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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 53: NOBEL PRIZE LAUREATES IN PHYSICS FOR 2016-2019

Purpose. Brief presentation of the distinguished achievements of Nobel Prize Laureates in physics for current time period of
2016-2019. Methodology. Scientific methods of collection, analysis and analytical treatment of scientific and technical
information of world level in area of astronomy, astrophysics, physicists of the condensed environments, laser physics, modern
theoretical and experimental physics. Results. The brief analytical review of the scientific discovery and distinguished
achievements of scientists-physicists in area of modern physical and technical problems which were marked the Nobel Prizes in
Physics for the period 2016-2019 is presented. In the number of such discovery and achievements of the best representatives of
world scientific association entered: theoretical discovery of topology phase transitions and topology phases of matter,
experimental discovery of gravity waves, revolutionary inventions in area of laser physics, astronomic discovery and contribution
to our understanding of evolution of Universe and place of Earth in space. Originality. Systematization and analytical exposition
is executed in short concentrated and accessible to the wide reader to the form of the known scientific and technical materials,
awarded with the Nobel Prizes in physics for current time period of 2016-2019 and devoted to: the theoretical openings of
topology phase transitions and topology phases of matter, experimental opening of gravity waves, revolutionary inventions in area
of laser physics, astronomic discovery and contribution to our understanding of evolution of Universe and place of Earth in
space. Practical value. Popularization and deepening of scientific and technical knowledge for students, engineer and technical
specialists and research workers in area of astronomy, astrophysics, physicists of the condensed environments, laser physics,
modern theoretical and experimental physics, extending their scientific range of interests and further development of scientific
and technical progress in human society. References 22, figures 14.

Key words: Nobel prize on physics, distinguished scientific and technical achievements, theoretical discovery of topology
phase transitions and topology phases of matter, experimental discovery of gravity waves, revolutionary inventions in area of
laser physics, astronomic discovery and contribution to our understanding of evolution of Universe and place of Earth in
space.

Hagedeno kopomkuii ananimuynuii 02140 6UOAMHUX HAYKOGO-MEXHIUHUX 00CAZHeHb 64enux, Aki eiomiueni Hobeniecvkoro
npemieio no Qizuyi 3a nepiod 2016-2019 pp. Y uucno maxux 0ocsacHenb NPeOCMAGHUKIE C8IMO60T HAYKOBOT CRINbHOMU YEIli WU
meopemuuni 6iOKpUmMmsa Monoao2iunux hazoeux nepexodie i mononociunux az mamepii, eKcnepumenmanvhe GIOKpUmMmsa
2pasimayiiinux xXeunb, peeontouiiini 6uHaxoou 6 2any3i n1azepHoi gizuxku, acmponomiuni giOKpumms i 6HecoK 6 Hauie po3ymMiHHA
esontouii Bececeimy i micysa 3emni é kocmoci. bion. 22, puc. 14.

Kniouoei cnosa: HobeniBebka npemis 1o ¢isuni, BHIATHI HayKOBO-TeXHIYHi [JOCATHEHHS, TEOPETHYHI BIAKPUTTH
TOnoJIOriYHuX ¢a3oBuX InepexodiB i Tomosoriynmx (a3 marepii, excriepuMeHTAaJIbHE BiIKPUTTH IpaBiTANIHHMX XBHIIb,
peBoJIIONiiiHi BHHAX0AH B raiysi JiasepHoi (pi3MKH, ACTPOHOMIYHI BiIKPUTTH i BHeCOK B Hallle po3yMiHHsA eBoJtonii BeecsiTy i
Micus 3emui B kocmoci.

Ilpugeden Kpamkuii ananumuuecKuil 0030p 6bIOAIOWUXCA HAYUHO-MEXHUYECKUX OOCHMUNCEHUIl YYEHbIX, OMMeYeHHbIX
Hodenesckoit npemueit no ¢usuxe 3a nepuoo 2016-2019 z2. B uucno makux oocmudiceHuil npedcmasumeineii. MUupoeozo
HAyuHO20 COOOUlecmea 60WNU: MeopemuiecKue OMKPbUNUA HONOA0ZUYECKUX (PA306bIX NEPex0006 U MONOIoZUdecKux as
Mamepuu, IKCHEPUMEHMATILHOE OMKPbLNUE ZPAGUMAUUOHHBIX GOJIH, DEGOJIIOUUOHHbIE U300pemeHus 6 0Onacmu na3eproil
Quzuku, acmponomuueckue omKpsulmua u 6K1AO 6 Hawie NOHUMAaHue 36onlouuu Bcenennoii u mecma 3emnu ¢ Kocmoce.
bu6n. 22, puc. 14.

Kniouesvie cnosa: HoOedeBckasi mpemusi mo ¢u3HKe, BBIJAIOIHECS] HAYYHO-TeXHHMYeCKHe JOCTHKEHHS, TeOpeTHYecKHe
OTKPBITHSI TOMOJIOTHYECKHX (ha30BBIX Nepex0d0B W TOMOJOTHYeCKHX (a3 MaTepuH, IKCHePHMEHTAJbHOe OTKpLITHE
IPaBUTALHOHHBIX BOJIH, PEBOIIOIIMOHHbIE H300peTeHUsI B 00/1aCTH Jia3epHOii PH3MKH, ACTPOHOMHYECKHE OTKPBITHA H BKJIAJL
B Hallle IOHUMAaHMe 3BoJonuu BeenenHoii n Mmecta 3emin B kocMoce.

Introduction. As it is well known, the Nobel Prize
in physics is awarded once a year by the Royal Swedish
Academy of Sciences. This is one of the five Nobel Prizes
(in the field of physics, chemistry, physiology, literature
and the establishment of peace between peoples), which
appeared in the scientific world by will (this fact was
documented in 1895 [1]) by the famous Swedish engineer
and inventor of chemical explosives Alfred Nobel (1833-
1896), which has been awarded since 1901 to living
physicists for their outstanding scientific and technical
achievements [2] «tested» by time [2]. We point out that
in monetary terms, this prestigious international award for

its more than a hundred years period underwent changes
due to the financial condition of the Nobel Foundation
and in 2017 amounted to 9 million Swedish kronor (about
USD 1.12 million) [3]. The official ceremony of
presenting this valuable award according to the
established tradition takes place on December 10 of each
year (on the day of A. Nobel’s death) in the Swedish
capital of Stockholm and the King of Sweden is solemnly
awarded the prize to its laureates with no more than three
people (the Nobel Prize on peace is an exception to this
tradition, the ceremony of delivery of which is held

© M.I. Baranov
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annually in the capital of Norway the city of Oslo at the
above time).

Earlier, the author in [2, 4-8] described the main
outstanding achievements in science and technology of
Nobel Prize winners in physics for the modern time
period 1990-2015. We try below to present briefly similar
scientific and technological achievements of world
physicists in recent years, limited by the time period of
2016-2019.

The goal of the paper is a summary of the
outstanding achievements in science and technology of
Nobel Prize winners in physics for the modern time
period, covering 2016-2019.

1. Nobel Prize in physics for 2016. The Laureates
of this prestigious prize for 2016 were American-British
theoretical physicists John Michael Kosterlitz (born on
June 22, 1943, Fig. 1) and David James Thouless (born on
September 21, 1934, Fig. 2) and Frederick Duncan
Michael Haldane (born on September 14, 1951, Fig. 3),
working in the USA [1]. The Nobel Prize to these
physicists was not awarded for one specific scientific
discovery, but for a whole list of pioneering scientific
works that during the period 1970-1980 stimulated the
development of a new direction in condensed matter
physics [1]. It should be noted that the corresponding
decision of the Nobel Committee it is indicated that this
Prize was awarded to M. Kosterlitz, D. Thouless and D.
Haldane «... for the theoretical discoveries of topological
phase transitions and topological phases of matter» [1].

