The influence of the
interaction of these factors is shown. The paper contains
interesting experimental material.

In terms of the classical theory of circles, the
problem of taking into account losses in the material,
which considers both hysteresis and eddy currents, is
solved in 9. Non-linear properties of the material are
specified using additional elements of the sub-scheme.

The publication 10 directly addresses the issues
outlined above. For relatively geometrically simple forms
of magnetic conductors, it is proposed to apply the
original numerical calculation algorithm for surface
integrals that the finite element method (FEM) operates.
Thus, the field of the densities of currents for equivalent
homogeneous structures, deprived of air gaps, is
determined. The method is quite attractive, but the plane
of the calculation area should be located perpendicular to
the main magnetic flux. In the most tasks of
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electromechanics of practical interest, this plane should be
oriented parallel to the direction of flux.

Formulation of the problem. It is clear that in the
transition from a real three-dimensional to two-
dimensional description of the quantities describing the
spatial distribution of losses in laminated electric
conductive cells, the picture of physical phenomena varies
on a qualitative level. Replacing the laminated magnetic
core with a homogeneous medium, in a two-dimensional
approximation, changes the real direction of the current
density vector to one that is perpendicular to the surface
of the calculated domain. The phenomena associated with
the dumping of the magnetic flux by the «current layer»
are to some extent distorted.

The logical question arises whether it is possible to
replace the laminated magnetic core with a homogeneous
medium with some calculated values of the specific
electrical resistance, so that for a two-dimensional
magnetic field approximation, the loss from eddy currents
in this medium is equal to the losses in the volume of the
real magnetic core? How to determine the value of this
equivalent specific resistance?

The purpose of the study. An analysis of the
fundamental possibility of creating mathematical models
of EMPE, which, in the two-dimensional approximation
of a quasi-steady-state magnetic field, will adequately
consider the losses from eddy currents in the laminated
elements of the magnetic conductors in both the
established and transient operating modes.

The subject of study. The processes are related to
the spatial distribution of the vector of current density and
power losses in laminated magnetic cores of electric
machines and apparatuses.

Methods. To achieve the goal, two mathematical
models have been created. They both have the same
purpose: the calculation of the fields of current density
and losses in the conductive model, located in the time
variable magnetic field.

The sample is a parallelepiped loaded with sheets of
electrotechnical steel of rectangular shape. The sheets are
separated from each other by air spaces. In the future, we
will call it «model of type 3D» or «3Dy.

In it, the sample is a rectangular plane of a
homogeneous material, which corresponds to the size and
magnetic properties of a sheet from a three-dimensional
model, and its specific electrical resistance is calculated.
Let's call it «model of type 2D» or «2D».

All dimensions, fill factor and electrical resistance of
samples' material can vary widely. Also, the models
parameters are the magnetization characteristic of the
material as a table-defined function.

The mathematical formulation of these tasks is based
on Maxwell equations and uses the Coulomb gauge. In
invariant notation, it is reduced to the expression

V2 =ovU 0L | (1)
ot
where V is a differential operator of Hamilton; A is a
vector magnetic potential; U is a scalar electric potential;
o is the specific electrical conductivity of the medium.
The field of the vector of current density is
determined by the formula

jza(—VU—aa—AJ. Q)
ot

The solution (1), (2) provided using the finite
element method using the specialized software Ansys.
After that, the power losses in the volume of the
conductive area are found as

el L& (K
Ro=c [ av=aY|—> 0" [, ®
K
Vv e=1 k=1
where dV is the volume of the elementary domain; J; is a
module of the node value of the current density vector;

k =1,_K is a current node number of the finite element;

e=1,E is a current finite element number, which belongs
to conductor volume V; V' is the volume of e-th finite
element.

For a two-dimensional case in (3), V should be
replaced with S/ and V' with S/, where S, 5 is the area
of the calculated domain and finite element domain
respectively; / is the length of the calculated area in the
direction z coordinates.

In a three-dimensional model, there exists a number
of planes, for which the field of vector potential is
symmetric. Using this property, the calculated area
occupies only 1/4 of the volume of the complete model,
which allows to reduce the dimension of the problem by
4 times. The view of the calculated area and its binding to
the coordinate system is shown in Fig. 1,a.

Fig. 1. Calculated areas of models: 3D (a); 2D (b)

The boundary condition and symmetry condition for
this problem are summarized in Table 1. The level of
discretization of the volume of the calculated area is
schematically shown in Fig. 2,a.
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Table 1

The boundary conditions and symmetry conditions

Dimension of the problem — 3D

Plane equation

Boundary condition

2z; .
x=-05l;x=05L] Ag=—"A4,sin(@r);4;=0;4;=0
z
2z . doe O A
y=()_5[y Axi :]_Am sm(a)z‘),Ayi—O, Azi_o
z
z=-0.51 A, =—A4,sin(wt) ; A,;=0;4,;=0
Plane equation Symmetry condition
z=0 A, =0, 4); = 0 (condition of parallel flow);
z=0and o#0 U=0
y=0 A,; = 0 (condition of perpendicular flow)

Dimension of the problem — 2D

Equation of line Boundary condition
x=-0.5l;x=0.5l, A,; =%A4,, sin(ar)
—2x; .
y=-0.51;y=0.5I, A= ; L A, sin(ax)

X

Marks: Ay, A,;, A.; are the values of the projections of the vector
of the magnetic potential in the i-th node; 4,, is the amplitude of

vector magnetic potential; x;, z; are coordinates of x or z for i-th
node.

Ay = T" A, sin(ar ).

Ay=0. Ay

=0

oo

Ay =—A,, sinfat),
A;=0. A4;=0

a

-

—ZX, al... L
A, — ; LA, sinlar)

ey = A4, sin(or)

b
Fig. 2. Finite elemental models: 3D (a); 2D ()

For a two-dimensional model of binding to the
coordinate system is shown in Fig. 1,b, the boundary
condition is shown in Table 1, the level of sampling is
given in Fig. 2,b.

By processing the results of numerical simulation,
which changed the dimensions of the electrotechnical
steel 2013 sample (3+20 mm, the thickness of the sheet is
0.35+1.0 mm), the material resistivity (0.14+0.50 uQ-m)
and the intensity of the magnetic field (0.7+2.0 T), the
empirical dependence has been obtained which allows
determining the equivalent resistivity of the magnetic core
material, depending on the ratio of dimensions

| %
——=k/| =] o 4
Pe o, f(tj Pm ()

where p,, is the specific electrical resistivity of the
material of the magnetic core (according to reference
data, for example GOST 21427.2-83), [ is the size of the
area of the magnetic core in the direction perpendicular to
the direction of passage of the main magnetic flux (for the
toothed areas — the average width of the teeth, for a jar of
electric machines — the thickness of the yoke in the radial
direction); ¢ is thickness of the sheet of the laminated
core; kyis a coefficient of the form of the core (correction
coefficient). If the ratio of sizes //¢ belongs to the range

3+20, we suggest that its value be calculated according to
the formula

2
kr=4.02-0.276 £ +0.0044 £ .
f t t
and if exceeds 20 — choose from Table 2.

It is (4) that we propose to use to account for the
losses in laminated magnetic circuits in field 2D models.

6))

Table 2
The value of the form factor
I 5 10 20 >40
ky 2.75 1.7 0.27 0.075

Results and discussion. For a laminated test
component of 10x10x10 mm with a sheet thickness of
0.5 mm, a material fill factor of 0.95, with magnetic
properties corresponding to the electrotechnical steel 2013
and a specific electrical resistance of 0.14 pQ-m, using the
3D type model, dependences on the specific power losses
[W/m’] from the active value flux density, averaged over
the volume of the whole model (Fig. 3) were obtained.
Similar dependencies are obtained on the model 2D, but
the resistivity of the material, in this case, is increased by
109 times, to a value of 15.26 pQ-m.

2D, 50 H=z 2D, 400 Hz
- - _ _ i —
\ 3D, 50H: | 3D, 400 Hz
f fof
A~ 10 000 000 ; e .
S '. N AR ———
S | | a
< 1000 0004
; = I-'I
g u,
= 100 000+——1 / | I
= . -
S . L
=~ \ O
= 0000 =
o
o 1 000
06 08 L0 12 14 16 1§ 20

Flux density (T)

Fig. 3. Dependences of specific losses in the laminated model
from flux density
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The comparison of these dependencies, for the
frequency changes of the 50 and 400 Hz field, shows a
good convergence of results. This comparison and
analysis of the results of mathematical experiments
carried out using the above-mentioned models 3D and 2D
allow to declare the following:

e known methods for calculating the losses in the
laminated cores, for example, according to the Krug
formula, in conditions close to the saturation of the
material make a significant error both at the industrial and
higher frequencies of field change;

e two-dimensional approximation of the magnetic
field allows considering the effect of eddy currents in the
laminated cores by converting the value of the resistivity
of the material.

Fig. 4 shows the distribution of instantaneous values
of the module of the current density vector in a three-
dimensional laminated model (Fig. 4,a) and a two-
dimensional model (Fig. 4,b), where the resistivity of the
material is determined by (4). As can be seen from Fig. 4,
the distribution of the vector of current density in 2D and
3D cases varies, but the average for the period of power
loss in the two samples is practically same, as illustrated
in Fig. Note, that the negative value in Fig. 4,0
corresponds to the direction z-projections of the current
density vectors, directed from the observer.

STEP=170
gUB =1
TIME=.005281

JTEUM
SMN =23104
SME =.242

_—
.161E+08 .Z15E+08
.133E+0E .188E+08 .Z42E+08

a
ELEMENT
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aunD =1
TIME=. 00
JTEUM
gMN -, 1]
BME =. 11
L
R

-.111E+07 -€1519%3 -1z23040 369119 261273
—Galzvs -363.13 123040 61531529 L111E+07

23104 . S40E+07 Ll08E+08

LET1E+07 LBO8E+07

b

Fig. 4. Current density vector field (¢ = 5.281 ms, =400 Hz):
3D (a); 2D (b)

To wverify the correctness of the accepted
assumptions, a physical experiment has been performed to
record the instantaneous steady-state values of current and
voltage in the primary winding of a single-phase
transformer in idle mode. The experiment has been
conducted for two frequencies of supply voltages. For a
frequency of 50 Hz, the current voltage of 150 V is
applied to a winding that had 609 turns. The active
resistance of this winding is 18.3 Ohms. For a frequency
of 495 Hz, the value of the voltage is 40 V, the number of
turns of the winding is 170 and its resistance is 0.585
Ohms. Overall dimensions of the core of the investigated
transformer are 94x81x26.7 mm (Fig. 5), and its magnetic
properties correspond to the electrotechnical steel 2411.

Fig. 5. Investigated transformer and measuring equipment

The results of the experiment are compared with the
calculated values of the non-operating current, obtained
on a specially created mathematical model of the
aforementioned transformer. This model calculates the
two-dimensional approximation of the magnetic field
constructed based on approach (1) and uses the core
material with magnetic properties of 2411 and equivalent
to the specific electrical resistance of 190.8 pQ-'m,
obtained on the basis of (4) and with subsequent
correction of its value.

The results of this comparison are shown in Fig. 6. It
also depicts the calculated current dependencies in
windings from time to time, provided that there are no
eddy currents in the core (o = 0).
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Fig. 6. Dependences of currents and voltages of the transformer
on: 50 Hz (a); 495 Hz (b)
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The comparison of average values of power
consumed in these regimes is summarized in Table 3.

Table 3
Comparison of average values of power consumption
Frequency, |Calculation (2D),| Experiment, | Discrepancy,
Hz W W %
50 1.692 1.893 11.9
495 13.16 17.25 31.1
Conclusion.

1. Our studies allow for taking into account the effects
of eddy currents in a magnetic circuit by bringing its
laminated parts to a homogeneous medium with the
calculated values of the specific electrical resistance, so
that it ensures the loss of power due to the effect of eddy
currents in the real laminated axis and in the design two-
dimensional modeling plane.

2. Analysis of the saturation influence of the laminated
magnetic circuit and its shape on the spatial distribution
of his current density vector allow to establish an
empirical relationship between the equivalent and actual
specific electrical resistance of the material, size and
shape of the sample.

3. Using the obtained equivalent resistance value for
description the materials properties of objects with
laminated magnetic circuits makes it possible to take into
account the effects of eddy currents and corresponding
power losses, in the two-dimensional approximation of the
magnetic field, both in transitions and in steady-state mode.
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A STATISTICAL MODEL OF MONITORING OF INSULATION BREAKDOWN
VOLTAGE STABILITY IN THE PROCESS OF ENAMELED WIRES PRODUCTION

This paper is devoted to non- destructive technological monitoring of defects of insulation of enameled wires with poliimid
polymer. The authors present a statistical method for processing, comparison and analysis of outcomes of measurements of
parameters of insulation of enameled wires. A mathematical model of trend for application in active technological monitoring is
developed to develop recommendations for parameters of such monitoring. It is theoretically justified and the possibility of a
diminution of dependence of an error on the velocity of movement of a wire for want of quantifying defects of enameled
insulation using non- destructive tests by high voltage is shown. The dependence of average value of amount of defects for
enameled wires with two-sheeted poliimid insulation in a range of nominal diameter 0.56 mm is experimentally determined. The
technological monitoring purpose is to reduce quantifying defects of enameled insulation. References 12, figures 4.

Key words: enameled wire, poliimid insulation, insulation defectiveness, technological monitoring, statistical model, voltage
tests.

Ilpeocmasneno pe3ynromamu mexHonN02iuHO20 KOHMPOJIO HARPYZU RPOOOIO i301AUil emanb nPoeody HA OCHOBI NOJIIMIOH0Z0
nonimepy. Pozenanymo 3acmocysanns cmamucmuyHo20 AHANI3Y Ppe3yabmamie GUMIPIOGAHHA NOKA3HUKIG KOHMPONIO 34
00nOMO02010 IHMEPBANTLHOT CMAMUCIUYHOT MOOeNi ONA 6UKOPUCIAHHA PE3YTbmanmie ¢ AKMUGHOMY MeEXHOI02IUYHOMY KOHMPOIli.
3anpononosano pexkomenoauii w000 NPAKMUYHOZ0 GUKOPUCMAHHA [HMEPEANbHOI CMAMUCMUYHOI M0oOeni ONA GU3HAUEHHA
2apaHmoeanozo piena 6iOHOCHOT Oucnepcii Koumponvosanozo napamempy. IlIpeocmaenena Kinvkicna ouiHka 6i0HOCHOT
oucnepcii & nanpyzu npoéorw U enpodosic mpueanozo mexuonoziunozo yukuny. Teopemuuno nokazana i eumiptoéanHamMu
niomeepoxycena Moxcaugicms HAOIHOL KiNbKicHoi OyinKu menoenyii 3minu Oegpexmuocmi emanv i30onayii ona npoeooy
IIDOH]IX2 — 200 3 0eoxuwapoeoro noniimionoro izonauicio nominanohum oiamempom 0,56 mm enpoooexic mpueanozo
mexHonoziunozo yukay. Busnauenns kinvkicnoi oyinku menoenuii 3minu Oeghekmnocmi emans i301ayii 003601:1€ MAKOIC
eudinumu i KilbKiCHO OWIHUMU 6URAOKOGY NOXUOKY MEXHON02IMHO20 npoyecy — CYMAapHy HOXUOKY pe3yibmamie
MeXHON02IUH020 KOHMPOI0, AKA € KLIbKICHOW XAPAKMEPUCMUKOI0 6UNAOK060I CK1ad080i cmabinbHOCmi mMexHOoN02iYH020
npoyecy. 3acmocy8anHa mMemooie IHmMepeanbHoOi cMamucmuku 0036014€ 00epicysamu 00cmogipHi (nadiiina umosipnicmeo
00pienIoe 0OuHUYi) YUCI06i OUIHKU HAGIMb 0N OKPeMOT cepii HeeenuKol KinbKocmi uMmipie, 00 AKUX He CMABIAMb 6UMOZU Hi
cmamucmuunoi cmanocmi, Hi 63acmnoi nesanexcrnocmi. bion. 12, puc. 4.