Fig. 1. Outstanding American-British theoretical physicist
John Michael Kosterlitz (born in 1943), Laureate of Nobel Prize
in Physics for 2016 [1]

Fig. 2. Outstanding American-British theoretical physicist
David James Thouless (born in 1934), Laureate of Nobel Prize
in Physics for 2016 [1]

Fig. 3. Outstanding American-British theoretical physicist
Frederick Duncan Michael Haldane (born in 1951), Laureate of
Nobel Prize in Physics for 2016 [1]

In earthly nature, it so happened that condensed
matter physics turned out to be the richest section of
physics for various phenomena. For clarity of the
complex scientific material presented below, we 1 answer,
first of all, the simple question: what is understood in
physics as a condensed medium? A4 condensed medium is
a set of particles of the same type of substance that come
together and strongly affect each other [9]. To condense
(comes from the Latin word «condensare» — «to
condense» [10]) a substance means to turn it from a
gaseous state into a liquid or solid crystalline one.
Therefore, a rarefied gas is not a condensed medium. In a
condensed medium, a wealth of physical phenomena
arises spontaneously dynamically as a result of collective
effects [1]. In this regard, the properties of a condensed
medium are determined by the synchronous collective
movement of its enormous number of particles, and not its
individual particles. It turns out that in the medium under
consideration of these collective movements there is a
huge variety of these of these collective movements.

In the works of the foreign theoretical physicists
mentioned above, it was found that a condensed medium
can «speak» not only the «language» of synchronous
collective movements of its particles, but also the
«language» of topologically nontrivial excitations [1]. For
the reader, this physical concept requires its explanation.
The term «topology» comes from the Greek words
«topos» — «place» and «logos» — «wordy» [10]. In this
regard, topology, as a branch of mathematics, studies the
general properties of geometric figures that do not change
during any continuous transformations of these figures
[10]. It follows from such a branch of mathematics as
geometry that if one geometric figure can be reduced by
smooth deformation to another, then such two figures are
considered topologically equivalent. If two geometric
figures are not transformed into each other by any smooth
changes, then such figures are considered topologically
different. Next, we dwell on the term «excitation». In
condensed matter physics, excitation is any collective
deviation from the «dead» stationary state of the medium
and its particles, that is, from the state with the least
energy [1]. The oscillating excitation of the crystalline
structure of a substance, characterized by the presence of
sound waves (phonons) in it, can be caused by both
external causes (e.g., mechanical shock to the crystal) and
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internal spontaneous causes (e.g., the presence of a
nonzero temperature in the crystal). The usual thermal
tremor of the crystal lattice of matter, which is widely
known to us from the course of atomic physics, is due to
the mutual overlapping of oscillating excitations
(phonons) with different wavelengths [9]. In the case
when the concentration of phonons in the crystal is high, a
phase transition occurs in it and the crystal melts. From
this we can conclude that as soon as theoretical physicists
begin to understand in terms of what excitations one or
another condensed medium should be described, they get
the scientific «key» to its thermodynamic and other
physical properties in their hands.

It is known that by controlling the amplitude of
sound oscillations (phonons), one can smoothly change
the strength (energy) of these vibrations: from their
maximum to their minimum (zero). Therefore, phonons
are topologically trivial excitations of matter. Just as the
world around us is diverse, so are its condensed media. In
some such media, there are excitations that cannot be
smoothly reduced to zero. Moreover, it is not physically
impossible, but fundamentally impossible (their form
does not allow). In them, the excitations in their form are
topologically different from the above phonons. In this
case, there is no smooth operation that would translate a
physical system (medium) with excitation into a similar
system with the lowest energy. The properties of such
physical media change stepwise. It was topology that
allowed physicists to describe the properties of matter,
which change stepwise.

A group of American theoretical physicists
composed of M. Kosterlitz, D. Thouless and D. Haldane,
who are British by origin, using topological methods of
mathematics as a scientific tool, succeeded in the course
of their many years of theoretical research in the period
1970-1980 to obtain a mathematical description of
stepwise changing parameters in condensed matter [1].
They showed that in condensed systems such as two-
dimensional superconductors, phase transitions are very
specific and are really associated with topological features
(excitations) — vortices that are generated by «vortex —
antivortex» pairs [1]. These physicists have developed
advanced mathematical methods to describe the unusual
phases and properties of matter. For example, for such
widely known materials as superconductors, superfluid
liquids, and magnetic films. For objectivity in this
complex and important scientific issue, it should be noted
that in 1971 the Soviet theoretical physicist Vadim
Berezinsky (1935-1980), who worked at the L.D. Landau
Institute of Theoretical Physics of the Academy of
Sciences of the USSE, for the first time in the world, put
forward the idea that phase transitions in thin layers of
superconductors and superfluid (quantum) liquids are
based on topological excitations — vortices that
spontaneously arise in matter in the form of coupled pairs
«vortex — antivortex» (by the way, this a scientific idea
formed the basis of his PhD Thesis) [1]. At the finite
temperature of the substance, such pairs can be produced
during a smooth local intrastructural change. It is they

(these vortex pairs) that destroy in the two-dimensional
case the crystalline phase of matter at low temperatures.
Therefore, it is not for nothing that this phase transition in
a condensed medium began to be called the «Berezinsky-
Kosterlitz-Thouless» phase transition [11]. In this regard,
in the Nobel Prize considered there is also a certain
Russian «trace». We also point out that the most
important works of the Soviet physicist V. Berezinsky
relate to the theory of phase transitions in two-
dimensional systems and the theory of localization in
disordered one-dimensional conductors. It was he who
first theoretically showed that a thin (of the order of
several Angstroms) film of liquid helium at low
temperatures has the property of superfluidity [1].

In 1972, M. Kosterlitz and D. Thouless (a year later
than our V. Berezinsky), realizing the important role of
topological excitations, came to a similar conclusion
about the determining effect of coupled «vortex —
antivortex» pairs in phase transitions in matter [11]. They
went further and found that as the temperature of a
substance increases, so many coupled «vortex -—
antivortex» pairs accumulate in it that individual pairs
become untwisted. In this case, in a condensed medium,
the physical picture changes dramatically and its
thermodynamic characteristics undergo stepwise changes:
a phase transition occurs in the medium due to unraveling
of topological excitations [1]. In a press release of the
Nobel Committee in connection with the award of the
indicated group of physicists of the corresponding Prize
for 2016, it was said [12]: «... Scientists have opened the
door to an unknown world where matter can take on
«strange statesy. They used advanced mathematical
methods to study unusual phases or states of matter. The
work of scientists can be further used in science and
electronics».  They  refuted the  theories  of
superconductivity and superfluidity of matter that existed
at that time, which argued that these phenomena can only
occur in thin layers of matter. These physicists
theoretically showed that in a substance the phenomenon
of superconductivity can occur exclusively at low
temperatures. They gave an accurate explanation of this
physical mechanism based on phase transitions and found
that this phenomenon disappears due to these transitions
at higher temperatures [11]. Note that today the
topological description of phase transitions in matter is
used not only in the case of a thin layer, but also for
ordinary three-dimensional materials. Further
development of this field of physics led to the creation
and study of a new class of substances — topological
insulators that are popular today [11]. Over the past
decade, this areca of physics has been expanded by
numerous studies aimed at finding unusual phases of
matter. Now many researchers around the world are
creating new topological materials that can be used in
superconductors, = new-generation electronics, and
quantum computers [1, 11].