Knrouogi cnosa: emanab npoBig, nojiiMiana izonsiuisi, 1edgekTHicTH i30/1511il, TEXHOIOTTYHUH KOHTPOJIb, CTATHCTHYHA MOJeb,
BUIIPOOYBAHHS HANPYTOI0.

Ilpeocmasnenst pesynomamol onpedeneHus HARPANCEHUA NPOOOA UZONAUUU IMATL RPOOOA HA OCHOBE ROAUUMUOHOO
nonumepa. Beinonnen cmamucmuyeckuii ananus pe3yismamos ¢ HOMOULbI0 MeMo008 UHMEPBAIbHOI CAMUCIUKU C UeabI0
UCHOB306ANUA UHMEPBATILHOW CIAMUCMUYECKOU MO00enu 6 aKMUeHOM mexHonouueckom kouwmpone. Ilpeocmasnena
KOJIUYeCmEeHNas OUeHKA OMHOCUMENbHOI Jucnepcuu d nanpsaxcenus npooos U 6 meuenue 0numensnozo mexnonozuueckKozo
yukna. Teopemuuecku nokazana u IKCREPUMEHMATILHO NOOMEEPHCOCHA BOIMOICHOCHL KONUUECIEEHHOU OUYEHKU MeHOeHUU
usMeHenusn oOeexmuocmu Imanvuzonayuu 0na npoeooa IIDIH/IX2 — 200 c¢ 08yxcnoiinoil nOAUUMUOHON u30NAUUENL
HomuHanbHbIM Ouamempom 0,56 mm 6 meuenue mMexHoN0ZUUECKO20 YUKNA. DMo NO360sem 6blOEIUMb U KOIUYECHIBEHHO
OUeHUmMb CAYHATUHYIO OWUOKY MEXHOI02UYECKO20 RPOUECCA — CyMMAPHYIO OUUOKY Pe3yilbmamos mexnHon02uieckoz0 KOHmpons,
KOmopas A61Aemca KoauueCmeeHHol XapaKmepucmuKkoi Caydainoll cocmaginaioujeil cmaduibHOCIMu MexHoN02Uu4ecKozo
npouecca. Hcnonv3oeanue memooo8 UHMEPBANLHOU CHAMUCIMUKU O0dem  603MOMNCHOCHL  ROAYYams  00CHI08EPHbIE
(0osepumenvnan 6epoAMHOCHb eOUHUYA) UHMEPBANbHBIE OUEHKU 0adice 011 HeDONbU020 KOAUYeCmea usmepeHuil, K KOmopbim
He NPeovACNAIOM MPedoanUs HU CIAMUCMUYECKOU YCIOUMUGOCIU, HU 63AUMHOU He3asucumocmu. bubi. 12, puc. 4.
Kniouesvie cnosa: 3Manb NPoOBOJ, NOJUUMHAHASL W30JSUUA, AeGeKTHOCTH H3OIANMH, TEXHOJIOrHYeCKUH KOHTPOJIb,
CTATHCTUYECKAs] MO/IeJIb, HCIBITAHUS HATIPSIKEHHEM.

Problem definition. The introduction of enameled Active online defectiveness monitoring by non-

wires based on poliimide synthetic copolymers with a
temperature index of 200 °C, which have the highest
modern level of electrical, mechanical strength and
minimum thickness of insulation [1, 2], encountered
contradictions characteristic of innovation in cable
products. This is a contradiction between the relatively
high cost of products and the need to organize the use of
advanced state-of-the-art monitoring technologies. In the
case of the mentioned wires it is an online monitoring of
insulation defectiveness immediately after the exit from
the enamel furnace by non-destructive test on passage
with high constant voltage. The system of this monitoring
is part of the automatic lines with high speeds (MAG unit
up to 1000 m/min) [2].

destructive test on the pass is one of the most promising
methods of monitoring in cable production, which is
characterized by significant lengths of products with high
homogeneity along the length. Particularly relevant online
defect monitoring by non-destructive test on the pass is
for enameled wires, for which the length to the diameter
ratio reaches tens of millions.

The effectiveness of using such monitoring for a
particular manufacturer when introducing enameled wires
on the base of poliimide synthetic copolymers leads is
that the control parameters must be determined by the
user from wide available ranges (for example, test voltage
of 400 V to 4000 V every 100 V) that should be defined
for each type of product. Consequently, the analysis of
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results and the development of technical requirements for
each type of product is a separate scientific and technical
task, the solution of which requires considerable time and
cost.

As a result, one of the most promising methods of
monitoring in cable production, for which there is a
ready-made modern verified equipment, remains unused
in real production.

The problem is the need to develop and implement a
system of technical and organizational solutions for the
use of a modern online monitoring system for insulation
defectiveness during tests on the passage under
production conditions with the obligatory connection of
technical parameters of monitoring to the achieved level
of technology and technical requirements, which requires
significant additional costs.

The problem, at first glance, is such that for
manufacturers during the development period of known in
the world, but innovative for these product manufacturers,
there is no solution from an economic point of view. The
well-known concept of «Six Sigma» («60») [3] can serve
as an indirect but real confirmation of this pessimistic
conclusion. In it, the criterion for the quality of mass
products or services in marketing is the ratio of the size of
the range of admissible values of the main parameter to
the experimentally determined root of the square of the

dispersion (¢ = +/D). The concept of «Six Sigma
Methodology» is a demonstration of the achievements of
leading manufacturers and does not include a
methodology for achieving achievements (why not
«To»?). And the more the technological cycle is
automated, the problem of organizing the use of the
modern system of technological online defectiveness
monitoring is more urgent, since between the tasks of
receiving and current technological monitoring there is a
significant theoretical and technical difference [4]. The
problem of organizing active online technological
monitoring is conceptualized for automated mass
production.

Analysis of literature. The first works devoted to
the tasks of technological monitoring, dated from the
beginning of 60-ies of the twentieth century, and the
result is formulated in [5], where the main thing is that in
the very formulation of the question of technological
monitoring, it was recorded the possibility of changes in
the technological process and the need to identify and
quantify these changes [1]. In theory, this means that each
measurement result is an element of an unknown
statistical array. Therefore, the classical (canonical)
measurement model, which requires the fulfillment of
three conditions below, is not applicable to the results of
the measurements of technological monitoring. These
conditions are [3]:

e measurement time is not limited;

e measured value retains the true value unchanged
throughout the measurement cycle;

e all factors affecting the result are identified.

None of these conditions can be a condition for the
implementation and analysis of the results of
technological monitoring.

Since the problem of organizing the use of the
modern system of technological online monitoring is

closely linked to the economic component of innovation
in mass production, in [11] it is proposed to resolve the
contradiction between the high cost of products and the
price factor as a liquidity criterion precisely for wires with
poliimide insulation by reducing the level of requirements
for voltage breakdown agreed with the customer. In
essence, it is an announcement of capitulation to the
problem of the introduction of this innovative product due
to the complexity of the organization of the use of the
modern system of technological online defectiveness
insulation monitoring, with which enamel aggregates of
world manufacturers of the equipment are equipped.

Technological monitoring in automated high-speed
continuous cycles of modern cable production requires,
apart from practically instantaneous efficiency (online
mode) [2, 3, 5], the separation of the deterministic and
random components of the array of measurement results.

Therefore, for the purposes of technological
monitoring, firstly, a statistical model of measurements is
acceptable, in which the measured value is a sequence of
reflections of the current state of the object of
measurement. Here, the true value of the measured value
is uncertain [2], but their interval in this segment of the
technological time is completely determined.

The interval approach to the statistical determination
of technical parameters is proposed by the concept «60«
[3], whereby the coefficient of homogeneity Ko is
determined by the dispersion of the controlled parameter
X: Ko=|CL — X,,J/(D[X])*” at the lower limit, Ko=|CS —
— X J/(D[X])™ at the upper limit, where CL, CS are,
respectively, the lower and upper limits, agreed with the
customer of the product. A step forward in the concept of
«60« is the definition of the coefficient of homogeneity
by the value of the permissible margin of the parameter,
agreed with the customer of the product. But, firstly, for
the determination of Ko, large arrays of data obtained
under the same conditions are required, which makes it
impossible to make decisions in the conditions of
operational technological monitoring.

Secondly, in this concept there are no components
that would allow a gradual reduction of the dispersion of
the controlled parameter that should be the main objective
of operational technological monitoring in a stable
production environment.

Modern methods of interval statistics are based on
axioms, the first of which is: for all the restricted features f,
belonging to Jy: = {f sup|f{x)| < oo} there are interval
means Mpin(f); Mmax(f) which are within the limits of values
of /. According to the axiom of the transform [6] for all the
lower bounds of the features: Min(—f) = —Mpuax(f). That is,
the replacement of a sign in the class features Jy, leads to
the class —Jy, which has lower means M,;,(f), and there
are interval means on the section of these classes [6].

The unambiguous connection between the lower and
upper means, by replacing the array sign, convenient for
the mathematical description [6], is not applicable to
many control technical parameters. In the tasks of
technological monitoring in cable technology, a situation
is typical where the measured parameter x only accepts
positive values, and the technological boundary can be
both bi-sided and one-sided. In particular, when
defectiveness control is monitored on MAG in online
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mode, the number of defects er on the length of 100 m is
positive (er > 0) [4] (EFHP system of the MAG-
ECOTESTER Company).

In this case, the entire set of functions of the primary
features fi(x) of the technological monitoring can be
represented by the weighting functions g;(x) > f(x), each
of which belongs to a semi-linear shell with non-negative
coefficients ¢'; and an arbitrary substitution ¢ for each
feature j: g(x) = ¢ + Y¢'; g{x). The approximation is more
precise if Mg is known, in particular, if Mg = 0, i.e. the
major function g(x) is centered [6]. This can be achieved
by using the difference between the measured and the
mean values as the primary feature ¥ =x — M[x].

The construction of secondary features consists in
the choice of the values of arbitrary C and the non-
negative coefficients C{”, so that the secondary features
are minimally (as far as possible) majored primary ones,
that is, gi(¥;) > fi(Y)). This scheme can be applied to any
parameter. Therefore, we will simply denote g(Y), AY).

If the primary function {¥) = Y2, when the majored one
g(Y) = C + G, ¥~ If the upper bound as a limit of possible
values of Y equals to E,, when at C = 0; G = 1/E%.
g(Y) at Y> E,,,, majors A(Y), which is a relative number of
feature Y= [E, E.x] values:

A{E<Y<E o} <Y*/E~. (1)

By the axiom of the conservation of order, if g(Y)
majors A(Y), then its upper average is no less than the
upper average A(Y), this inequality can be written for the
corresponding mathematical expectations:

Mo [A{ESY<Epmax}] < Moo YV E, 2
where in the left part of the inequality the upper average
of the relative number of measurements in which the
parameter has taken values in the specified interval is
nothing more than the upper limit of the interval
probability of exceeding the boundary E. Substituting in
(2) the statistical estimate of the upper mean M, [Y*] =
= M*[Y?] gives a statistical estimate of the probability of
exceeding the limit:

P {ESY<E o} < M¥[ V) E™. 3)

If the initial feature is ¥ = x — M[x], then its mean is
zero M[Y — M*[Y]] = 0. Then the majoring function can
be selected in the form of a parabola with three
parameters:

g =M [Y])=C+ GO (Y-M[Y)-C)’,  (4)
that after transformations gives the formula for maximum
probability of output of the parameter Y from the upper
technological limit o

P {0 S Y < &< (146 Mo [(AYD . (5)
The use of (5) gives a reliable (reliable probability
equal to one) numerical estimates of Py, for a separate
series of small amounts of measurements, which are not
subject to either statistical stability or mutual
independence. Inequality (1) is analogous to the well-
known Chebyshev inequality, that is, the interval model
(5) extends the possibilities of applied statistical methods
without contradiction with the fundamental probability
theory [6].
The main point is that the use of interval models
allows to create unified statistical models that are

adequate to the essence of the tasks of technological
monitoring, since these tasks question the statistical
stability of the measured features.

n [12], based on model (5), a method is proposed
for controlling the output of a technical parameter from
the normative limit. The technical tool of the method is a
control card based on the application of (5) for
determining the maximum probability of Py, of that the
control technical parameter (for example, breakdown
voltage of the enamel or other) will go beyond the
prescribed normative limit. The P, control card can be
applied to any technical specification that is appropriate to
control. Primary in this approach is the mean value of the
feature, and the concept of probability corresponds to the
average value of the relative number of such values
(incidence).

The goal of the work. In order to increase the
efficiency of technological monitoring in automated cable
production (online mode is provided with innovative
equipment), it is necessary to separate the deterministic
and random components of the array of measurement
results of the technological parameter:

o the deterministic trend of the parameter is evidence
of changes in technology, the causes of which must be
determined and a corresponding technological solution
must be adopted;

o the random component is the sum of the statistical
errors of the technological process, the individual reasons
of which in the online mode is practically impossible to
determine; this component must be reliably estimated for
the entire set of control parameters as a comparable
dimensionless value, for example, the relative variance of
the parameter.

To obtain a reliable (reliable probability equal to
one) numerical estimates of the relative parameter
dispersion, to develop, based on the use of interval
statistical models, a statistical control card applicable to
the entire set of parameters that are controlled during the
manufacture of the enameled wire and to verify its
applicability in the production conditions.

Using the control card of the relative dispersion of
the parameter in the system of ensuring homogeneity of
the enterprise products will unify the definition of the
random component for the whole set of parameters (in the
manufacture of enamel wires based on poliimide synthetic
copolymers of more than 10 parameters), which
significantly reduces the amount of processing procedures
for technological monitoring data and increases its
efficiency.

Main results. The results of technological monitoring
are a discrete array of numerical values y. This array is the
vector of primary features y = {xi, ..., x,}, each element of
which can be matched to the frequency of occurrence of
this value, the average values of which for this array form
the probability vector:

pP= {pb 7pr},
where 7 is the number of the measured values.

Vector of secondary features: f= {fx|, ..., fx,}.