2. Nobel Prize in physics for 2017. The 2017 Nobel
Laureates in Physics were distinguished experimental
physicists who worked fruitfully in the United States,
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Rainer Weiss (born on September 29, 1932, Fig. 4), Barry
Clark Barish (born on January 27, 1936, Fig. 5) and Kip
Stephen Thorne (born on June 1, 1940, Fig. 6) «... for the
decisive contribution to the creation of the LIGO detector
and the registration of gravitational waves» [13].

Ly l o
Fig. 4. Outstanding Amerlcan experimental physicist
Rainer Weiss (born in 1932), Laureate of Nobel Prize in Physics
for 2017 [13]

Fig. 5. Outstanding American experiméntal physicist

Barry Clark Barish (born in 1936), Laureate of Nobel Prize in
Physics for 2017 [13]

i

Fig. 6. Outstanding American experimental physicist
Kip Stephen Thorne (born in 1940), Laureate of Nobel Prize in
Physics for 2017 [13]

American scientists R. Weiss (Professor of physics
at the Massachusetts Institute of Technology), as well as
B. Barish and K. Thorne (Professor of physics at the

California Institute of Technology), who worked in the
well-known scientific  collaboration LIGO (Laser
Interferometric Gravitational Observatory), on September
14, 2015 for the first time the world, using laser
interferometers, discovered cosmic perturbations of
«space-time» (gravitational waves) from the merger of a
pair of «black holes» in our Universe [14].

To date, four signals (gravitational waves) have been
recorded in observatories of the world from the
confluence of «black holes» in the outer space
surrounding planet Earth or the explosion of other
massive objects [14, 15]. The last discovery of LIGO
(USA) was made in conjunction with the European
observatory VIRGO. The existence of gravitational waves
is one of the predictions of the general theory of relativity
(GTR). Their discovery confirms not only GTR itself, but
is also considered one of the proofs of the existence of
«black holes» in space [14].

The above complex physical concepts require their
explanation. To begin with, we point out that gravitational
waves are oscillations of the space-time geometric
structure propagating in «space-time» that move at the
speed of light [14]. Their existence was predicted more
than a hundred years ago in GTR, developed in 1915 by
the outstanding German theoretical physicist Albert
Einstein (1879-1955 [16]). To this should be added that
the idea that the curvature of space can move in the form
of a wave was first expressed by the famous English
mathematician William Clifford (1845-1879) in 1876, i.e.
almost 39 years before the creation by A. Einstein of GTR
[14]. An interesting circumstance is that at the beginning
of the 20th century, after A. Einstein developed the
special theory of relativity (STR) in 1905, some well-
known scientists (including the prominent French
mathematician and mechanic Henri Poincaré, 1854-1912
[16]) tried to include also gravity to STR. Note that A.
Poincaré at one time interpreted gravity waves as waves
moving in space similarly to electromagnetic waves [17].
However, only in 1915, A. Einstein in the framework of
GTR was able to give a generally covariant description of
gravity as a geometric effect. In such a way actually the
modern theory of gravity was born. Nevertheless, the
situation with the physical reality of gravitational waves
in the scientific world still remained ambiguous. Here,
scientific disputes revolved around the fundamental
question: do gravitational waves even transfer energy or
not? If they transfer it, then physicists have a chance to
study them experimentally. If not, then they (gravitational
waves) become a «thing in themselves» that is
inaccessible to us for a physical experiment. For many
years, a convincing answer to the above question in
physical science did not exist. The final confirmation of
the tangibility of gravitational waves came to modern
physics only in the 1970s, when it became clear that a
cosmic pulsar of the PSR B1913+16 type loses its energy
due to gravitational radiation exactly as A. Einstein‘s
GTR predicts by this physical phenomenon [17].

The LIGO laser-interferometric gravitational-wave
observatory (USA), which now employs more than a
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thousand employees, recorded a gravitational wave for the
second time in February 2016, which came to us from
vast space [18]. The Nobel Committee would not award a
Prize for only one such event, set by the LIGO detector in
September 2015 [14]. When this gravitational wave
(oscillations of «space-time») reached planet Earth, it was
barely perceptible. In order to «reach» the Earth, this
wave took more than a billion years [18]. The energy of
the gravitational wave at its origin is huge, but its
amplitude is incredibly small. To register it, physicists
needed fundamentally new supersensitive instruments —
detectors of gravitational waves diverging in space from
their origin at the speed of light in all directions. The
place of their origin is, for example, distant cosmic places
where very massive objects collide with each other —
«black holesy [14, 15]. Far, far beyond the boundaries of
our Milky Way galaxy, two «black holes» once crashed
into each other and after 1.3 billion years the LIGO
gravitational-wave observatory, located in the United
States (Fig. 7), recorded this space event. The creation of
these gravitational wave detectors required the work of
thousands of people and the resources of 20 countries,
first implemented in the USA in LIGO laser
interferometers. To evaluate the scientific problems
facing foreign experimental physicists and compare them
with earthly problems that we understand, we note that in
order to register a gravitational wave, scientists needed to
achieve a sensitivity of their laser interferometers that was
equivalent to the sensitivity of an instrument capable of
measuring the distance to a distant star accurate to tenths
of a millimeter [18].

& incsTon

Fig. 7. Layout and general views of two American LIGO
gravitational observatories in Livingston (Louisiana, USA) and
in Hanford (Washington, USA) located at a distance of 3002 km
from each other [18]

The reader may have simple questions: why do we
even need earthlings and why spend huge sums of money
on recording space disasters of the distant past? The
answer may be adequate: for people to understand the
world in which humanity exists. In the 1970s, R. Weiss
developed the concept of creating the LIGO detector in
the USA, which would include two gravitational-wave

observatories that are distant from each other at a distance
of about 3002 km [18]. In it, he took into account those
earthly phenomena that can distort the process of
registration of a gravitational wave. In addition, he
suggested ways to eliminate them and influence on the
process of measuring this very weak wave amplitude. In a
LIGO detector, a gravitational wave travels the distance
between its two laser interferometers in 7 ms. Therefore,
in this huge supersensitive device, two laser
interferometers can refine each other's readings. B. Barish
joined the LIGO team, with only 40 employees at that
time, in 1994 and turned it over time into the huge
international collaboration LIGO-VIRGO (the last one is
the recently created FEuropean gravitational-wave
observatory). Thanks to the coordinated work of the
participants of this scientific collaboration, a fundamental
breakthrough in the physical registration of gravitational
waves and understanding of gravity became possible [18].
K. Thorne, as a leading world expert in the field of the
theory of relativity, performed the theoretical calculations
necessary for the operation of the LIGO detector [18]. It
is interesting to note that the fourth gravitational wave
recently detected by the LIGO detector was not the result
of the merging of «black holes» in space, but the result of
the explosion of a neutron star [18]. The studies
conducted by R. Weiss, B. Barish, and K. Thorne
expanded our knowledge about the Universe and led to
the development of fundamentally new observation
channels for distant space objects that develop
multichannel astronomy, including gravitational wave
astronomy [13].

3. Nobel Prize in physics for 2018. On October 2,
2018, the Royal Swedish Academy of Sciences
announced the awarding of the next Nobel Prize in
physics. Its winners «... for revolutionary inventions in
the field of laser physics» became [19]: American
physicist Arthur Ashkin (born on September 2, 1922,
Fig. 8), American-French physicist Gérard Albert
Mourou (born on June 22, 1944, Fig. 9) and Canadian
physicist Donna Strickland (born on May 29, 1959, Fig.
10). This time, the Nobel Committee press release
emphasized that D. Strickland became the third woman in
history to be the winner of this prestigious physics Prize
(after French-Polish radiochemist Maria Sktodowska-
Curie (1867-1934) and American-German physicist Maria
Goppert-Mayer (1906-1972) [16]).