The mean value of the secondary feature of the array
7 1s the scalar product of the vectors fand P:

Mf=>fx; p;,wherei=1, ..., r. (6)
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This formula is valid at the exact fulfillment of the
condition
Sp;=1,wherei=1,...,r, (7
which in reality is impossible, first of all, due to the
limited data. Therefore, for the mean value of the
secondary feature of the array g, the only reliable estimate
is the interval:
Mminf: lnfo’ Mmaxf: sup Mf (8)

The choice of indicators and the required boundary
of the evaluation interval is a purely technical task.

For example, an experimental study during the
technological cycle of the breakdown voltage U of
insulation of the wire with a nominal diameter of 0.56 mm
indicates that during different technological periods the
dynamics of the diametrical thickness ¢ of the enamel can
vary significantly (Fig. 1).

65

50
0 100 200 300 400

coil No. (coil ~3600 m)
Fig. 1. Dynamics of diametrical thickness # change of enamel
of wire with nominal diameter of 0.56 mm during different
technological periods

One of the main indicators of the quality of the
enameled wire is the breakdown voltage U. Therefore, the
evaluation of the effect of this change in the diametrical
thickness ¢ of the enamel on the breakdown voltage is
crucial in selecting the control parameters and the
required boundaries of the evaluation interval and is of
great practical importance in the production conditions.

For the breakdown voltage the vector is the primary
feature is y = {U,, ..., U,}, the vector of the secondary
feature: f= {fU,,..., fU,}, where fU; = [(U;— U,»)/U,-H]Zzé,-
from point of view of the need to center the feature and
technically feasible restriction on top.

It also solves the problem of comparing the results
of measuring various control parameters.

By (6) the average value of the secondary feature of
the array y is the scalar product of the vectors fand P:

Mf=>0:p;, wherei=2,...,r, 9)
and for the purpose of determining p; we used of a normal
law of distribution of probabilities, the suitability of
which in this case is illustrated by Fig. 2, the suitability
test on condition (7) is illustrated by Fig. 3, where the
experimental points of the relative dispersion of the
breakdown voltage are plotted on the derivative of the
normal distribution function.

Condition (7) (Fig. 3) is approximated, which further
indicates the necessity of using interval estimates in the
monitoring of technical parameters. In the example given,
condition (7) is reliably executed for » > 17, so » can not be
arbitrarily selected, but must be chosen as »=infr (3 p;=1).

3 dF/do
1.5x10
1x10°
|
|
500 i
o 1 S ‘g
—1x1073 0 1x10°3 2x10”3

Fig. 2. Comparison of the theoretical density of normal
distribution (solid curve) and approximation of the distribution
density of experimentally determined values of J; by normal
distribution (324 experimental values)

1.5 I I

0.5 1

] ] r
(1] 10 20 30

Fig. 3. On checking the fulfillment of condition (7) for the
interval estimation of the relative breakdown voltage dispersion
of the wire with nominal diameter of 0.56 mm

v

The average values of the secondary features for the
data arrays at » = 30 determined by (8) in different
technological periods are shown in Fig. 3, which confirms
that condition (7) is reliably executed for » > 17.

Estimates Mf.x = sup(Mf;) for » = 30 indicate that in
the various technological periods (see Fig. 1), the upper
average relative dispersions of the breakdown voltage are
different:

Ml (i=1, ..., 117) =sup(Mfi(i =1, ..., 117)) = 42-10°%
M2 (i=118,...,255) = sup(Mf{(i=118, ...,255)) = 4.3-10°%,
Mfora3 (i = 256,...,324) = sup(Mf(i=256, ...,324)) = 4.0- 10",

The dependence Mf(9) for » = 30 over a long-term
technological period is presented in Fig. 4, which shows a
stable decrease in the relative dispersion of the breakdown
voltage for i = 148, ..., 255, that is, during a period with a
higher average thickness of the insulation (see Fig. 1).
Fig. 4 is an image of the control card of the relative
dispersion of the breakdown voltage, on which the rigid
boundaries of regulation based on normal distribution
[12], corresponding to the range M[J] + o[d], which is up
to 30 % of the values, are applied. For technical reasons,
the relative dispersion should be limited only to the
maximum allowable value.

Fig. 4 shows that Mf,.x < M[d] + 3 o[d], in normal
distribution, that is, corresponds to the known criterion of
maximum product homogeneity [12].
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Fig. 4. Statistical control card of the dependence Mf(d) for
r =30, which shows a stable decrease in the relative dispersion &
of the breakdown voltage during April (Fig. 1) when there was
a tendency to decrease the thickness of the enamel

Conclusions.

1. To obtain reliable (reliable probability equal to one)
numerical estimates of the relative dispersion of the
parameter on the basis of the use of interval statistical
models, a unified statistical control card of the relative
disperse of the parameter, applicable to the whole set of
parameters that are controlled during the manufacture of
the enameled wire, has been developed. The verification
of its applicability in the production conditions is carried
out on the example of the monitoring of breakdown
voltage U of the wire with two-layer poliimide insulation
with nominal diameter of 0.56 mm. Using the unified
control card of the relative dispersion of the parameter in
the system of ensuring homogeneity of the enterprise
products will significantly reduce the amount of
processing procedures for technological control data
(more than 10 parameters).

2. For three months, the relative dispersion of the
breakdown voltage of the wire did not exceed 0.05 %
(reliability of the estimation is equal to one), which
testifies, firstly, to the stability of the technological
process in relation to the electrical strength of the enamel
of insulation, and, secondly, on the appropriateness of the
use of interval statistical models in the analysis of
technological control results.

3. Centering the feature and technically expedient
upper restriction for it allow to solve the problem of
comparing the results of measurement of various control
parameters.

4. Estimates of the maximum average Mfy,, of the
relative dispersion J of the breakdown voltage U of the
wire over a long-term period in the conditions of
production and comparison of these estimates with the
dynamics of diametrical thickness of the enamel wire ¢
change showed that one of the reasons for the growth of
the dispersion of the breakdown voltage is an increase in
the thickness of the enamel of insulation.

5. The use of interval statistical models to obtain reliable
(reliable probability equal to one) numerical estimates, even
for individual series with a small number of measurements

How to cite this article:

(a multiple sample of 30), which are not subject to either
statistical stability or mutual independence, is a promising
method of analysis the results of technological monitoring in
the conditions of the current production.
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Zh.V. Samokhvalova, V.N. Samokhvalov

MAGNETIC-PULSE PRESSING OF ELECTRICAL CONNECTIONS FOR STRANDED
WIRES

Purpose. The research of the process peculiarities of magnetic- pulse fitting of electric stranded conductor joints, made of
different materials, using couplings. Evaluation of loading optimal parameters, providing high operational reliability of electric
connecting units. Methodology. In order to carry out simulation and research of the process of magnetic-pulse fitting of electric
stranded conductor joints CRUG24 software package was used, which was developed to estimate impact interaction. Handling the
problem was carried out numerically using finite differences. Metallographic study of collected cross-sectional cuts was
performed with the use of optical microscope METAM JIB-71, equipped with digital-still camera, connected to the computer,
which used image analysis system IMEGE Expert Pro3. The electrical tests of wire joints were carried out using the thermal
bench from exposure to two factors: heating with rated current and expansion by operating load. Results. It was ascertained that
magnetic-pulse pressing of electric joints was followed by partial self-purification and bedding component contacting surfaces of
electric joints. Oxides and contaminating impurities were expelled into small localized zones between wires, between a wire and a
coupling, which resulted in the contact of juvenile surfaces. Upon mutual deformation and displacement of metal wire surface
capacity size and coupling tight mechanical contact was created, which provided minimal transient resistivity. The existence of
residual compression stress provides the longstanding high-quality electric contact in joints. While using magnetic-pulse pressing
of electric joints, due to high speed of deformation and impact of great inertial forces, deformation containment of connected
components takes place in the zone of load action. The wires in contact with each other and with couplings generate faceting, but
coupling sidewall hardly has any thinning. Filled density of cross-section is approximately 100 %. This fact provides a high
degree of sealing capacity of joints, which to a wide extent prevents the oxidation of contacting surfaces and the rise of transient
resistivity of electric joints in the operational process. As a result of processing of the results of thermal and electrical tests it was
ascertained that pressed joint factors of defectiveness with all types of wires according to thermal impact and resistivity, are
significantly lower than unity. Practical value. Magnetic-pulse pressing of unattended joints in electric stranded monometallic,
bimetallic and composite conductors provides high operational reliability of connecting units and it may be used while mounting
overhead system of railways, transmission lines and fitting connecting components of electrical transport electric circuits.
References 9, figures 6.

Key words: magnetic-pulse assembly, connection of stranded wires, numerical simulation, electrical tests.

Po3zenanymo memoo cmeopenHa NOMYMCHOCHMPYMOGUX e1eKMPUUHUX 3’€OHAHbL 0azamoopoOmaHUX NpPoeoodie npu npecyeaHHi
3amuckauie iMnynbcnum mazHimnum nonem. Ilpeocmaeneni pezynivmamu uucenbHozo0 MoOen08AHHA MA eKCREPUMEHMATbHUX
0ocnioycens npoyecy CKIA0aHHsA CMUKOSUX 3’€OHANbL MOHOMemanesux, Oimemanesux ma KOMOIHOGAHUX NPOB0OOi8, 8 MOMY
yucni npu OMPUMAHHI NepexiOnux 3°cOHanb anOMIHI-Mi0b. Buknadeno pesynromamu mennoeux ma eneKmpuuHUX
eunpodysans 3’conans. bi6m. 9, puc. 6.

Knrouoei cnosa: MarHiTHO-iMIyJibcHa 30ipka, 3’€qHaHHA 0AaraToJpPOTAHHX NPOBOAIB, YHCEIbHE MOJC/IIOBAHHS, €JeKTPHYHI
BHIIPOOYBaHHA.

Paccmompen memoo co30anus CuibHOMOYHBIX INEKMPUYECKUX COCOUHEHUI MHOZONPOBOSIOYHBIX NPOBOO0E NPU NPECCOBAHUU
3aXCUMO6  UMNYTbCHbIM — MazHumHubim  nonem.  Ilpeocmasnenvr  pesynibmamovl  HUCIEHHO20  MOOEIUPOBAHUA U
IKCHEPUMERMANbHBIX UCCIe006aHUTL NPOUecca COOPKU CMBIKOGHIX COeOUHEHUN MOHOMEMANNUYECKUX, OUMEmaniuueckux u
KOMOUHUPOGAHHBIX NPO60008, 6 MOM UuUCNe NPU NOTYYEeHUU NEPEXOOHbLIX COeOUHEeHUIl antOMUHUIl-meds. H3noxcenst
Pe3yibmamsl Menioesix U INeKMPUYecKux Ucnstmanuii coedunenui. buomn. 9, puc. 6.

Kniouesbie cnosa: MArHITHO-UMITYJIbCHAsI cOOPKa, cOeJHHEHHE MHOTONPOBOJIOYHBIX MPOBO/I0OB, YHCJIEHHOE MOJe/IMPOBaHNE,
JJIeKTpUYecKHe NCIBITAHHUS.

Problem definition. The analysis of the number of used. The compressed terminals of the electrical

violations by types of technical devices and elements of
the contact network of electrified railways of JSC Russian
Railways for the period from 2003 to 2010 presented in
the monograph [1] shows that in terms of the frequency of
failures, wires and terminals occupy the first and the third
place among all types of contact network devices (about
40 % of all failures not caused by external causes).
Heating in the terminals of electrical connectors, fatigue
in the attachment points, weakening due to short-circuit
are the main causes of failures. A large proportion of such
damage is due to unacceptable temperature rises and the
burnout of stranded wires in the spot-bolted connecting
joints. To solve this problem, pressable terminals are

connection joints are durable, lightweight, economical,
require no maintenance, have non-degrading quality of
the current-carrying connections, are resistant to corrosion
and the effects of short-circuit currents.

Analysis of recent investigations and
publications. Mechanical pressing of terminals is carried
out using portable hydraulic presses using local
indentation methods, as well as continuous or combined
crimping using round or hexagonal dies. However, this
results in an irregular crimping of the strands of the wire
over its cross section. To improve the operational
reliability of stranded copper wire connections with lugs

© Zh.V. Samokhvalova, V.N. Samokhvalov
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in the electrical and aviation industry, the method of
magnetic-pulse pressing of joints is used [2-4]. The
connection is made during the high-speed crimping of the
handpiece to the stranded wire. When a current pulse is
passed through the inductor, transient magnetic field is
excited, which induces eddy currents in the skin layer of
the handpiece material. When the eddy current interacts
with the inductor's magnetic field, forces arise that cause
plastic deformation of the handpiece shell. This method
can be applied in electric transport and in power supply
systems of railways for butt joining of copper, aluminum,
bimetallic and combined wires or press-on of handpieces.

Unlike mechanical pressing of terminals, when
pulsed magnetic field is applied, the cylindrical part of the
connecting sleeve or handpiece is deformed uniformly
around the circumference, ensuring its electrical contact
over all the conductors of the external strand of the wire.
As a result of the high speed of the impact of the
connected elements, as well as surface heating of the
connectors with eddy currents and their subsequent
cooling, additional compressive stresses arise that
improve the quality of the connection of the sleeve and
the stranded wire.

The goal of the work is investigation of the
peculiarities of the process of formation of butt joints of
stranded wires of various materials, including
heterogeneous, determination of optimal parameters of
magnetic-pulse loading, ensuring high operational
reliability of electrical connecting joints.

Experimental investigations of stranded wire
connections. During magnetic-pulse pressing, the
parameters of the stranded wire connections are
determined both by the initial dimensions of the
connecting sleeve and the space-time characteristics of
the magnetic field pressure pulse during the formation of
the joint. The working tool that determines the plot of
pressure in a magnetic-pulse assembly is an inductor. The
experiments used multi-turn inductors with
interchangeable magnetic field concentrators [5]. The
working hole in the magnetic field concentrators was
made for the sleeves with diameter of 16 to 28 mm, which
allowed to cover the entire size of the selected stranded
wires. The width of the working area of the concentrator
varied from 6 to 15 mm. This made it possible to change
the zone of action of the pulsed pressure of the magnetic
field, as well as to additionally vary the value of the
specific energy of the charge of the magnetic-pulse
installation when receiving the connections of the wires.
Variable parameters were the length and wall thickness of
the connecting sleeve. The diameter of the sleeve and the
minimum thickness of its wall in this case were set from
the following conditions: the cross-sectional area of the
sleeve is not less than the cross-sectional area of the wire;
sleeve strength is not lower than the breaking strength of
the wire.

An experimental study of the process of assembling
the connection of wires was carried out on the magnetic-
pulse installation MY-30 (manufactured by the Kharkiv
Polytechnic Institute). The own inductance of the

installation is L = 0.004 pH, the capacitance of capacitor
batteries is C = 168 pF, the maximum charge voltage of
capacitors is U = 19 kV, the maximum charge energy is
W=30.3 kJ.

Metallographic studies of the cross-sections of the
stranded wire connections obtained on the Gripo IV
grinding and polishing machine were carried out using
METAM JIB-71 optical microscope equipped with a
digital camera connected to a computer using the IMEGE
Expert Pro3 image analysis system. Studies of the
macrosections of the joints obtained have shown that
during magnetic-pulse pressing, due to high-speed
collisions, the inner surface of the connecting sleeve
(handpiece) is strongly deformed. This leads to an
increase in the contact area of the sleeve and the wire in
the joint compared with compression by hydraulic presses
and, consequently, a decrease in the transient electrical
resistance.

The cross-sections of the wire connections,
obtained at the optimum value of the specific energy,
showed that the wire has a contact across the entire wire
surface (Fig. 1).

a b
Fig. 1. View of contact of wires and the connecting sleeve
at magnetic-pulse pressing of the joint:
a) aluminum wire and aluminum sleeve;
b) copper wire and copper sleeve

sleeve

Oxides and dirt are forced into small local areas
between the wires, wires and the sleeve, contact of
juvenile surfaces occurs.

The state of the boundaries between the individual
wires, as well as between the wires and the sleeve in the
joint depends mainly on the specific energy of the charge
of the magnetic-pulse installation and the initial gap
between the outer layer of wires and the inner surface of
the connecting sleeve, determining the speed of the
collision of the sleeve with the wire.

Upon receipt of the transitional joints of aluminum
and copper stranded wires, the principal differences in the
process of forming the joint of copper wire M-120 with an
A0 aluminum sleeve and aluminum A-185 wire with an
M1 copper sleeve were revealed. In the first case, the
contact area of the sleeve with the external strand of the
wire is much larger than in the joint of the aluminum wire
A-185 with the copper sleeve. This is due to the
«leakage» of the material of the soft aluminum sleeve
between the copper wires, due to the effect of high-speed

52 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.1



collision. In the second case, a more durable copper
sleeve strongly crumples aluminum wires, but in both
cases a high degree of tightness of the joint is ensured

(Fig. 2).

sleeve

Fig. 2. Copper-aluminum transitional joint:
a) copper wire and aluminum sleeve,
b) aluminum wire and copper sleeve

Numerical simulation of the process of magnetic-
pulse pressing of joints. To study the basic laws of the
process of obtaining electrical joints by pulsed magnetic
field, representatives of the main types of stranded wires
of the power supply systems of railways and power lines
were taken. This is supporting copper cable M-120 and
aluminum auxiliary wire A-185; steel-copper bimetallic
wire IIBCM-95 (supporting cable of chain hangers,
electric traction connectors, jumpers of choke
transformers, etc.) and steel-aluminum combined wire
AC-50/8 (suspension on overhead power lines). Materials
of connecting sleeves are copper M1 and aluminum AO.

For the numerical simulation and study of the
magnetic-pulse assembly of stranded wires joints using
connecting sleeves, the software package CRUG24 was
used developed for calculating shock interactions [6].
According to the method similar to [3, 4], the problem of
deforming a system of cylindrical bodies enclosed in a
circular shell (connecting sleeve or handpiece) was
considered in 2D formulation. A pulsed magnetic field
inductor is located around the shell. The connection is
carried out in the process of high-speed crimping of the
tubular connector or the handpiece to the stranded wire
with the pressure of the pulsed magnetic field. The
solution of this problem was carried out numerically using
the finite difference method. The visual display of the
process made it possible to control the calculation, to
evaluate the parameters and features of the interaction of
the sleeve and the wires.

For each element of the developed computational
model, its individual physic-mechanical properties were
specified. For example, in the numerical simulation of the
magnetic-pulse assembly of the [IBCM-95 steel-copper
wires joint, inside each wire, the grid areas of the steel
core and its copper shell were separated. In the numerical
simulation of the assembly process of the steel-aluminum
wires AC-50/8 with pressure of the pulsed magnetic field,
various characteristics of the material of the central steel
wire and its outer aluminum wires were specified.

In numerical modelling, the features
formation of joints were studied:

a) «copper-copper» — connection of the M-120 or
[NIBCM-95 wire with the copper connecting sleeve (or
handpiece);

of the

b) «aluminum-aluminumy» — connection of the wire
A-185 or AC-50/8 with the aluminum connecting sleeve;

c) «copper-aluminum»transitional joints — M-120
wire with aluminum sleeve, A-185 wire with copper
sleeve.

In the numerical simulation of the assembly
processes, as in the experimental studies, the energy of
the charge of the magnetic-pulse installation and the wall
thickness of the connecting sleeve were varied. The
process of assembling the connection of wires was
modeled using the MUY-30 magnetic-pulse installation
used in the calculations with parameters, which was used
during the full-scale experiments.

When conducting numerical simulation of the
processes of a magnetic-pulse assembly, the coefficient of
filling of the section K, in the terminal was calculated,
which indirectly determines the mechanical strength of
the joint and the transient electrical resistance [3]:

K, =4F /md?,
where F is the total cross-sectional area of the sleeve and
wire, d is the outer diameter of the sleeve after assembly
of the joint.

The criterion for the efficiency of the assembly
process was chosen to be the minimum specific energy of
the charge of the magnetic-pulse installation, necessary to
achieve complete compaction of the wires in the joint
(K, = 1). The specific energy W, on the assembly of the
wire joint was determined as the ratio of the charge
energy of the magnetic-pulse installation W to the volume
of the deformed material in the joint:

W, =w/(F/1), Jmm’,
where / is the width of the working zone of the inductor
(magnetic field concentrator), which determines the
length of the crimping zone in the resulting joint.

As shown by the results of numerical simulation of
the assembly of joints by pressure of the pulsed magnetic
field and the results of metallographic studies of the joints
obtained, the interaction of the sleeve with the
monometallic wires of the M-120 and A-185 wires at
optimum specific energy leads to a uniform deformation
of the majority of the wires, their complete compaction
and cutting (Fig. 3).

In the steel-aluminum combined wire AC-50/8, its
central steel wire is deformed slightly, the compaction of
the joint is ensured by the deformation of aluminum
wires.

In joints of steel-copper wires [IBCM-95 using
copper sleeves, there is a slight deformation of the steel
core of the wires in the bimetallic wires, and their copper
shell is deformed to a much greater degree, which
coincides with the results of numerical simulation. Due to
this, there is a fairly strong leakage of the material of the
copper sleeve in the cavity between the wires, which
further increases the contact area of the sleeve and wire in
the joint (Fig. 4).

In case of insufficient specific energy, the wires
are not fully compacted in the joint (K, < 1), which
does not provide the desired quality of the joint. With a
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rational mode of magnetic-pulse loading, the

deformation of the wires and the final compression of
the entire wire occur at the stage of maximum
acceleration of the connecting sleeve (handpiece),
which ensures the closing of all the wires and filling
the entire cross-section of the joint (K, = 1).

Fig. 3. View of joint of the wire M-120 and the copper sleeve in
the numerical simulation and full-scale experiment:
a) before crimping, b) after assembling

a b

Fig. 4. View in cross section of the wire [IBCM-95
and copper connecting sleeve in magnetic-pulse assembly:
a) numerical simulation, b) experiment

This is achieved if the maximum of the first half-
wave of the pressure of the pulsed magnetic field
coincides with the maximum of the speed of
deformation of the connecting sleeve. As shown by the
simulation of the process, the speed of deformation of
the connecting sleeve, in the process of assembling
(crimping) the joint, reaches 150 ... 200 m/s, and the
process time is 18 ... 25 ps, depending on the material
and wall thickness of the connecting element (sleeve,
handpiece). With an excess of the specific energy of the
charge of the magnetic-pulse installation, the maximum
deformation speed of the connecting sleeve does not

coincide with the maximum of the first half-wave of
pressure of the pulsed magnetic field. There is an overrun
of the energy of the charge of the magnetic-pulse
installation and an irrational force effect on the resulting
joint which does not increase its quality.

As a result of processing the calculation results, we
obtained the dependencies of the minimum calculated
specific energy of the charge of the magnetic-pulse
installation, at which K; ~ 1 is reached, using sleeves with
different wall thicknesses having a tensile strength not
lower than the wire strength (Fig. 5).

3
1 W, , J/mm

10 4
8 2

] 3
6 4
4.

2

0 . . . . ; ; ;
15 2 25 3 35 4 45 S mm

Fig. 5. Dependence of the minimum specific energy of the
assembly of the joint of wires on the thickness of the connecting
sleeve.

Wire: 1) AC 50/8, 2) IIBCM-95, 3) M-120, 4) A-185

Electrical testing of the obtained wire joints.
Electrical tests were conducted indoors using a thermal
bench. Quality control of the joints of stranded wires
produced by the pressure of the pulsed magnetic field was
carried out in accordance with GOST 12393-77 [7]. The
properties of the stranded wire joints were evaluated
according to standard indicators, as well as under the
influence of two factors: heating with rated current and
tension by the working load. For complex tests, a special
device for mechanical loading of joints was
manufactured. The device is equipped with
interchangeable collet clamps for gripping wires of
different diameters installed in dielectric (textolite) plates

(Fig. 6).

Fig. 6. Thermal bench and device for mechanical loading
of butt joints of wires

Textolite plates are interconnected by two racks, one
end of which is rigidly connected to the first plate and the
other end enters the hole of the second plate. The distance
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between the plates was changed due to the rotation of the
nuts resting through a pair of cup springs on the second
plate. The tensile force of the wire joint was controlled by
the compression of calibrated cup springs. The cup
springs made it possible to keep the load force of the joint
almost unchanged under axial thermal deformation of the
wires and the connecting sleeve during thermal testing.

The quality of the electrical connection was
determined by the defectiveness coefficients of the
electrical contact by electrical resistance — KR and by
overheating by nominal rated current — Ky

Kr=AUc/AUp, Ky=A0q/AOp,

where AU and AUp are, respectively, the voltage drop at
the joint and on the whole wire part of the same length,
mV; Afc and AGp are, respectively, the temperature rise of
the terminal and the connected wire outside the terminal
above the ambient temperature when the same current
flows through them, °C.

The current value for determining the defectiveness
coefficients was set taking into account the permissible
continuous current value for each brand of connecting
wires, established by the regulatory and technical
documentation [8]: 400, 500 and 600 A, and was
maintained constant with an error of no more than 3 %
during the test (controlled by a multimeter Masteh
MY-62). The overheating temperature of the joint (middle
of the connecting sleeve) and the wire (at a distance of 1
m from the sleeve) was measured using thermocouples
and an APRA 109 digital multimeter (class 0.1). The
voltage drop on the wire and in the joint was measured at
each selected current value by a digital multimeter Masteh
M890G (class 0.1). The defectiveness coefficient for
resistance was determined as the arithmetic average of
three values obtained at three current values.

Defectiveness coefficients of the joints were
determined for the joints of the M-120 and ITBCM-95
wires using copper sleeves; the A-185 wires joints using
aluminum sleeves. For transitional joints of the wire M-
120 and the wire A-185 aluminum and copper sleeves
were used, respectively.

It has been established that the overheating
temperature of the joints obtained is substantially lower
than the overheating temperature of the wires themselves
outside the joint. The resulting defectiveness coefficients
of electrical contact changed from Kp; = 0.56 and
K= 0.66 for joints of the [IBCM-95 wires to Kz = 0.74
and Ky = 0.88 for the transitional butt joint of the wires
M120 and A 185, which is lower the values established for
the joints of the stranded wires of the contact network of
electrified railways, made by the method of crimping [7].

To improve the quality of the connection of stranded
wires produced by the pressure of pulsed magnetic field, a
device [9] has been developed, which, in the process of
magnetic-pulse pressing of terminals, pre-compresses the
wires and creates tensile stresses in them. This allows,
after assembling the joint, to create additional residual
compressive stresses in the resulting joint, providing a
high breaking force of the sleeve and minimal transient
electrical resistance, as well as high density in the joint,
minimizing oxidation of the contact surfaces.

Conclusions. As a result of investigations the
following was found:

1. Magnetic-pulse pressing is accompanied by partial
self-cleaning and grinding in the contacting surfaces of
the elements of the electrical connection in the process of
forming the joint. During high-speed collision and joint
deformation of the bodies being joined, large shear
stresses and contact pressures occur. Oxides and dirt are
forced out into small local zones between the wires, wires
and the sleeve, which leads to the contact of juvenile
surfaces. With the mutual deformation and displacement
of the surface volumes of the metals of the wires and the
connecting element, a close physical contact is created,
which ensures the minimum transient electrical resistance.
This ensures high quality electrical contact in the joint.

2. At the magnetic-pulse assembly of electrical
connections, due to the high speed of deformations and
the action of large inertial forces, the deformations are
localized in the load action zone. The wires at the places
of contact with each other and with the sleeve get cut, and
the wall of the sleeve has practically no thinning.
Therefore, in contrast to the assembly of joints by
hydraulic presses, with magnetic-pulse crimping there is
practically no weakening of the wire cross section. In the
case of magnetic-pulse assembly, the wires in the joint are
compacted, the filling density of the cross section
approaches 100 %, which ensures a high degree of
tightness of the joint. This largely prevents oxidation of
the contacting surfaces and an increase in the transient
resistance of the electrical connection during operation.

3. As a result of processing the results of thermal and
electrical tests, it was established that the defectiveness
coefficients of the press joint of all types of wires for
heating and electrical resistance are significantly lower
than one, which ensures high operational reliability of the
electrical connecting joints of the stranded wires of the
contact network, electric transport and transmission lines
obtained by magnetic-pulse pressing.
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O.V. Shutenko, A.A. Zagaynova, G.N. Serdyukova

ANALYSIS OF OPERATING CONDITIONS AND MODES INFLUENCE ON
TECHNICAL STATE OF MAIN INSULATION OF HIGH-VOLTAGE BUSHINGS OF
DIFFERENT DESIGN

The results of the analysis of the influence of operating conditions and design of high-voltage bushings on the values of dielectric
loss tangent of high-voltage bushing basic insulation. For analysis a model of two-factor cross-sectional dispersion analysis,
which allows to simultaneously evaluate the influence of two factors and evaluate the effect of their interaction is used. In the
model used, it is assumed that the effects of changes in the levels of factors are non-additive, that is, the difference in
mathematical expectations between any two levels of one factor is not the same for any levels of the other. Testing the hypothesis
of the significance of the influence of factors and their interactions is performed using the Fisher criterion. This method was
implemented in the form of the author’ program «two-factor dispersion analysisy. The results of periodic monitoring of the state
of high-voltage bushings of 110, 220 and 330 kV with different types of insulation were used as initial data. Using the model of
two-factor cross-sectional dispersion analysis, it was found that the aging intensity of the main insulation of bushings is
influenced by both the operating conditions and the design features of the bushings. Maximum permissible values of diagnostic
indicators of high-voltage bushings should be normalized taking into account such factors as nominal voltage, type of protection
and type of insulation, load of bushings and the composition of consumers. Since, based on the analysis performed, it was
established that these factors have a significant impact on the values of diagnostic indicators of insulation of bushings. According
to the results of the analysis performed, it was established that such factors as the type of bushing and phase do not have a
significant effect on the change in the values of diagnostic indicators of high-voltage bushings, and, therefore, they can be
ignored when determining the maximum permissible values of the indicators. References 24, tables 7, figures 14.

Key words: high-voltage bushing, insulation, two-factor cross-sectional dispersion analysis, insulation indicators, dielectric
loss tangent.