Fig. 8. Outstanding American physicist Arthur Ashkin (born in
1922), Laureate of Nobel Prize in Physics for 2018 [19]
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Fig. 9. Outstanding American-French physicist
Gérard Albert Mourou (born in 1944), Laureate of Nobel Prize
in Physics for 2018 [19]

Fig. 10. Outstanding Canadian physicist Donna Strickland
(born in 1959), Laureate of Nobel Prize in Physics for 2018 [19]

The winners of the 2018 Prize, named after A.
Nobel, were awarded for their scientific work in the field
of physical optics and laser technology, which they
performed dozens of years ago. An interesting fact is that
A. Ashkin was the oldest Nobel Prize winner in its entire
history [19]. By the way, this scientist until 1992 headed
the Department of Physical Optics and Electronics at Bell
Labs, USA. Parents of A. Ashkina before the 1917
revolution in the Russian Empire left Odessa city for the
United States. Remarkable inventions in the field of laser
physics by A. Ashkin, G. Mourou and D. Strickland
greatly expanded the practical application of light
pressure (photons) in the world, which was made possible
thanks to the tremendous progress of quantum optical
generators — lasers («Light Amplification by Stimulated
Emission of Radiation» [16]. Just from the official
formulation of the Nobel Committee for the scientific
merits of the above new physicist Laureates their applied
orientation with obvious technological application
follows. The last time a similar event in the history of the
«Nobel» was observed in 2014, when three Japanese
scientists were awarded the Nobel Prize in physics for the
outstanding invention of blue LEDs [8, 19].

Note that in the period 2015-2017 the Nobel Prizes
in physics (see Sections 1, 2 of this paper and [8]) were
awarded to scientists for their outstanding results in the
field of basic research. It is known that the pressure of the
photon flux (ordinary light) is extremely small [9]. For
example, the force with which sunlight pushes planet
Earth in outer space is sixty trillion times less than the
force of its attraction by the Sun [19]. Therefore, it was no
coincidence that in 1905 the famous English physicist
John Henry Poynting (1876-1943) in his presidential

address to the British Physical Society noted that
experiments performed in the world (including Professor
at Moscow University Peter Nikolaevich Lebedev, 1866-
1912) to determine the value of light pressure
demonstrated the extreme smallness of this physical
effect, «... excluding it from consideration in earthly
affairs» [19]. This conclusion in physical science
remained almost right up to the invention of lasers in
quantum electronics [9, 16].

It is known that laser radiation has such rare physical
properties as: exceptional spectral purity (that is, the
ability to generate almost perfect monochromatic
electromagnetic radiation) and high spatial coherence [9,
19]. In this regard, the laser beam (light) can be focused
into a microscopic spot with a diameter of only slightly
more than one length of the corresponding
electromagnetic wave. Therefore, with a laser emitter
power of only a few watts, we can obtain such an
intensity of the light flux of a given electromagnetic
radiation that will be a thousand times higher than the
total intensity of the visible spectrum of solar radiation,
averaging about 1376 W/m” at the entrance to the Earth’s
atmosphere [2, 9, 19]. Note that in the 1960s, the laser
radiation intensity was about 10'° W/ecm?® [19]. In the
1970s, it was already about 10> W/cm? [19]. Until the
mid-1980s, this increase in the intensity of the laser beam
continued at a slow pace [19].

A. Ashkin quickly appreciated the unique
capabilities of lasers almost immediately after their
invention. Note that the world's first artificial ruby crystal
laser containing aluminum oxide with a small admixture
of chromium atoms was created in May 1960 by
American physicist Theodore Harold Maiman (1927-
2007), who worked in the research center of the Company
Hughes Research Laboratories, USA [16]. As a result of a
series of witty experiments conducted at Bell Labs, USA
using such a laser, A. Ashkin in the 1960s invented a
«light trap» that reliably holds the smallest objects of
various nature [19]. These studies took him at least 25
years. In 1986, he, together with his collaborators, for the
first time described in detail the experimental results
obtained in the USA on optical «capture» using a «light
trap» of dielectric particles ranging in size from tens of
nanometers to tens of micrometers [19]. Over time, A.
Ashkin's «light traps» were called «optical tweezers» or
«laser tweezers». In subsequent years, this laser
technology has been greatly improved and its capabilities
have expanded significantly. As it turned out, «laser
tweezers» can not only hold micro- and nano-objects, but
can also move them, rotate and even cut them into pieces.
Now they are widely used in molecular biology,
genomics, virology, and in other fields of science and
technology [19]. For example, laser cooling of neutral
atoms to ultralow temperatures and their «trapping» has
become the most important area of practical application of
«optical tweezers». By the way, for his work in the field
of low-temperature physics using laser technology, his
former employee and US citizen Steven Chu with his
compatriot William Daniel Phillips and French physicist
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Claude Cohen-Tannoudji became Nobel Laureates in
physics in 1997 [2, 5].

It can be seen from the above that A. Ashkin owed
his Prize to the method of manipulating nano- and micro-
objects using laser radiation with a relatively low energy.
In contrast to A. Ashkin, his Laureate colleagues G.
Mourou and D. Strickland worked in the field of laser
physics with high energy indicators. By 1985, they had
developed a very effective way to increase the power of
laser pulses [19]. Thanks to this method, the power
density of laser radiation again went into sharp growth,
and now it has reached an index of up to 102 W/cm® [19].

The essence of an effective method for amplifying
laser pulses proposed by foreign experimental physicists
G. Mourou and D. Strickland according to [19] is as
follows. First, an ultrashort laser pulse of light radiation is
passed through a pair of diffraction gratings, which
stretch it over several orders of time. Note that in their
first experiments, G. Mourou and D. Strickland used fiber
optic cable for this purpose, but diffraction gratings
proved to be more efficient. As a result, the peak energy
of the electric field of the laser pulse drops so much that it
passes through an optical radiation amplifier (a sapphire
crystal doped with titanium ions is usually used for this)
without disturbing (destroying) the crystal structure of the
latter. Then, a repeatedly amplified laser pulse is passed
through the next couple of diffraction gratings. These
gratings compress it (laser pulse) to the original length
(time duration). As a result, a very short laser pulse of
extremely high intensity is obtained at the output of the
described optical system. The first joint experiments by
G. Mourou and D. Strickland, conducted by them at the
Laser Energy Laboratory of the University of Rochester,
USA, using this method of amplification of chirped laser
pulses led to the creation of picosecond terawatt laser
systems [19].

The field of practical application for today of
ultrashort superpowerful laser pulses has proved to be
extremely extensive, including various branches of
science and technology. We point out that it extends from
conducting many experiments in the field of fundamental
and applied physics, utilization in military affairs (combat
lasers), modifying (structuring) the surfaces of various
parts, amplifying photoluminescence signals, performing
hypersensitive chemical analysis of substances, creating
new metamaterials, and then to surgical treatment of
myopia and astigmatism in millions of people on our
planet [16, 19].

4. Nobel Prize in physics for 2019. On October 8§,
2019, the Royal Swedish Academy of Sciences published
the names of Nobel Prize winners in physics for 2019
«... for their contribution to our understanding of the
evolution of the Universe and the place of the Earth in
space» They are famous astronomers and astrophysicists
[20]: Canadian Phillip James Edwin Peebles (born on
April 25, 1935, Fig. 11) and the Swiss Michel Mayor
(born on January 12, 1942, Fig. 12) and Didier Queloz
(born on February 23, 1966, Fig. 13). We point out more

specifically that J. Peebles was awarded this Prize «... for
theoretical discoveries in physical cosmology», and
M. Major and D. Queloz «... for the discovery of an
exoplanet orbiting a solar-type star» [20]. In a press
release from the Nobel Committee in connection with the
award of this prestigious Prize, it was stated that these
«... discoveries of scientists are revolutionary for
astronomy» [20].