Memorw cmammi € ananiz niugy ymos, pexcumis eKcniayamauyii i KOHCMPYKYIi 6UCOKOGOIbMHUX 6600i6 HA 3HAYEHHA MANH2EHCA
Kyma Oie1eKmpuuyHux empam OCHOBHOI [3071AUii KOHOEHCAMOPHOZ0 MUNY GUCOKOGOIbMHUX 6600i6. /[lna ananizy
BUKOPUCHIOBYEMBCA MOO0ETb 0BOXPAKMOPHO20 REPEXPecHoz0 OUCREPCIIHOZ0 aHaNi3y, AKA 003801A€ 00HOYACHO BUKOHAMU
OUIHKY 6NIUGY 060X YUHHUKIE i oyinumu egpexm ix 63aemoolii. Y euxopucmosyeanoi mooeni nepeodauacmsca HeaOUMueHicme
epekmie 3minu pienie haxkmopie, moomo pizHUYA MamMeMAmMUYHUX OUIKYEAHbL MIdC 0YOb-AKUMU 080MA PIGHAMU 00HO20
¢axmopa ne oonaxosa npu 6yov-akux piensax inuwozo. Ilepegipka zinome3u npo 3nauywicme énugy gpaxkmopie i ix e3aemodiii
GUKOHYEMBCA 34 00nOomoz2ot0 Kpumepito @Diwepa. Pesynomamu. /lanuii memoo 0ye peanizoeanuii y 6uziadi asmopcbKoi
npozpamu «060xXghakmopnuii oucnepciinuil ananiz». B akocmi euxionux oanux oyau eukopucmani pezyibmamu nepiooutnozo
KOHMPONI0 CMAaKy 8UCOK0801bmuux 6600ie¢ nanpyzoto 110, 220 i 330 kB 3 i3onauicro piznozo muny. Bukopucmosyrouu moodensp
080X(PaKmopno20 nepexpecrHozo OUCnEPCiiinoz0 aHanizy, 6CMAHO6NEHO, W0 HA [HMEHCUGHICHbL CMAPIHHA OCHOGHOI I301AYiT
6600i6 6NIUGAIOMYb AK YMOBU eKChyamayii, max i 0cooaueocmi KOHCMPYKMUGHO20 6UKOHAHHA 6600i6. Hoei nonoicenns, ¢
nOpieHANNI 3 6I00OMUMU DPIWEHHAMU, NOAAZAIOMb Y MOMY, WO ZPAHUYHO OORYCMUMI 3HAYUEHHA OIAZHOCMUYHUX O03HAK
GUCOKOBONBIMHUX 6800i6 CII0 HOPMY8amu 3 ypaxyeanHamM MAKux (pakmopie, AK HOMIHANbHA HAnpy2a, MUn 3axucmy i mun
i30nayii, 3a6anmasxcennsn 6600i6 i cknaod cnoxcueauie. Ompumani pe3yromamu Modcymo Oymu anzopummiuHo peanizoeawi y
euznadi oKkpemozo mooyna ingpopmayiiino-ananimuunoi cucmemu (IAC) ona Oiazhocmuxku cmany 6uUCOK080IbMHOZ0
MACIOHANO6HEHH020 001a0HanHsA. Bion. 24, Tabn. 7, puc. 14.

Kniouosi crnoea: BUCOKOBOJBLTHHIL BBif, i30/1s11is, N1BoOX(pakTOpHUI nepexpecHuii qucnepciiiHuii aHali3, NOKa3HUKH i30/1s1ii,
TAHT€HC KYTa JieJIeKTPHYHUX BTPAT.

Ienvro cmamvu agnaemca ananu3 6aUAHUA YCAOBUI, PEIHCUMOG IKCRIAYAMAUUN U KOHCHMPYKUUU 8bICOKOGOTbHIHBIX 660006 HA
3HAYeHUA Mmanzenca y2na OuINeKmpuiecKux nomepb 0CHOGHOI U30IAUUU KOHOCHCAMOPHO20 MURA 8bICOKOGONbHIHBIX 66000G.
Jna ananuza ucnonvzyemcsa mooenb 08yX(HaKmopHOz0 nepeKpecmHoz0 OUCNEPCUOHHOZ0 AHANU3A, KOMOopas no3eoJisaem
00HOBPEMEHHO BBLINOIHUMY OUEHKY GMUAHUA 06YX (DaKkmopoe u ouenumsv rhghekm ux e3aumoodeiicmeusn. B ucnonvzyemoi
Modenu npeononazaemcs HeadOumueHoCms IPdhexmos uzmenenus ypoeuei (axmopos, m.e. pazHoCmb MAMEMAMUYECKUX
OXHCUOAHUTL MEHCOY TI0OLIMU O6YMA YPOGHAMU 00HO20 (hakmopa He 00uUHAK08A npu a00OLIX ypoeuax Opyzozo. Ilposepka
2unomessl 0 3HAYUMOCHU 6IUAHUA PAKMOPOS U UX 63AUMOOCIICIGUIL 8bINOAHACMCA ¢ RoMOWwbI0 Kpumepus Duwepa. /lannoiii
Menoo 0vln peanu3oean 6 éuoe AGMOPCKOll NPOZPAMMbBL «O8YXPaKmMoOpHblili Oucnepcuonnslil ananu3y. B kauecmee ucxoonvix
OAHHBIX ObLIU UCNOIB308AHBL PE3YIbMAMbL REPUOOUYECKO20 KOHMPOAA COCHOAHUA 6bICOKOBOTILIMHBIX 660008 HANPANCEHUEM
110, 220 u 330 kB c uzonayueii pasnozo muna. Hcnonwv3ysa mooenv 08yXghaKkmopHozo nepekpecmuozo OUCnEePCUOHHO20 AHAIU3d,
YCIAanoeneno, 4mo HA UHMEHCUGHOCMb CIMAPEHUSs OCHOGHOU U30NAUUU 660008 OKA3bIGAIOM GIUAHUE KAK YC06USA
IKCRIIyamayuu, mMaKk u O0COOeHHOCMU KOHCMPYKMUEHO20 ucnoinenus 660006. Hoevie nonoswcenus, no cpasnenuio c
U3BECIMHBIMU PEWEeHUAMU, COCHOAM 6 MOM, UYMO NPedeNbHO Oonycmumble 3HAYUEHUA OUACHOCMUYECKUX NPUIHAKOG
6bICOKOBOJILIMHBIX 660006 C1e0yen HOPMUPOBAMD C YUENOM MAKUX (PAKMOPOs, KAK HOMUHAIbHOE HANPAIICEHUE, MUN 3AU{UNbL
U Mun uzonauuu, 3azpy3ka 660008 u cocmae nompeoumenei. Ilonyuennvie pesynvmamsl Mozym 0Gblmb AI20PUMMUYECKU
Peanu3oeansl 6 ude omoenbHoz0 Mooyia ungopmayuonno-ananumudeckoii cucmemol (UAC) ona ouaznocmuku cocmoanus
6bICOKO0BOIbMHO20 MACTIOHANOJIHEHHO020 000pydosanua. budn. 24, Tadn. 7, puc. 14.

Knrouesvie cnosa: BbICOKOBOJIbTHBIH BBOJ, H30/IA1US, IBYX(AKTOPHBII NepeKpecTHbIN ANCIIEPCUOHHBIH aHAIN3, IOKA3ATEJH
H30JISIUH, TAHTEHC YIJIa AN3JIeKTPHYeCKHX N0Teph.

Problem definition. The decision on the possible tests, is made by comparing the measured values of the
state of high-voltage bushings, when conducting periodic ©0.V. Shutenko, A.A. Zagaynova, G.N. Serdyukova
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insulation indicators with their maximum allowable
values. It is obvious that the more adequate the maximum
permissible values of bushing indicators will reflect the
conditions of actual operation of bushings, the higher will
be the reliability of decisions made with their use.
Currently, according to [1], the maximum permissible
values of the main insulation parameters of bushings (the
values of the dielectric loss tangents of the main
insulation and insulation of the measuring capacitor) are
normalized only taking into account the nominal voltage
and type of insulation. However, the study of the
distribution laws of the insulation indicators of the
bushings, performed in [2], showed that even for bushings
of the same voltage class with the same type of insulation,
there is a shift in the mathematical expectations of the
distribution densities of the indicators. This is due to the
influence of operational factors, the consideration of
which is not regulated in [1]. The presence of such a shift
indicates that the optimal maximum permissible values of
indicators obtained for arrays of indicators with different
parameters of the laws of distributions will differ
significantly. And this means that when determining the
maximum permissible values, it is necessary to take into
account a larger number of factors than is regulated in [1].
In this regard, the analysis of factors influencing the
values of diagnostic indicators of high-voltage bushings
during long-term operation is an actual and practically
important task.

Analysis of major achievements and literature.
Currently, open literature contains a significant number of
publications devoted to improving the operational
reliability of high-voltage bushings. For example, in [3-7]
a detailed analysis of the main causes of damage and the
most characteristic defects in high-voltage bushings was
performed. It is shown that for bushings with different
types of insulation there are different characteristic
defects. According to international and national Standards
[1, 8, 9], when conducting periodic tests of the state of
insulation of high-voltage bushings, the values of the
following indicators are monitored: dielectric loss angle
tangent of main insulation (tgd;), main insulation
capacitance (C;), dielectric loss angle tangent of
measuring capacitor (tgd), capacitance of measuring
capacitor (C,), and the insulation resistance of the output
to measure (R). Examples of damage of high-voltage
bushings with different types of insulation are given in
[10, 11]. It is shown and justified that the most
informative indicator for both paper-oil and RIP-insulated
(resin impregnated paper) bushings is the dielectric loss
tangent of the main insulation. In this case, the monitoring
of this indicator should be carried out using continuous
monitoring systems. A sufficient number of publications
[12-14] are devoted to the analysis of the effect of the
most characteristic defects of high-voltage bushings on
the values of the tangent of the dielectric loss angle of the
main insulation. At the same time, the issues of evaluating
factors affecting the values of tgd, of serviceable high-
voltage bushings during long-term operation are not
sufficiently analyzed. So in [15] the results of the
dispersion analysis of operational factors on the values of
bushing indicators are given. It has been established that

the type of bushing and the duration of operation have a
significant impact on the values of the indicators.
However, the above studies were performed on a limited
amount of sample data and did not take into account the
effects of loading the bushings. The latter circumstance
was the basis for the performance of these studies.

The goal of the paper is analysis of the influence of
conditions, modes of operation and design on the
technical state of the main insulation of high-voltage
bushings based on the results of preventive measurements
of the dielectric loss tangent at frequency of 50 Hz.

Research methods. Currently, several models of
dispersion analysis have been developed and are widely
used for factor analysis [16, 17]. It should be noted that
the choice of a particular model of analysis requires a
sufficiently deep justification. For example, in [18], a
single-factor model of dispersion analysis was used to
form statistically homogeneous arrays of gas
concentrations. This approach allows to perform a
dispersion decomposition with an unequal number of
measurements in cells, but it requires strict fixation of all
factors, except for the variable factor, at strictly defined
levels, which is not always possible when working with
operational data. The use of models based on Latin
squares [19] allows to simultaneously check the influence
of several factors, but does not allow us to estimate the
effects of interaction between them. In such conditions,
the most optimal, according to the authors, is the use of a
two-factor cross-sectional analysis model [15, 20, 21],
which allows to simultaneously evaluate the influence of
two factors and evaluate the effect of their interaction.

Taking into account the alleged non-additive
effects of changing levels of factors (that is, the
difference in mathematical expectations between any
two levels of one factor is not the same for any levels
of another), the model of the components of the
dispersion can be represented as [22]:

Yijr = u+pi+ 7 +(py)ij + € » (1
where y;;, is the value of the insulation indicator; s is the
general average; p; is the average deviation relative to p
for the i-th level of the first factor; y is the average
deviation relative to u for the j-th level of the second
factor; (py); is the component that characterizes the
interaction between factors; &, is the residual random
variable; i is the level of the first factor; j is the level of
the second factor; the order of occurrence of one of m;
observations for combining the i-th level of the first with
the j-th level of the second factor.

It is known [22] that the expression for the total sum
of squares of deviations from the common average for
model (1) is:

n k m _  _ no_ _
SNy =kem Y (=) +
i=l j=1r=1 i=1
ko _ n k _  _  _  _
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or Orot =04+ 9 +04p + 0> 3)
n k m _  _
where O, =ZZZ(yl.j —y)2 is the total sum of
i=1 j=1r=1

squares  of  deviations from  total  average;
n —_— —_—

QA:k-m~Z:(yl.—y)2 is the sum of squares of
i=l

deviations, which characterizes the scattering of the

averages in  rows relative to  the  total

k
average; Op = n-m-Z(yj —)? is the sum of squares of
j=l1
deviations from the total average between the columns,
which characterizes the scattering of the averages by the
n k
columns; Q4 =m~22(yi]- —Vi=Y; +y)2 is the sum
i=l j=1
of squares of deviations characterizing the effect of
n k m _ _
mutual influence; O, = ZZZ(}/U-}, —yl-]-)2 is the sum
i=l j=lr=1
of squares of deviations within the series, which
characterizes the scattering of individual observations in a
series relative to the average of the series, due to the
influence of random variables only.

Checking the hypothesis about the significance of
the influence of factors and their interactions was carried
out using the Fisher criterion. For this, we first found the
estimates of the mean squares.

General:

=2 Oiot 2 2, 2 2
OQor = 2 =0z+0,4+0p+t0yp ; “4)
n-k-m-1

between rows:

—2
QA=&=G§+k~m'Gi+m-O'iB NS
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between columns:
—2
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interactions:
=2 O4B 2 2
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Q.45 TG 4B ()
residual:
-2 Qg 2
== -0 . 8
0 nk-(m-1 ¢ ®

The values of the F—criteria were calculated as the
ratio of the respective mean squares to the residual mean
square:

—2 —2 —2
FA=g—§1, F3=g—§, FAB:Q_%~ ©)
0, 0, 0,

The hypothesis about the absence of the influence of
a factor or interaction effect was not rejected if the
calculated F-—criterion value did not exceed the critical
value, with the corresponding values of the number of

degrees of freedom and significance level « = 0.05. This
method was implemented in the form of the authors’
program «DDA» (Two-Factor Dispersion Analysis),
described in [23].

As initial data, the results of periodic monitoring of
the state of high-voltage bushings of 110, 220 and 330 kV
with different types of insulation, which are operated in
Kharkiv, Poltava and Lugansk regions of Ukraine, were
used. As a response, the values of the dielectric loss
tangent of the main insulation of high-voltage bushings
were analyzed.

The results of numerical simulation. Below are the
results of checking the influence of various factors.