Fig. 11. Outstanding Canadian-American astrophysicist
Phillip James Edwin Peebles (born in 1935), Laureate of Nobel
Prize in Physics for 2019 [20]

Fig. 12. Outstanding Swiss astrophysicist Michel Mayor (born
in 1942), Laureate of Nobel Prize in Physics for 2019 [20]

Fig. 13. Outstanding Swiss astrophysicist Didier Queloz (born in
1966), Laureate of Nobel Prize in Physics for 2019 [20]
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J. Peebles (for many years he was a Professor at
Princeton University, USA) turned out to be one of
those prominent astrophysicists in the world who
theoretically predicted the existence and described the
properties of relict radiation that filled our Universe
after the Big Bang in it [20]. In 1964, J. Peebles
theoretically came to the conclusion that space is
penetrated by isotropic microwave radiation with
temperature of the order of 10 K [20]. He published the
results of his calculations in 1965 in the authoritative
American scientific Journal «Astrophysical Journal»
[20], which simultaneously published the experimental
work of young US scientists Arno Penzias and Robert
Woodrow Wilson, then members of Bell Labs, USA.
The latter succeeded in measuring the background radio
emission of the Milky Way galaxy using a six-meter
horn satellite dish antenna [15]. Their receiving radio
equipment tuned to a 7.35 cm long electromagnetic
wave registered a weak but very stable signal, which
was independent of the position of the antenna in the
Earth’s atmosphere. In 1964, these American scientists
came to the conclusion that this electromagnetic signal
could not have an intragalactic origin. They realized that
they were dealing with a signal whose spectral
composition corresponded to the emission spectrum of
an absolutely black body heated to 3.5 K according to
their then estimate [20]. This electromagnetic radiation
came from all sides of the earthly firmament and was, in
their opinion, completely isotropic [20]. This
experimental work by A. Penzias and R.W. Wilson
famous world astronomers consider a landmark
achievement in 20th-century astrophysics. Therefore, it
was no accident that in 1978 it brought them the Nobel
Prize in physics [20, 21]. According to modern data,
cosmic microwave relict radiation discovered by these
talented physicists arose 380 thousand years after the
Big Bang, which occurred about 12 billion years ago [2].
Outer space was then filled with plasma, consisting of
protons, electrons, and helium ions, which was in
thermodynamic equilibrium with «hot» electromagnetic
radiation. When, due to the expansion of space, this
plasma cooled to about 4000 K, the formation of
electroneutral atoms (first helium, and then hydrogen)
began in it [20].

For greater clarity in the complex intergalactic
problem under consideration, we note that the temperature
of the relict radiation decreases inversely with the
expansion of outer space. Since the linear dimensions of
our Universe have increased by three orders of magnitude
since the initial release of photons, the degree of its
heating and, accordingly, the energy of the relict radiation
have also decreased. According to current data, its
temperature is 2.725 K [2, 7, 20]. Therefore, its initial
assessment by A. Penzias and R.W. Wilson, although was
somewhat overpriced, is still surprisingly close to the
truth. The intensity of microwave relict radiation reaches
a peak at waves 1 mm long, not able to penetrate the
Earth's atmosphere. Therefore, the discoverers actually

recorded only its long-wave tail, and the full spectrum
was determined much later using high-altitude balloons
and spacecraft. However, these scientists determined the
general form of this spectrum extremely accurately,
although their instruments were far from perfect [20].

It should be noted that the predictions of J. Peebles
are associated not with the fact of the existence of
microwave relict radiation in the Universe, but with its
properties [22]. Firstly, this Nobel Laureate on the basis
of theoretical models developed by him showed that relict
radiation plays an important role in the formation of
galaxies of the Universe. Secondly, he calculated the
spectrum of fluctuations of this relict radiation. He
developed a new model of the Universe and with its help
estimated how this radiation would look if you add in it
(this model) «cold dark» matter to the ordinary matter of
the Universe. Thirdly, he added «dark» energy with
negative density to this model and again recalculated the
spectrum of relict radiation. On a similar cosmological
model, J. Peebles studied how the hypothetical entities
introduced by him affect the evolution of the Universe as
a whole and the formation of its galaxies in particular.
Essentially, he laid the foundations of theoretical
cosmology. Here, we should not forget about the great
contribution to this science made by the famous Soviet
theoretical physicist Yakov Borisovich Zeldovich (1914-
1987) [16].

M. Mayor and D. Queloz, working at the Geneva
Observatory, practically in 1994, jointly began a
systematic search for exoplanets (earth-like planets) in the
Milky Way galaxy, located near its «normal» (lying on
the main astro sequence) stars and « red giantsy».
Exoplanets previously discovered before them by other
astronomers of the world, located near pulsars [15], did
not present special prospects for science. Valuable to
astrophysicists were only those exoplanets that were
placed around stars of the solar type. In these
astronomical observations, they used a unique high-
resolution spectrometer ELODIE (it was commissioned at
the end of 1993) mounted on a 193-cm telescope of the
observatory [20]. In the fall of 1994, using the indicated
equipment, these scientists discovered that one of the
observed stars («51 Pegasus») showed fluctuations in its
radial velocity with period of about four Earth days. It
was for this (for observing peculiar «star swings» from
Earth) that they needed an ultraprecise spectrometer that
could sense the weak shifts of the emission spectrum of
stars accompanying the rotation of exoplanets around
them. On November 23, 1995, M. Major and D. Queloz
published their paper in the Journal Nature, from which
the world learned about the long-awaited discovery of the
planet orbiting an ordinary star of the main astro sequence
[20]. In such a way they discovered the first exoplanet
(Fig. 14) from that family of planets, which they later
called the «hot» Jupiters. The newly discovered exoplanet
«51 Pegasus b» was nothing like the satellites of the Sun.
She circled in a circular trajectory with radius of about 7.5
million kilometers, making one revolution around her star
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in just 4.2 Earth days. At the same time, it had a very
large mass — about 0.47 of the mass of Jupiter. Further in
1995, discoveries by other astronomers of two more
exoplanets with mass of several Jupiters orbiting the stars
«70 Virgo» and «47 Ursa Major» [20] followed. Since
then, planetary astronomy once and for all went beyond
the limits of the solar system. And then similar
discoveries rained down one after another. We point out
that after such discoveries in science, astronomers who
believed in the technical capabilities of their high-
precision measuring instruments have already discovered
more than 4,100 exoplanets (new «worlds») scattered
across our huge Milky Way galaxy [20, 22].

Fig. 14. General view of the exoplanet «51 Pegasus by (left),
discovered in 1995 in our Milky Way galaxy by prominent
Swiss astrophysicists M. Mayor and D. Queloz [22]

The successful «pursuit» of exoplanets not only gave
astronomy rich information, but also attracted public
attention to this ancient science and increased its prestige.
Therefore, it is not surprising that in the 21st century, the
world scientific community made serious efforts to
develop new astronomical devices of the next generations,
designed for search of such exoplanets to be potentially
inhabited by intelligent beings in space [20, 22]. The
valuable results of astrophysical research by M. Major
and D. Queloz brought astronomy to a new path of its
further development. Summarizing, we can reasonably
say that J. Peebles and M. Major with D. Queloz, through
their outstanding scientific works in astronomy and
astrophysics, have opened up a huge wealth of new ways
in studying the space surrounding us.

Conclusions.

Winners of the Nobel Prize in Physics for the period
2016-2019 made a great contribution to the further
development of world science and modern technology.
Their outstanding scientific and technical achievements
allow to expand and deepen people's knowledge about
matter, about the evolution of our Universe, to understand
the place occupied by planet Earth and its role in space,
and to effectively direct advanced laser technologies
developed in the world to serve humanity.
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V.1 Milykh, L.V. Shilkova

CHARACTERISTICS OF A CYLINDRICAL INDUCTOR OF A ROTATING MAGNETIC
FIELD FOR TECHNOLOGICAL PURPOSES WHEN IT IS POWERED FROM THE
MAINS AT A GIVEN VOLTAGE

Introduction. A computational analysis of the characteristics of an inductor of a rotating magnetic field for technological
purposes is presented. The design of its stator is borrowed from a three-phase induction motor. The cylindrical cavity inside
the stator is occupied by a working chamber into which a granular or liquid processed substance is loaded. The processing is
carried out with elongated ferromagnetic elements moving with a magnetic field. Problem. The purpose of the article is a study
of the electromagnetic, phase, and energy characteristics of an inductor at its operation under load mode with a given voltage
of the stator winding. Methodology. The study is performed on the basis of numerical calculations of the magnetic field,
taking into account the anisotropy of the low-magnetic medium in the working chamber. Its discrete medium is represented
homogeneous with different magnetic permeabilities on mutually perpendicular axes. The technique of transition from the
results of the magnetic field calculation to the electric, magnetic, phase and energy parameters of the inductor is given. This is
facilitated by the electrical equivalent circuit of the stator phase winding, the equilibrium equation of its electrical quantities,
vector diagrams and an iterative method for determining the current at a given voltage. Results. Mutual dependencies of a
number of inductor parameters are formed into a family of characteristics exhibiting its properties in an operating mode with
a changing load. Characteristics include such quantities as magnetic flux linkage of the stator winding, its current and EMF,
Phase shifts between them, electromagnetic torque, expended and useful power and its losses, power factor and efficiency. In
this article, a feature of this mode is the stability of the stator winding voltage in the inductor. This complements the earlier
studies of the inductor in the mode with stabilization of the winding current, which allows to compare these options. On the
example of a test sample of an inductor, a number of its characteristics are shown, vector diagrams of its electric and
magnetic quantities illustrating their mutual phase shifts are given. Practical value. The presented technique for determining
the electric and magnetic quantities of the inductor and their phase relationships, and also the shown family of characteristics
can contribute to increasing the design efficiency and improving the inductors of the considered type. The developed
technique has the universality property, as it is capable of displaying their various circuit and constructional design
parameters. References 9, figures 8.

Key words: three-phase cylindrical inductor, working chamber, ferromagnetic elements, rotating magnetic field, numerical
calculations, load mode, stable voltage, electric, magnetic and energy parameters, phase shifts.

Haoano pospaxynkosuii ananiz xapakmepucmuk iHOYKmopa 00epmo6020 MAZHIMHO20 RO MEXHOJI02IYHO20 NPUIHAYECHHA.
Konempykuia 11020 cmamopa 3ano3uuena y mpugaznozo acunxpounoz2o oeuzyna. ILlunindpuuna noposwcnuna ycepeouni
cmamopa 3ainama pooouolo Kamepoio, 6 AKY 3A6AHMANCYEMbCA CUnNKA ado pioka o6poodntoeana peuosuna. Oopooka
6i00ysacmuca 0062acmumu epOMAZHIMHUMU eleMEeHmamu, Wo pyxaromsca 3 MazHimuum nonem. Buknadena memoouka
OMPUMAHHA eNeKMPUYHUX, MAZHIMHUX [ eHepzeMmUYHUX 6eUYUH IHOYKMOpa, AKA 3ACHO6AHA HA YUCETbHO-NOTbOGUX
PO3PAXYHKAX 3 YPAXYBAHHAM MAZHIMHOT anizomponii cepedosuuya, wio 3ano06HI0E pooouy kamepy. Bzaemni 3anexcnocmi nuzku
eeuyUHn chopmosani é cim’o xapaKkmepucmuk, AKi RPOAGIAIOMY 11020 671ACMUEOCII 8 POOOUOMY pexcumi. Y yiti cmammi 11020
ocobnusicmiwo € cmabdinvhicmov Hanpyzu oomomku cmamopa indykmopa. Lle oonoenioe npoeedeni pamiuie 00CaidIHCEHHA
iHOyKmopa ¢ pedxcumi i3 cmabinizayiclo cmpymy 00MomKu, wio0 0036014€ nopieuamu maxi eapianmu pooomu. Ha npuxnaoi
mecmoeo2o 3pazKa inOyKmopa nOKa3ano psao 1uoz2o XapaKmepucmuk, npueedeni 6eKmopHi diazpamu e1eKmpuyHux i MazHimHux
eenuuun, wo inrocmpyroms ix e3aemui gpazosi smiwenns. bioin. 9, puc. 8.

Kniouogi cnosa: tpudazHmii uuaiHApuYHUN iHAYKTOp, poldouya kamepa, (epOMATHITHI ejleMeHTH, MarHiTHe mnoJse, IO
00epTa€EThCsA, YHCEIbHI PO3PaXyHKH, pe:KMM HAaBaHTa)KeHHs, CTa0lIbHA HANpPYyra, eJeKTPUYHi, MarHiTHi i eHepreTHuHi
napameTpu, ¢a3oBi 3cyBH.

Ilpeocmaenen pacuemnslii ananu3 Xapakmepucmuk UHOYKMOPA 6PAULAIOU4€20CA MAZHUMHO20 RONA MEXHOJ102UYeCKO20
Hasnauenus. Koucmpykyua e2o cmamopa 3aumcmeosana y mpexgaznozo acunxponnoz2o oeuzamena. Lununopuueckan
noNOCMb GHYMPU CMAMOPA 3aHAMA padoueil Kamepoii, 6 KOMOPY 3azpPyrHcaenca cvlnyyee uiu Hcuoxkoe odpadamuvigaemoe
seujecmeo. Qopadomka npPoOUCXooum OBUNCYUWUMUCA C MAZHUMHBIM HOAEM RPOOOTIZ0CAMBIMU  (heppOMAZHUMHBIMU
anemenmamu. H3noxcena Memoouxka NOAyYeHUA INEKMPUYECKUX, MAZHUNIHBIX U IHEPeMUUECKUX GeIUYUH UHOYKmMOopa,
OCHOBAHHAA HA YUCIEHHO-NOJIEGbIX PACUEMAX C YUemOoM MAZHUMHOU AHUZOMPONUU CPelbl, 3ANONHAIOWEN Padouyo Kamepy.
B3aumnwvie 3asucumocmu paoa eenuyun copmuposansvi 6 cemeiicmeo XapaKmepucmuk, NPOAGIAIOWUX €20 CEOliCMmEa 6
pabouem pescume. B oanmnoii cmamve ez0 ocobennocmuvio AenAemMcA CMAOUILHOCHL HANPANCEHUA OOMOMKU CHAMOPA
UHOYKmMOpa. mo 00nonHAem nposedeHHbvle panee UCCAe008anus UHOYKIMOPA 6 Pexcume co cmadunuzayueii moka ooMomxu,
umo noseonsem cpasHumev makue eapuanmuvl paoomsl. Ha npumepe mecmosozo obépasya uHOyKmopa nokazam psao ez2o
XapaKkmepucmuk, NnpueeoeHvl GeKmMOpHble OUAZPAMMBL IIeKMPUUECKUX U MAZHUMHBIX GeNUYUH, UNTIOCIMPUpYIOwue ux
e3aumnble Qpazosvie cmeuyenun. budn. 9, puc. 8.