Analysis of the significance of the differences of
tgd;, values of high-voltage bushings, which are
operated with different values of the load current. The
operating temperature of the insulation is one of the main
factors determining the intensity of its aging [24]. In [20]
it was shown that the aging rate of transformer oils largely
depends on the load on the transformers. In high-voltage
bushings, the operating temperature is largely determined
by both the operating current (load current) and the
ambient temperature. For leveling the influence of
ambient temperature and other factors, when assessing the
impact of load of the bushings, we used the results of
periodic tests for high-voltage bushings of 110 kV of
sealed design with paper-oil insulation of the type TBMT-
110/630 VY1, which were put into operation in the 80s
years and operate in the Kharkiv region. The sample size
was 144 values: 3 columns, the volumes of sample values
in the cells is 6, the number of cells is 24. The first factor
was considered to be transformer load (kz), for which
three levels of variation were allocated: up to 25 %,
25-50 % and over 50 % As the second factor, the
influence of the duration of operation was analyzed. The
time interval from 0 (time of commissioning) to 21 years
was considered. The test results, by the factor of operation
duration (in rows), were divided into 7 levels, with a step
of 3 years. The dynamics of change of tgd, of the main
insulation of high-voltage bushings with different values
of the load factor kz during operation is shown in Fig. 1.

thl, %
" .
0.9 1 L e
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0.8 1 L P
0.7 1 * o *kz>50%
Gt * . A 25%<kz<50%
0.6 * . * o% 4 2 ,‘ : . A o o
0.5 1 A 4 o fa,ee  Alae A®oe kz<25%
a Adot % i“ A o %o
0.4 S A AA » ath
031 4§ A
0.2 A
0.1 1
0 ' ! T T T T 1 ¢, year
0 3 6 9 12 15 18 21

Fig. 1. Dynamics of change of tgo; of the main insulation
of high-voltage bushings with different values of the load factor
kz during operation

The main hypothesis was the assumption that there
are no significant effects of these factors. The distribution
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of the average values of the tangent of the dielectric loss
angle of the main insulation of high-voltage bushings,
according to the levels of the influencing factors, is shown
in Fig. 2. The results of the dispersion decomposition are
given in Table 1. As can be seen from Table 1, the
hypothesis of the absence of the influence of the operating
time on the tangent of the dielectric loss angle of the main
insulation of the bushings was rejected (F,>F,.). This
means that the values of tgo, change over the duration of
operation. The hypothesis about the absence of the
influence of the load current on the values of the tangent
of the dielectric loss angle of the insulation of the
bushings was also rejected (Fp>F,,). This indicates the
presence of significant differences in the values of tgd; of
serviceable high-voltage bushings, which are operated
with different load values.

Quite interesting is the fact that according to the
results of the analysis, the mutual influence of the
duration of operation and load on the values of the tangent
of the dielectric loss angle (F,z>F,,) was established. This
suggests that the effects of changing levels of factors are
non-additive, i.e. the effect of a change in the level of
influence of one factor leads to a change in the effect of
the level of the impact of another. In other words, the
aging process is cumulative, i.e. similar tgd; values can be
obtained with high loads over a relatively short period of
operation, or with lower loads, but over a longer period of
operation.

Table 1
The results of checking the influence of load of bushings
and duration of operation on the values of tgd;

Sums of dispersion Number of F—criterion

decomposition degrees of o
freedom F |calculated|critical

[ 4.04 Do, 143

Ox 0.20 [N 7 F,| 3.090 |2.408

Os 1.54 vp 2 Fp| 81.92 |3.804

Oan 0.45 VaB 14 |F, 3416 |1.981

0, 1.13 v, 120 | - — —

0y 1201,%

=

F1

Fig. 2. The distribution of the average values of tgo; of main
insulation depending on the duration of operation (factor F1)
and the load current (factor F2) of high-voltage bushings. The
significant influence of the load factor was also confirmed for
the bushings with voltage class of 220 and 330 kV with different
types of insulation

Analysis of the significance of the differences of
tgdy values in serviceable high-voltage bushings, with
different types of insulation. The normative document
acting in Ukraine [1] regulates the values of diagnostic
indicators depending on the type of insulation of bushings
(oil-paper, oil barrier, paper-bakelite insulation of the
bushing with mastic filling, solid insulation of the bushing
with oil filling, etc.).

To check the expected impact of the bushing
insulation type on the values of diagnostic indicators, a
two-factor dispersion analysis of the tangent of the
dielectric loss angle of the main insulation for paper-oil-
insulated bushings of type TMTA 110 kV and bushings of
I'TTA type 110 kV (the frame is wired with cable crepe
paper and impregnated with epoxy compound) was
performed.

The analyzed bushings were commissioned in the
mid-80s and operate in Kharkiv region. The average load
of these bushings was 25-50 % of the rated current value.
As in the previous case, the influence of the operating
time was analyzed as the second factor, a time interval
from 0 (commissioning time) to 24 years was considered.
The test results, by the factor of operation duration (in
rows), were divided into 6 levels, with a step of 4 years.
The size of the analyzed sample was 156 values: 6 rows, 2
columns, 13 values per cell. The dynamics of tgd; change
during operation for bushings with different types of
insulation is shown in Fig. 3.
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Fig. 3. Dynamics of change of tgd, during operation for

bushings with different types of insulation

*
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The results of the dispersion decomposition are
given in Table 2. The main hypothesis was the
assumption that there are no significant effects of these
factors. The distribution of the average values of the
tangent of the dielectric loss angle of the main insulation
of high-voltage bushings by the levels of the influencing
factors is shown in Fig. 4. As can be seen from Table 2,
the calculated value of the F, criterion does not exceed
the critical value; therefore, for the analyzed data, the
change in tgd; values during operation is not statistically
significant. At the same time, there is a significant
difference in the values of tgo; in bushings with different
types of insulation (F>F,,). At the same time, dispersion
analysis did not reveal significant differences in the
values of tgd;, due to the mutual influence of the duration
of operation and the type of insulation.
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Table 2
The results of checking the influence of insulation type of
bushings and duration of operation on the values of tgd,

Sums of dispersion Number of F—criterion
d e degrees of
ecomposition
freedom F |calculated|critical

O, 3.31 Dyot, 155

Oa 0.13 [N 5 Fy| 134 2.56
[ 0.17 VR 1 Fg 8.97 5.02
Onp 0.16 DAB 5 |Fas| 165 | 256
0, 2.84 v, 144 | - - -

1261.%

085

Fig. 4. The distribution of the average values of tgd, of main
insulation of bushings depending on the duration of operation
(factor F1) and the type of insulation (factor F3)

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings of various
types. Since the analysis revealed a significant effect of
the insulation type of high-voltage bushings on the values
of tgdy, it would be logical to check whether the type of
bushings has a similar effect.

To test the hypothesis of the type of bushing
influence, we analyzed the values of the tangent of
dielectric loss angle for hermetic bushings with paper-oil
insulation of two types: TMTA and TEMTY.

As the second factor, the effect of the lifetime of the
bushings was analyzed. As in the previous case, the
values of tgd, were analyzed in the operation interval up
to 24 years, with a 4-year step.

Analyzed bushings are operated in Kharkiv region,
and were put into operation in the 80s. The average load
of high-voltage bushings exceeded 50%. The total sample
size was 120 values: 6 rows, 2 columns, 10 values per
cell.

Fig. 5 shows the dependence of tgo, on the duration
of operation for bushings of various types.

The main hypothesis was the assumption that there
are no significant effects of these factors. The distribution
of the average values of the tangent of the dielectric loss
angle of the main insulation of high-voltage bushings by
the levels of the influencing factors is shown in Fig. 6.

The results of the dispersion decomposition are given
in Table 3.

As can be seen from Table 3, for the data analyzed,
the change in tgo, values over time is not statistically
significant (F,<F,). There were also no significant
differences in the values of tgo, for high-voltage bushings

of various types (F3<F). In addition, differences in the
values of tgd;, which are due to the mutual influence of
the types of bushings and the duration of operation, are
not statistically significant (Fz<F,).

It should be noted that similar results were obtained
for bushings of the type I'TbTY-110, I'TTB-110 and
I'TTA-110.

tgd1, %
1.6
1.41
*
1.2 ¢ *

¢ I'MTA-110
I'BMTY-100

1
0 ! T T T T T T T T T T v 1 ¢, year
0 2 4 6 8 10 12 14 16 18 20 22 24

Fig. 5. Dynamics of change of tgd; on the duration of operation
for bushings of different types

1y tg81,%

Fig. 6. The distribution of average values of tgd; of main
insulation depending on the duration of operation (factor F1)
and type (factor F4) of high-voltage bushings

Table 3
The results of checking the influence of duration of operation
and bushing type on values of tgo;

Sums of dispersion I(\ilumber Off: Fcriterion
decomposition f?rireede;n?
F |calculated|critical

Qo 10.89 Vet | 119

Oa 0.76 N 5 Fa| 1715 | 2.69
Os 0.002 vp 1 Fg| 0.023 | 5.17
Oas 0.43 DAB 5 |Fag| 0962 | 2.69
0. 9.68 0, 108 | — - -

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings with
different types of bushing protection. In addition to
bushing load that determine the operating temperature of
the insulation, the content of chemically aggressive media
(moisture, atmospheric oxygen) has a significant effect on
the intensity of the insulation aging processes. Obviously,
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the degree of influence of chemically aggressive media on
the aging intensity of the insulation will largely depend on
the type of protection of the insulation of the bushings
(hermetic or non-hermetic). To assess the impact of the
type of protection, a dispersion analysis of the values of
the tangent of the dielectric loss angle of the main
insulation for the sealed-type bushings of the TBMT type
and the non-hermetic bushings of the BMT type with
rated voltage of 110 kV was carried out. These bushings
were commissioned in the late 70s and operate in Kharkiv
region. The average value of load currents on the
analyzed period of time (up to 20 years) exceeded 50 %
of the value of the rated current of the bushings. The
sample size was 200 values: 10 rows, 2 columns, 10
measurements per cell. The dynamics of changes in the
dielectric loss tangent of high-voltage bushings of non-
hermetic and hermetic design during operation is shown
in Fig. 7.

th;,%
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[ )
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[ ]
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® ° ¢ BMT-110
254 o . -
° ° ° ® TBMT-110
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145-5 l" .0" . ’303’ N AN
¢ 1T o Ny
05 .g":& o ®oemte o ® »
0 T T .‘ S T T T T 1 7, year

0 2 4 6 8 10 12 14 16 18 20
Fig. 7. Dynamics of changes in the dielectric loss tangent of
high-voltage bushings of unsealed and hermetic designs during
operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 8. The main hypothesis was the assumption
that there are no significant effects of these factors. The
results of the dispersion decomposition are given in Table
4. As can be seen from Table 4, for a given sample, the
calculated value of the F, criterion exceeds the critical
value, and, therefore, changes in the tgo;, values over time
are statistically significant. In addition, significant
differences in the values of tgd; for bushings of the
hermetic and unpressurized design (Fp>F,.) were
revealed. At the same time, unlike bushings with different
values of load factor, for bushings with different types of
protection there are no significant differences in the
values of tgd;, which are due to the mutual influence of
the type of bushing protection and the duration of
operation (F43<F,,).

Analysis of the significance of the differences of
tgd, values in serviceable high-voltage bushings
installed on different phases of transformers. As a rule,
electrical networks operate in a symmetric mode, i.c. the
values of the load current in different phases should
coincide and, therefore, the values of the diagnostic
indicators in serviceable, normally operating bushings

should not differ significantly. At the same time, if a
defect occurs in one of the bushings, the values of
diagnostic indicators differ, which allows detecting a
defect. This is the basis of the nonequilibrium-
compensation method for continuous monitoring of the
insulation state of the bushings [24].

. tgd1.%0

3.4

Fig. 8. The distribution of average values of tgd; of basic
insulation depending on the duration of operation (factor F1)
and type of protection (factor F5) of high-voltage bushings

Table 4
The results of checking the influence of the duration of
operation and the type of protection of bushings on the values

of tg§1
Sums of dispersion Number of F—criterion

. degrees of

decomposition freedom
F |calculated|critical

Qiot. 86.3 Diot. 199
[N 9.42 N 9 Fo| 2706 2.11
Op 4.16 vg 1 Fg| 10.77 5.02
OB 3.19 VaB 9 |Fus| 0917 | 2.11
0O, 69.5 v, 180 - - -

To check the hypothesis about the effect of the phase
on the values of the indicators, the values of tgd; of high-
voltage bushings with voltage of 110 kV of the TMTA
type were analyzed. These bushings were commissioned
in the early 90s. The sample size was 150 values: 10
rows, 3 columns, 5 measurements per cell. The division
step by factor of the duration of operation was 2 years.

The dynamics of tgd, change during the operation of
high-voltage bushings of a hermetic design, installed on
different phases of transformers, is shown in Fig. 9.

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 10.

The main hypothesis was the assumption that there
are no significant effects of these factors.
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Fig. 9. Dynamics of change of tgd; during the operation
of high-voltage bushings of sealed design, installed on different
transformer phases

1 tad1%

Fig. 10. The distribution of the average values of tgd, of main
insulation depending on the duration of operation (factor F1)
and phase (factor F6) of high-voltage bushings

The results of the dispersion decomposition are
given in Table 5. As can be seen from Table 5, the
calculated value of the F, criterion exceeds the critical
value, and therefore, changes in the tgd, values over time
for a given sample are statistically significant. At the
same time, there are no significant differences in the
values of tgd, for high-voltage bushings installed at
different phases of transformers (F<F,,.). There are also
no significant differences in the values of tgd;, due to the
mutual influence of the bushing phase and the duration of
operation (F43<F,,).

Table 5
The results of checking the influence of the duration of
operation and the phase number of the bushings on the values

of tgo;
Sums of dispersion Number of F—criterion
decomposition degrees of L
freedom F |calculated|critical
Ot 29.6 Vi, 149
Oa 8.54 oA 9 |F.| 559 | 222
[ 0.14 vp 2 Fg| 0.43 3.68
Oas 0.63 DAB 18 |Fag| 0.20 1.87
0. 20.3 v, 120 | - - -

It should be noted that similar results were obtained
for bushings of the type I'TBTY-110, I'TTA-110, as well
as for bushings of voltage class of 220 and 330 kV.

Analysis of the significance of differences of tgd;
values in serviceable high-voltage bushings with
different classes of rated voltage. The normative
document acting in Ukraine [1] provides the rationing of
the values of diagnostic indicators depending on the
rated voltage of the bushings, which implies the
existence of significant differences in the values of the
same indicator for the bushings of different voltage
classes. To verify the presence of such differences, the
dispersion analysis of tgo, values was performed for
bushings with paper-oil insulation of hermetic design
with rated voltage of 110, 220 and 330 kV. These
bushings were commissioned in the early 90s and
operate with a load above 50 % of the nominal current
value. The volume of sample values was 108 values: 3
columns, 6 rows, 6 measurements per cell. The dividing
step by factor of the duration of operation (in rows) was
4 years in the observation interval of up to 24 years. The
dynamics of changes in the dielectric loss tangent of
bushings of a hermetic design of voltage class of 110,
220 and 330 kV during operation is shown in Fig. 11.
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Fig. 11. Dynamics of changes in the dielectric loss tangent of
bushings of a hermetic design of 110, 220 and 330 kV voltage
classes during operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings, according to the levels of the
influencing factors, is shown in Fig. 12.
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Fig. 12. The distribution of the average values of the tangent of

dielectric loss of the main insulation of high-voltage bushings

depending on the duration of operation (factor F1) and voltage
class (factor F7) of high-voltage bushings
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The main hypothesis was the assumption that there
are no significant effects of these factors. The results of
the dispersion decomposition are given in Table 6.