Knouesvle cnosa: TpexdasHblii IUIMHIAPUYECKUI HHIYKTOP, padoyasi kKamepa, (peppoMarHuTHbIE 3JIEMEHThI, Bpaliawueecs
MAarHuTHOE TMoOJIe, YHCIeHHBbIE pacyeThl, Pe:KUM HArpy3KH, CTa0HJILHOe HANpsSKeHHe, JIeKTPHYecKHe, MATHHTHBIE H
JHepreTHYecKHe MapaMeTpsl, (ha30Bble CMeIeHHs.

Introduction. In a number of industries, the The magnetic fields that provide this are diverse in
technological treatment of liquid or granular substances is  structure and character, and rotating fields have their

done with magnetic stirrers, grinders and separators [1-5]. © V.1 Milykh, LV, Shilkova
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place here. They are created by an inductor, the design of
which is borrowed from the stator of a three-phase
induction motor [6].

A working chamber is placed in the cylindrical
cavity of the stator, through which the processed
substance is passed. Processing is done by ferromagnetic
elements (FEs) in the form of elongated segments of steel
wire, moving with a rotating field. They create the so-
called «eddy layer» in the chamber [5-7]. The thin shell of
the camera is made non-magnetic and therefore does not
interact with the field.

From the analysis of scientific publications it
follows that the study of the electromagnetic parameters
of the inductor is carried out mainly on the basis of
methods from the theory of magnetic circuits. However,
with very large gaps and a discrete low-magnetic space
inside the working chamber, the representation of the
structure of the inductor in several homogeneous
magnetic sections becomes problematic.

Clarification of electromagnetic calculations and
improvement of the design of the inductor is possible
through the use of numerical-field methods. And on this
basis, in [7], studies of electromagnetic and energy
parameters and the corresponding characteristics of the
inductor during its operation in the load mode have
already been carried out. The condition for this was the
stability of the stator winding current of the inductor with
appropriate regulation of its voltage. And it was also
noted there that the mode of interest is a given constant
voltage mode.

The goal of the paper is study of electromagnetic,
phase and energy characteristics of the inductor during its
operation in load mode with a given voltage of the stator
winding. This is performed, as in [7], by means of
numerical-field calculations taking into account the
anisotropy of a low-magnetic medium in a working
chamber filled with ferromagnetic elements.

Object of study. The electromagnetic system of the
inductor is adopted as in [7], and here it is represented by
its cross section (Fig. 1). In the calculations, the
rectangular (x, y) and polar (r, a) coordinate systems are
used, and « is counted from the y axis.

The inductor has the number of pairs of poles p = 1,
phases m, = 3, slots Q; = 42 and turns of the phase
winding N, = 28. The technical conditions set the radius
of the surface of the chamber r,, = 0.15 m, the axial length
of the core /, = 0.3 m, its inner radius r; = 0.175 m. The
stator winding is distributed, two-layer, its relative
shortening is 18/21, the circuit is «star». The fill factor
K, of the core with electrical steel grade 2013 is 0.97.

The rated phase voltage of the stator winding
U,y =220V, frequency f; = 50 Hz.

A fragment of an idealized structure of FEs
uniformly distributed in the working chamber is shown in
Fig. 2. In general, this corresponds to the data of
experimental studies on the physical model of the
inductor [6]. Although the actual distribution of elements
is somewhat more chaotic, idealization is necessary for
organizing available calculations.

Fig. 1. The cross section of the electromagnetic system of the
inductor: / — core; 2 — winding; 3 — surface of the working

chamber
Ad I
A y 0
d. ||d,
AT]
q
dy
bl -
U ég
X 2
Z > YUl
a b

Fig. 2. Idealized structure of ferromagnetic
elements (a), their sizes and gaps (b)

For the test case, according to the notation of the
quantities (Fig. 2,b), their values are taken: d, = 1 mm;
b, =23.8 mm; d, = 1.43 mm; d, = 1 mm, the fill factor of
the chamber with elements in the plane xy (Fig. 2,a)
Koo = 0.35, by volume Kp,, = 0.122.

The essence of numerical field calculations. A
rotating magnetic field in the inductor is excited by a
symmetric three-phase system of stator winding currents
(Fig. 1):

iy =1I,co8(ws+B) ig =1,cos(og—2m/3+B);

ic = I,cos(@gt+2m/3+B) (1)

b

where 7 is time; /,, = NEY s1s the amplitude of the phase

currents at their effective value [; o; = 2nf; is the angular
frequency; B is the initial phase of the currents, which
gives the angular displacement of the stator winding
MMF vector Fy from the y axis, necessary for a particular
calculation mode.
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The instantaneous directions of currents (1) in the
winding rods are shown in Fig. 1 for # =0 and 3 = 45°, the
corresponding direction of the MMF vector F is also
given.

In the cross section of the inductor (Fig. 1), a plane-
parallel magnetic field is described by the well-known
differential equation:

rotfp 'rot(kA4,)] = kJ, | @)

where £ is the axial unit; J,, 4, are the components of the
vectors of current density and magnetic vector potential
along the z axis; y, is the absolute magnetic permeability.

The propagation of the field is limited by the circle
on the outer surface of the stator core by setting the
boundary condition 4, = 0.

Numerical calculations of the magnetic field are
performed by the FEMM program [8] by the Finite
Element Method, which is controlled by the Lua script
created by analogy with [9].

The magnetic permeability p, in the laminated core
of the stator and nonmagnetic medium when calculating
the field is taken into account in a known manner [8]. In
the working chamber, a discrete magnetic-nonmagnetic
medium (Fig. 2) is represented by a continuous
homogeneous medium  with  different magnetic
permeabilities p; and p, along the longitudinal d and
perpendicular to it transverse ¢ axes (Fig. 1, 2). Different
magnetic properties in the chamber in different directions
correspond, in fact, to the magnetic anisotropy of the
medium. The justification of this transition and the
principle of determining the values of p, n , are given in
[7], where the relative values of the magnetic
permeability p,; = 10 p.u.; p, = 1.5 p.u. were obtained
which are also used in this paper.

Test calculation of the magnetic field and the
principle of operation of the inductor. In Fig. 1, the
longitudinal axis d coincides with the y axis. Here, a priori
a «snapshot» of the vectors of the magnetic flux density B
and MMF F is shown.

When the inductor operates under load, the angle Bis
within the range 0 — 90°, and at extreme values 0 and 90°
there is no electromagnetic torque, and this corresponds to
idle mode [7].

As a «point» example, a test calculation of the
inductor in the load mode with a rated voltage U,y and at
B = 45° was performed. The phase current /; was 455 A,
which was substantiated in [7].

In Fig. 1, the bold arrows show the calculated
corresponding distribution of the magnetic flux density
vectors B in the conditioned mode (on one scale). They
are rotated with respect to the d axis in the direction of
rotation of the field indicated by the arrow n;, but they lag
behind the MMF vector F;, which «leads» the vectors of
the remaining quantities. Note that in the center of the
working chamber, magnetic flux density is 0.36 T.

In idle mode, the vectors F; and B (thin arrows) in
Fig. 1 are directed, naturally, along the longitudinal axis
d. It can be seen that, under load and during idle, the
magnetic field in the chamber is almost uniform.

It is known that elongated ferromagnetic elements
tend to be located along the lines of force of the magnetic

field and, thus, parallel to the magnetic flux density
vectors. The processed substance entering the working
chamber cannot immediately «pick up» the rotation
frequency corresponding to the rotation frequency of the
magnetic field n,, and therefore is penetrated by elements
moving with the field.

Therefore, due to the braking effect of the medium
being processed, between the direction of the magnetic
flux density vectors B of the magnetic field that rotates
and the elements oriented along the d axis, an angle shift
must be formed. This is a prerequisite for creating the
electromagnetic torque (EMT) M,, acting on the
elements, and this determines the intensity of processing
heterogeneous  mixtures according to a given
technological process.