Table 6
The results of checking the influence of the duration of
operation and the rated voltage of the bushings on the values

of tgo,
Sums of dispersion Number of Fcriterion
decomposition degrees of .
freedom F [calculatediriticall
Oiot. 8.48 Do, 107
Oa 031 N 5 |Fa| 145 [2.730
Os 3.52 0B 2 Fg| 41.0 |3.865
Oas 0.78 DAB 10 |Fag 1.83 [2.213
0, 3.86 v, 90 — — —

As can be seen from Table 6, the analysis performed
revealed significant differences in the values of the
tangent of dielectric loss of the main insulation of the
bushings of different voltage classes (Fp>F,).

But at the same time, a significant change over time
of the tgd; values for this sample was not established
(F4<F.). There is also no significant difference in the
values of tgd;, which is due to the mutual influence of the
rated voltage of the bushings and the duration of their
operation (F 3<F,,).

Analysis of the significance of differences in tgd
values in serviceable high-voltage bushings, which are
operated in different regions of Ukraine. In some
works, for example, [18], results are presented indicating
that there is a significant influence of the region in which
the equipment is operated on the values of diagnostic
indicators. Such influence may be due to both different
climatic conditions, and different composition of the
consumer and, as a result, differences in the density of
daily load schedules.

To check the influence of the region of Ukraine on
the change in the values of diagnostic indicators of high-
voltage bushings, an analysis of the values of tgd, was
performed for 110 kV bushings of the hermetic design of
type BMT-110, which operate in Kharkiv, Lugansk and
Poltava regions of Ukraine.

Taking into account that the bushings are
approximately in the same climatic zone, the main factor
influencing possible differences in the values of the
dielectric loss tangent of the bushings will be the
composition of consumers, and as a result, different
density of daily load graphs. Analyzed bushings were put
into operation in the late 70s and operate with a load
above 50 % of the nominal value. The volume of sample
values was 108 wvalues: 3 columns, 6 rows, 6
measurements per cell. The dividing step by factor of the
duration of operation (in rows) was 4 years in the
observation interval of up to 24 years. The dynamics of
changes in the dielectric loss tangent of high-voltage
bushings from different regions of Ukraine in the process
of operation is shown in Fig. 13.

tg8|, %

3 ¢ Poltava
25 ® Kharkov
A A Lugansk

o)

PRITIIR S Ty
—T—T—T—T—T {, year
0 4 6 8 10 12 14 16 18 20 22 24
Fig. 13. Dynamics of changes in the dielectric loss tangent of
high-voltage bushings from different regions of Ukraine during
operation

The distribution of the average values of the tangent
of the dielectric loss angle of the main insulation of high-
voltage bushings by the levels of the influencing factors is
shown in Fig. 14.

28 tg51.%

Fig. 14. The distribution of the average values of the tangent of

dielectric loss of the main insulation depending on the duration

of operation (factor F1) of high-voltage bushings and the region
of Ukraine (factor F8)

The main hypothesis was the assumption that there
are no significant effects of these factors. The results of
the dispersion decomposition are given in Table 7. As
can be seen from the Table 7, for this sample, a
significant change in the tgo, values during operation
was not established (F,<F.). But at the same time,
significant differences were revealed in the values of
tgd) for bushings that are operated in different regions of
Ukraine (Fp>F,,). As in the previous cases, there are no
significant differences in the values of tgd;, due to the
mutual influence of the region of Ukraine in which the
bushings are operated, and the duration of their
operation (F,3<F.,). The conclusion about the
significant effect of the density of the daily load
schedule on the aging rate of the main insulation of the
bushings was also confirmed for the bushings of the
hermetic design of the type TMTA -110.
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Table 7
The results of checking the impact on the values of tgd;
of the duration of operation and the region of Ukraine

Sums of dispersion Number of Fcriterion
d . degrees of
ecomposition -
freedom F |calculated|critical
O, 51.90 Dgot, 107
O 1.54 [N 5 Fa|l 181 2.73
Op 31.39 0B 2 Fg| 925 3.86
OaB 15.26 VAB 10 |Fag| 218 | 221
0. 0.00 v, 90 | — — —

As a result of the analysis performed, it was found
that the aging rate of the main insulation of the bushings
is significantly affected by both the operating conditions
(the load current value of the bushings and the consumer's
composition) and the design features of the bushings: the
rated voltage value, type of insulation and type of
protection of the bushings. Some of these factors, namely
the rated voltage and the type of insulation, are taken into
account in the regulatory document in force in Ukraine
[1] when rationing the maximum permissible values of
the indicators. At the same time, such factors as the value
of the load current, the composition of the consumer and
the type of protection are not taken into account when
rationing the maximum permissible values of the
indicators.

The results obtained above do not allow to
unambiguously assess the presence or absence of the
influence of the operating time on the values of tgod,. Of
the seven examples given, the hypothesis of the absence
of the influence of the duration of operation on the values
of tgd; was rejected only in three cases. It should be noted
here that such discrepancies were revealed only for the
factor of the duration of operation. For other factors when
checking the hypothesis of the absence of their influence,
the results obtained are identical for different samples.
The revealed differences can be due both to the absence
of influence of the duration of operation on the values of
diagnostic indciators for serviceable bushings, and to the
non-monotonic nature of the change in the values of tgo,
over time. The decision on the significance of the
influence of the duration of operation on the values of
diagnostic indicators of high-voltage bushings can be
made after conducting additional studies, in particular,
dispersion analysis of linear models of diagnostic
indicators on the duration of operation.

Conclusions.

l. Maximum permissible values of diagnostic
indicators of high-voltage bushings should be normalized
taking into account such factors as rated voltage, type of
protection and type of insulation, load of bushings and the
composition of consumers, since, based on the analysis
performed, it was established that these factors have a
significant effect on the values of diagnostic indicators.

2. According to the results of the analysis, it was
established that such factors as the bushing type and
phase do not have a significant effect on the change in the
values of diagnostic indicators of high-voltage bushings,
and, therefore, they can be ignored when determining the
maximum permissible values of the indicators.

3. The obtained results of the analysis did not confirm
the recommendations from literature sources regarding
the influence of some factors on the values of diagnostic
indicators of bushings.

4. As further research, it is advisable to evaluate the
effect of the operation time of the bushings on the values
of their diagnostic indicators using other models of
dispersion analysis. Here, it is of scientific and practical
interest to carry out a similar assessment, both for
serviceable bushings, and bushings with developing
defects.
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ANALYSIS OF METHODS FOR MONITORING OF EXISTING ENERGY OBJECTS
GROUNDING DEVICES STATE AT THE PRESENT STAGE

Purpose. The purpose of the work is to analyze the modern methods of control and determine the most effective ones for
monitoring the state of grounding of existing energy objects in operation. Methodology. The analysis of the methods was carried
on the basis of comparison the experimental and calculation methods for determining the rated parameters of the grounding of
existing energy objects. Results. Significant imperfections of measurements of the rated parameters of the grounding with
different methods and devices was established. It has been shown that the electromagnetic diagnostics is the most complete, which
allows to comprehensively assess the current state of the grounding and establish the resistance of the grounding, the voltage on
it, the touch voltage and the resistance of the contact joints. The deficiencies of electromagnetic diagnostics are established at the
present stage and further directions of its perfection are determined. Originality. For the first time the comparative analysis of
existing methods for monitoring the state of the grounding and directions for improving electromagnetic diagnostics was made.
Practical value. The obtained results allow to choose the optimum method for monitoring the state of the grounding. Elimination
of the revealed drawbacks of the method of electromagnetic diagnostics will improve the accuracy of the determination of rated
parameters. References 17, tables 1, figures 4.

Key words: grounding device, resistance of the grounding device, grounding device voltage, touch voltage, resistance of
contact joints, electromagnetic diagnostics.

Ilposedeno ananiz i eécmamnoeneno cymmesi HeOONIKU GUMIDIOBAHL HOPMOBAHUX NAPAMEMPIE 3A3eMAI06AILHUX RPUCMPOIE
Oilouux enepzood’ckmie npu 6uKOpUCMAHHI Pi3HUX Memoouk ma npunadie. Ilokazano, w0 enekmpomaznimua Odiaznocmuxa
CIANY 3a3eMII06abHO20 NPUCHPOIO HA MenePiwniil Yac € Haldinbuw NOGHOI0, AKA 003601A€ KOMNIEKCHO OUIHUMU NOMOYHUIL
CMAaH 3a3eMII06ANbHO20 RPUCMPOIO MA ECMAHOGUMU 3HAYEHHA ONOPY 3A3E€MAI06ANLHO20 NPUCHPOIO, HARPYZU HA HLOMY,
Hanpyzu 00muKy ma onopy KOHmMaxmuux 3’cOnanv. Bcmanoeneni nedoniku enexmpomazuimuoi 0iazHocmuKu Ha Cy4acHOMy
emani ma eusnaueHi nodansuti Hanpamku it 60ockonanennsn. bion. 17, radn. 1, puc. 4.

Kniouogi cnoea: 3a3eMiIloBaibHUN NPHUCTPii, onmip 3a3eMJIIOBAIBHOIO NMPUCTPOIO,HANIPYIa HA 3a3eMJIIOBAJILHOMY NPHCTPO],
HAINPYra J0TUKY, OIlip KOHTAKTHHUX 3’€IHAHB, eJIEKTPOMATHITHA NiarHOCTHKA.

Ilposeden ananusz u ycmanoenenvl cyuiecmeéennvie HEOOCHMAMKU UMEPEHUA HOPMUPYEMBIX NAPAMEMPOE 3A3eMAAIOULUX
ycmpoiicme  0elicmeyiomux IHep2o0dbeKmos NpU  UCHOb308AHUN PA3IUYHBIX MemoOuk u npubopos. Ilokazano, umo
INEKMPOMAZHUMHAA OUAZHOCHUKA COCIMOAHUSL 3A3eMIAIOUL€20 YCIMPOIICMEa 6 HACoAwee 8pems AIACMCA Hauboaee NOIHOU
U N0360J5€M KOMNIEKCHO OUEHUMb MeKywiee COCHOAHUE 3a3eMIAIOWEe20 YCMpPoicmea U Onpedeiums 3HaueHue
CONPOMUGNEHUs 3A3EMIAIOWLE20 YCMPOUCMEA, HANPANCEHUA HA HEM, HARPAJCEHUE NPUKOCHOGEHUA U CONPOMUGIIEHUS.
KOHMAKMHBIX cOeOUHeHUH. YCmanoenenvl He0OCMAamKu IJIeKMPOMAZHUMHON OUAZHOCHUKU HA COGPEMEHHOM Imane u
onpedenenst OanbHeliuiue HANPAGIEeHUA ee cogepuleHcmeosanus. bubi. 17, Tadn. 1, puc. 4.

Kniouesvie cnosa: 3a3emiisiionee yCTpOiiCTBO, CONPOTHBJIEHNE 3a3eMJISIIONIET0 YCTPOiicTBa, HANPSIZKEHHe Ha 3a3eMJISIOIIEM
yCTpoOiicTBe, HANPSKEeHHE TPUKOCHOBEHN S, CONPOTHUBJIEHNE KOHTAKTHBIX COeTHHEHMI1, JJIeKTPOMATHUTHAS TUATHOCTHKA.

Problem definition. The lifetime of most of the [1] are used, which are periodically monitored throughout

existing power facilities in Ukraine is over 30 years.
During this period both the electrical installation itself and
the grounding device (GD) undergo significant changes,
as a result of which its electrical normalized parameters
(NPs) may exceed the permissible values, and the
constructive execution does not meet the requirements of
the design and normative documentation. There are a
number of factors that significantly affect the state of the
GD and its parameters:

e effect of corrosion on the elements of the GD
(violation of the integrity of the grid and damage of
grounding conductors on the boundary of the earth-air);

e incorrect restoration of the grounding of old and
connection of new units of equipment to the existing GDs
(serial connection of equipment, connection to metal parts
that are not connected with GD);

e damage of the GD during excavation as a result of
replacement or repair of equipment;

e increase of electrical power of installation with
increasing values of short-circuit (SC) currents (exceeding
the permissible values of the NP of the GD).

For the estimation of GD operational capacity, NPs

the lifetime [2]. These include: resistance of the GD, the
voltage on the GD, the touch voltage and the resistance of
the contact joints. These values depend on the following
factors: the structural performance of the GD, the
electrophysical characteristics of the soil (resistivity and
thickness of the layers) and the characteristics of the
object (the value of SC current, time of protection,
voltage class, etc.).

The goal of the work is analysis of existing
methods of monitoring and determination of the most
effective ones for assessing the state of the GD of existing
power facilities during operation.

Let us consider the most common methods of
determining the NP of the GD.

1. Resistance of the grounding device and voltage
on it. At present, the value of the resistance of the GD is
determined by a number of methods:

1) the introduction of high current (50-100 A). The
specified method is divided into several types:

e synchronous [3], which uses the voltage source of
the industrial frequency. The current and voltage in the

© D.G. Koliushko, S.S. Rudenko
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circuit are measured before and after the voltage source is
switched on. Then the corresponding expressions
determine the resistance of the GD,;

e hit frequency [3], which uses an AC generator with
frequency different from the industrial by 0.1-0.5 Hz. As
a result of the phase shift between the input current and
the current flowing through the GD during normal
operation, there are maxima and minima of the measured
current and voltage. Voltage and current are also
measured before and after switching on the generator, and
the resistance value is determined by the corresponding
expressions;

e input of current whose frequency is different from
the industrial frequency and its harmonics by several Hz;

2) input of low current (up to 3 A) [4]. In this case,
generators with different from the industrial frequency are
used;

3) calculation method [5-9].

Measurement according to the given methods is
carried out by the method of an ammeter-voltmeter, while
two circuits of arrangement of electrodes [2] are used —one
and two-beam (see Fig. 1). A two-beam circuit may be
appropriate for measuring in conditions where the area in
the location of the power unit is limited. For both circuits,
one and the same measurement procedure is used:

1) generator I is connected to the GD E and the
current electrode C, which is set at a distance of 3D for
the one-beam and (1.5-2) D for the two-beam circuit,
where D is the largest diagonal of the GD;

2) current value is determined by means of generator
I and ammeter PA;

3) potential electrode P is clogged at a certain
distance X, for example, 50 % of the distance to the
current electrode (for a one-beam circuit on one straight
line with a current electrode, for a two-beam one at an
angle of 40-45°), and the potential is measured,

4) further, moving the potential electrode away from
the GD, the potential is measured through the selected
distance (for example, after 5 m, 10 m, 15 m, etc.);

5) it is necessary to move the electrode P to such a
distance X so that the value between the two adjacent
dimensions does not differ by more than 10 %. This will
mean that the point R, of the curve [10] is found.

Fig. 1. Distribution of potential along the soil surface at
carrying out measurements according to the one-beam circuit

The resistance of the GD in this case will be equal to
the ratio of the potential at the point R, to the generator

current. However, in practice, the most widespread, due to
its simplicity, is the one-beam circuit by the «62 %
method», when the potential electrode P is immediately
set at a distance from the GD, which is 62 % of the
removal of the current electrode C. This method ensures
the greatest accuracy at the condition of homogeneity of
the soil, but in other cases it is necessary to use the
dependence of the length of the removal of the potential
electrode on the length of the removal of the current one
for the two-layer soil, which is given in [10].

The horizontal part on the dependence curve of the
potential on the distance to the potential electrode appears
at a sufficiently large increase in the distance to the
current electrode. Depending on the structure of the soil,
this condition is performed at a distance to the current
electrode in (3-40) diagonals of the GD. It is clear that
such a diversity of measuring circuits in many cases will
be impossible.

In [11], the circuit of measuring the resistance of the
GD with a three-electrode installation is considered. Here,
despite the assertion about the possibility of
measurements for any soil structure, only a homogeneous
structure was considered during physical modelling, and
measurements on active power facilities were not carried
out. In [12], it has been shown that in soils with horizontal
and vertical inhomogeneities there is the only possible
option for the arrangement of an auxiliary potential
electrode in a one-beam measuring circuit, at which the
exact determination of the resistance of the GD is
possible. The given algorithm for the experimental search
of this variant for a soil with an unknown geoelectric
structure is complicated in terms of practical
implementation.

The voltage on the GD is the voltage that occurs
when the current flows from grounding to the earth
between the point of current input to the grounding and
the zone of the zero potential [1]. The direction of the
voltage on the GD influences the state of the cable
production of the power unit, the microprocessor
measuring equipment and control equipment, the relay
protection panels, and also indirectly on the electrical
safety (the value of the voltage on the GD together with
the electrophysical characteristics of the soil are decisive
for the value of the touch voltage). According to [1], for
power objects operating in a network with grounded
neutral, the voltage on the GD is regulated as follows: the
excess of the value of 10 kV is allowed only on the GD,
executed according to the touch voltage, and is not
allowed on the GD executed according to requirements to
resistance of the GD. In the case of a high potential
beyond the boundary of the electrical installation and
exceeding the value of 5 kV, it is necessary to apply
means of insulation protection of communication and
telemechanics cables that deviate from the electrical
installation.

The easiest, but also the least accurate way to find
the voltage on the GD is a direct recalculation, when
measured according to the circuit in Fig. 1 the value of the
resistance of the GD is multiplied by the real value of the
SC current. The error in determining the voltage on the
GD is due to inaccuracy in the measurement of the
resistance of the GD and ignoring the nonlinear
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dependence of the magnetic permeability of the
grounding conductors on the value of the SC current. Due
to the impossibility of carrying out measurements of the
resistance of the GD and the voltage on the GD on a
number of objects (industrial enterprises, in the conditions
of urban development, etc.), the most universal and
precise method of determination becomes calculations
using special software complexes. A series of papers [5-9]
is devoted to the simulation of electromagnetic processes
that occur in the GD during the occurrence of emergency
currents. In most cases, the mathematical model of the
GD located in a two-layer soil is used, in particular, using
the analogous model [8] the authors have calculated more
than 1000 energy facilities of Ukraine of the voltage
classes 35-750 kV, and the software complex used in [5]
is one from the world's most popular commercial
versions. Input parameters for it are the constructive
execution of the GD (its circuit, the section of grounding
conductors, the depth of location), the electrophysical
characteristics of the soil, the neutral mode and the value
of the SC current of the investigated object.

2. Touch voltage. The touch voltage is a parameter
that characterizes the electrical safety of the service
personnel of the power unit. It depends on the current
flowing from the GD into the ground, the resistance of the
GD, the design of the GD and the electrophysical
characteristics of the soil. In contrast to the measurement
of the resistance of the GD, in which the amplitude of the
measuring current does not play a large role (it is given
depending on the method used), the touch voltage is
proportional to it, although this dependence is nonlinear.

There are two ways of experimentally measuring the
touch voltage. The first one is directly under the SC
current, that is, in real conditions. It is dangerous and can
be justified only in rare cases in exceptional situations
(when carrying out tests of the most responsible GDs),
therefore, it is practically not used. The second one is at
measuring current, which is many times smaller than the
actual SC current, with subsequent reduction of the
measured touch voltage proportionally to the real SC
current [2].

The measuring circuit is practically the same as for
measuring the resistance of the GD, but with the special
performance of a potential electrode and bypassing the
voltmeter with a resistor. Fig. 2 shows the circuit of
measuring the touch voltage with the help of the complex
«KI3-1Y» [2].
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Fig. 2. Circuit for measuring the touch voltage

Potential electrode P must simulate two feet of a
person. To do this, they use a special electrode-plate with
a contact surface of 25x25 cm’. To create sufficient
pressure on the ground, a load of at least 25 kg is installed
on the plate. Voltmeter is shunted by a resistor with
resistance R,. The equivalent resistance of the parallel
connected resistors must be equal to the resistance of the
human body (as a rule, it is assumed to be 1000 Q). The
horizontal distance from the contact point to the plate is
assumed to be 0.8 m[1, 2] or I m [7].

The voltmeter, in parallel with the resistor with the
clamp C2, is connected between the grounded equipment
(in Fig. 2, this is a control box), on which the
measurement is performed, and the potential electrode.
The current electrode CE is located at the same distance,
as in measuring the resistance of the GD. The GTS-3
generator from the «K/3-1¥Y» (or equivalent) is
connected to the equipment and the CE with the help of
the clamp C1 and wires W1 and W2, respectively. To
simulate the most unfavorable seasonal conditions, the
location of the potential electrode is moisturized. After
that, the voltage is applied to the circuit and the voltage
and current measurements are performed. The measured
values of the touch voltage are reduced to the real SC
current and the obtained result is compared with the
acceptable normalized value. The disadvantages of this
method are the impossibility of carrying out
measurements under conditions of dense building and the
methodological error of the method, which is connected
with the ignoring of the dependence of the magnetic
permeability of the grounding material on the current
flowing through the elements of the GD, as well as the
outflow of parts of the SC current in the grounded
neutrals of transformers.

Thus, unlike the resistance of the GD, which can be
determined both experimentally and by calculation, the
voltage on the GD and the touch voltage at the real SC
current can be found only by performing appropriate
calculations using special computer programs.

3. Resistance of contact joints. One of the electrical
NP of the GD is the resistance of the contact joint of the
equipment with GD. In recent works, its significant
influence on the voltage of the touch voltage was noted
repeatedly [13-15]. The resistance of the contact joints is
determined by the method of an ammeter-voltmeter at
direct or alternating current using a micro-ohmmeter or
double bridge [2]. The permissible value of the resistance
of the contact joint is 0.05 Q at commissioning and no
more than 0.1 Q during operation. The generally accepted
measurement circuit for this NP, both in Ukraine [2] and
abroad [7], is shown in Fig. 3.

Fig. 3. Circuit for measuring the resistance of the contact joints
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Thus, according to the measurement circuit, the
resistance of the contact joint implies the transient
resistance between the equipment and the grounding
conductor. However, as the operation of the GD and the
measurements of the NP of the GD show, the excess of
the touch voltage can occur as a result of violation of the
integrity of the grounding conductor at the boundary of
the «ground-air», as well as in connection with the
increase in the resistance of the contact joint at the point
of welding the grounding conductor with the GD itself
(see P. 1 in Fig. 3). Therefore, the consideration of the
state of the grounding conductor and the quality of its
connection, and, accordingly, of the equipment itself to
the GD, is an important task. To control it, we can use the
resistance of the connection, which is determined relative
to other grounded equipment. However, this methodology
does not exist at present in order to minimize the number
of required measurements.

Summing up, we can state that the above methods
have the following disadvantages:

e impossibility of measuring the touch voltage, the
resistance of the GD and the voltage on the GD on a
number of objects due to the lack of free from
communications or facilities area for the placement of
auxiliary current and potential electrodes;

e incorrect measurement of the NP of the GD due to
the ignoring of the length of the removal of the current
electrode for two-layer soil and the absence of such
dependence for three- or more layer soils;

e incorrect measurement of the touch voltage and the
voltage on the GD due to the ignoring of the dependence
of the magnetic permeability of the grounding conductors
on the current flowing through them, and the current
outflow in the grounded neutrals;

e incomplete information about the grounding quality
of the equipment based on measures the resistance of the
contact joints;

e technical complexity and significant labor costs
when measuring the touch voltage on each unit of the
equipment of the power unit (the number of such units at
the 330 kV substation can reach several hundreds, and the
labor costs for measuring one point according to building
codes [16] are 15 people-year).

In addition, for objects that have been in service for
a long time, carrying out only measurements of the listed
NPs does not allow to unambiguously assess the state of
the GD: the design remains unidentified and the condition
of underground grounding conductors is still unknown.
Therefore, at the present stage, -electromagnetic
diagnostics (EMD) of the state of the GD is used for
monitoring [2], which includes a complex experimental
and calculation (on the basis of the real state of the GD
and the results of additional experiments) determination
of all NPs of the GD. The indicated method combines a
number of methods: vertical electrical sounding of soil,
induction method for determining the presence of
grounding conductors, low current method, calculation
method, etc.

4. Method of electromagnetic diagnostics of the
state of the grounding device. The method of EMD of
the GD [2] of active energy facilities as a whole is in line

with international Standards [7, 10] and involves three
stages: the experimental, calculation and the stage of
issuance of recommendations.

At the first stage, the following is performed:

o determination of the constructive implementation of
the GD with the help of an induction method (location
and depth of groundings), which is also needed for the
construction of its mathematical model,;

e measurement of the imaginary specific resistance to
determine the electrophysical characteristics of the soil
(specific resistance, thickness of the layers and their
amounts) by the method of vertical electrical sounding;

e measurement of electrical parameters (base
resistance, resistance of the GD, touch voltage, and
voltage on the GD with respect to another grounded
point) based on the ammeter-voltmeter method and
known circuits, which are necessary to assess the
adequacy of the mathematical model to the real GD.

The results of experimental studies, together with
the characteristics of the energy object (voltage class,
neutral mode of transformers, and the values of SC
currents and protection time) are the input data for the
second (calculation) EMD stage.

In carrying out calculations in the second stage, the
mathematical model of non-equipotential GD, located in a
three-layered conducting soil with plane-parallel
separation boundaries developed by the authors [9] is
used. In order to determine the input soil parameters, the
means of interpretation of the vertical electrical sounding
and ground equivalence curves are used. The simulation
of processes in the GD is performed at real SC current,
taking into account the nonlinear dependence of the
magnetic permeability on its value, the skin effect and the
real spread of emergency currents (including outflows in a
grounded neutral), which allows determining the values of
the NPs even for those objects that located in a concise
building or on the territory of industrial enterprises.
Existing software and mathematical models allow to take
into account the two- and three-layer geoelectric structure
of the soil and to cover more than 80 % of the energy
objects of Ukraine.

In the third stage, the development of
recommendations made by the requirements of
normative documents for the constructive

implementation of grounding conductors is carried out,
as well as on the basis of comparison of the values of
calculated and acceptable parameters the feasibility of
introducing additional recommendations for the
reconstruction of the grounding device is evaluated.
After this, a recalculation is made taking into account
the recommended additional groundings. Synthesis of
these recommendations is a complicated technical task,
since when it is solved, it is necessary to determine the
optimal places for laying grounding conductors for
saving labor and material costs, and at the same time,
the most complete use of existing GD.

Thus, the EMD method for the state of the GD
allows to carry out the most objective assessment of the
current state of the GD and to develop ways to bring it in
line with regulatory documents.
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To defects of the EMD of state of the GD we should
include errors in determining the constructive
implementation of the GD and the influence of
assumptions adopted in the construction of the
mathematical model:

e error of determining the depth of the GD;

e variable section of groundings on different parts of
the GD, which is difficult to consider;

e crrors in the identification of horizontal groundings
(acceptance of cables and underground communications
as an artificial grounding);

e problems with finding the location of the installation
of the vertical grounding and the lack of a method for
determining its length;

e assumption of a flat-parallel multilayer
structure, which in fact has slopes and local inclusions;

e insufficient depth of sounding of multilayer soils and
lack of interpretive means.

5. Devices for monitoring the state of the
grounding device. In Ukraine, the domestic complex for
the diagnosis of the state of the GD «KI3-1Y» [2] (see
Fig. 4,a), the French devices C.A 6460 and C.A 6470N
(see Fig. 4,b) are used, as well as domestic standard
devices of the Soviet design: M-416 or @ 4103-Ml,
which for the present time are used by insulation services
and high-voltage laboratories at different power units.

soil

Fig. 4. Devices for monitoring the state of the GD:
a—«KJ3-1Y»; b— C.A 6470N

Table 1 presents a comparison of the functions of the
most common devices for monitoring the state of the GDs
of operating power facilities of Ukraine.

Table 1
. o Contact
Device | GD |Resistivity GD Touch .
: . joints
name | state | of the soil | resistance | voltage .
resistance
«K3-
1Yy + + + + +
C.A
6470N | M M M *
C.A6460| — + + + +
Abpuc-
12/ i - - B -
D 4103-
_ + + - -

Ml
M-416 - + + — —
EP-331 - - — — +

The analysis of devices shows that only «K/I3-1Y»
allows to carry out a full range of works for the EMD of
the GD state. However, the disadvantage of the device is
the lack of autonomous power and the small size of the
permissible resistance of the measuring electrodes
(which practically makes it impossible to conduct soil
sounding with specific resistance of more than 350
Q'm). The devices EP-331 and Ap6uc-12/8 are narrow-
cut and allow only measuring the resistance of the
contact joints and finding the trajectory of the grounding
lines, respectively. @ 4103-M1 and M-416 are
technically outdated and also have a narrow spectrum of
application. C.A 6460 in comparison with C.A 6470N
has only one frequency of measurement and does not
allow conducting sounding of soil for power units in the
class of voltage 220 kV and above. In general, a detailed
analysis of the characteristics and capabilities of
instruments for soil sounding is made in [17].

Thus, the most wide-ranging possibilities for
determining the NPs of the GDs have «K/I3-1Y» and C.A
6470N. Looking forward to improving the «K3-1¥Y» or

developing a similar device without indicated
shortcomings.
Conclusions.

1. An analysis of modern methods of monitoring the
state of the GDs has been carried out and it has been
established that, unlike the determination of the resistance
of the GD, which can be done both experimentally and
using calculations, the voltage on the GD and the touch
voltage at the real current of ground fault should be found
only by calculation using special computer codes.

2. It has been shown that the method of the EMD of the
GD allows to carry out the most objective assessment of
the current state of the GD and to develop
recommendations for bringing it in line with the
normative documents.

3. The disadvantages of the EMD of the GD that are
associated with errors in determining its constructive
execution and the influence of assumptions made when
constructing a mathematical model are established.

4. The analysis of the devices used in the monitoring of
the state of the GD is carried out. The perspective
direction of improvement of the complex for diagnostics
of grounding «K/I3-1VY» is determined.
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