In fact, it is revealed that in the considered inductor
the EMT is reactive, and, therefore, its principle of
operation corresponds to a synchronous reluctance motor,
which was already noted in [7]. That is why — like
synchronous electric machines, the longitudinal axis d is
assigned in the working chamber in the direction of
orientation of the ferromagnetic elements, and the
transverse axis ¢ is directed perpendicularly. In the steady
state load conditions, these axes rotate together with the
magnetic field and FEs.

Determination of magnetic, electrical and energy
quantities of the inductor. The setting or calculation of
such quantities is an important and necessary problem in
calculating the electromagnetic and energy parameters
and characteristics of the inductor, which are presented
below in the text.

One of the basic values of the analysis of a number
of electromagnetic parameters of the inductor is the
magnetic flux linkage (MFL) ¥, of the stator winding. In
the FEMM program, it is determined using the Lua script
[8, 9] with a special function.

After calculation, by scanning the phase winding
with its «mask», the numerical angular function of the
MFL is formed from the instantaneous structure of the
magnetic field:

Wieloy), k=1,2,... . K, 3)

where the required number of positions K is O, / 2.

This function is periodic, is represented by a
harmonic Fourier series, and is transformed into the
temporal function of the MFL, as shown in [7]. Of this
series, the first harmonic is used, as is customary in
electric machines:

Y, =Y, cos ((ust +Vya ) 4)

By means of the law of electromagnetic induction,
phase EMF of the winding is derived from (4):

e, = oV, cos (oost +Yya — T/ 2) , 4)

whence its effective value and initial phase:
E, :\/Enfslljm;'YEa:’Y\ya_n/2' (6)

The set of processes in the phase winding of the
stator in [7] is represented by an electrical equivalent
circuit, as well as by the corresponding equation of
equilibrium of voltages and EMF:

U,= Ea + ijls + (Rs + Rmag )lc ’ ™)

YT
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where, based on (1) and (6), the complexes of current and
EMF of this winding are known:

is - [SeJB ; Ea :EaeJYEa . (8)
Formula (7) includes the active resistance R; of the

stator winding and the reactance of its frontal scattering
X,. They are calculated according to classical methods for

calculating induction motors and amounted to:
R, =9.68 mQ and X, = 22 mQ.
Active resistance, representing the power of

magnetic losses P, in the stator core, is sought by the
formula:

2
Rinag = Pinag /(msls )s )
and such a power, as in [7], is obtained in the course of

numerical-field calculation.
According to (7), the voltage complex is found in

exponential form U, = Ue/TVs , which gives its effective

value U,. The phase shifts of the EMF E, and voltage U,
relative to the current /; are obtained through their initial
phases vz, and vy, already determined, namely:
PEa = YEa— B and Ps=Yus — B

In the load mode of the inductor, by the test
calculation of the magnetic field and parameters we
obtained: yy, = 21.1°; ¥, = 0.938 Wb; E, = 208 V;
Qra=00.1% Puge=1.906 kW; R4, =3.04 mQ; @, = 65.8°.
At the same time, the image shown in Fig. 1 is an
obtained vector picture of the magnetic flux density, and
in addition Fig. 3 shows an obtained picture of field lines.
Here, the direction of the vectors of magnetic quantities is
given, and their position angles are shown, including the
magnetic flux density vector B in the center of the
chamber. Its angle is determined by the coordinate
components of the magnetic flux density B, and B,:
ap=arctg(B,/B,) = 15.1°

Fig. 3. Magnetic field lines and directions of vectors of magnetic
quantities

An interesting fact is that the angle yy, turned out to
be noticeably smaller than the angle f. In addition, it was
found that for § = 0, the angle yy, also has a zero value,
and this corresponds to the idle mode, because the EMT,

as shown below, is also equal to zero. The angle of
displacement of the MFL vector ¥, during the transition
from the idle to the load, according to the well-known
theory of synchronous electric machines, is called the
angle of load @. Therefore, the angle yy, marked in Fig. 3,
is the angle of the load of the inductor, that is, we can
assume: O = yy,.

Based on the calculation of the magnetic field and
the identification of phase (angular) and quantitative
relations of electrical and magnetic quantities, we can
proceed to determine the energy parameters of the
inductor.

Directly by the distribution of the radial B, and
angular B, components of the magnetic flux density using
the FEMM software [8], through the Maxwell magnetic
tension tensor, the rotating EMT is obtained, which is
essentially reactive:

l

=——<4 [rB,B,dS,

o (Fsi = ) Ss
where S; is the cross-sectional area of the gap bounded by

the radii r,, and r; P is the magnetic constant.
The output, i.e. useful inductor power is obtained in

the mechanical relationship:

Fout = M ems / p -

(10)

em

(11
Through electrical quantities, electromagnetic power
is obtained:
(12)
Power consumption from the mains — input power:
Fy =mU I cosgg . (13)
The power losses in the inductor are the sum of the
aforementioned magnetic losses power P,, and the
electric losses power in the stator winding:

2
Fop =mgRyl§ . (14)
By determined powers, the efficiency of the inductor
is found:

P,,=myE I.cosqg, .

=Py / By- (15)

Variants of the inductor operation in load mode
and the principles of their calculation. When the mode
of operation of the inductor changes, concomitant changes
in the quantitative-phase ratios of electric and magnetic
quantities occur in it. To obtain the characteristics of the
inductor, it is necessary to maintain the values of the basic
quantities, vary one of the quantities accepted as an
argument, and calculate other values— functions.

The initial (generalized) phase of currents f, which
is included in (1), is accepted as a variable quantity,
which, when the inductor operates, is automatically set
depending on the level of its load.

Operation of the inductor is possible in two variants
with the corresponding basic values:

1) when stabilizing the effective value of the current
I, that is, I, = const;

2) when stabilizing the similar voltage value U, that
is, U, = const.

In the first variant, by varying the angle £ for each of
its values, the direct problem is in fact solved: for a given
current [, the magnetic field is calculated and the
necessary parameters of the inductor including the voltage
U; are obtained from the sequence of formulas (1) — (9).
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In the second variant, for a given voltage including
the voltage U, for each angle f, the inverse problem is
solved with the result of obtaining a number of
parameters of the inductor, as well as the current I
unknown in this case.

The solution of the inverse problem is more
complicated and is obtained by the method of successive
approximations with the solution of the direct problem at
each iteration.

For such a solution, for each new value of the angle
B, the initial approximation of the current /;; is set (for
example, it can be taken from the experience of previous
calculations) and the magnetic field is calculated, and
then the voltage value Uj, is obtained from (7).

After the first and each subsequent iterative steps, a
new value of the stator current is determined by linear
interpolation or extrapolation:

Is,ni - 1s,ni71
(U -
Ui —U
where ni, ni — 1, ni + lare the numbers of the current,
previous and next iterations, respectively.

At the first iteration, the number of the previous
iteration is ni — 1 = 0, for which /o = 0 and U, = 0 are
accepted, and the values of 7 ,; and U, are already
prepared.

At the subsequent iteration, the value Ip, + |
obtained by (16) already plays the role of I;,;, and the
previous value of /;,; plays the role of /;,; . ;. And again,
for the updated current /;,; the magnetic field and phase
voltage U;,; are calculated using formulas (1)-(9).

After the next iteration, the voltage mismatch with
its specified value U; is determined:

dUS _ abS(Us Us,ni+1) ) (17)
US

Iterations continue until the specified accuracy of the
solution dUs ,,,, is obtained, i.e.

AU, < AU, . (18)

The last value [;,; + | — this is the current /; at which
the value of U, will be provided.

For example, at § = 45°, after setting the initial value
of the current /;; = 500 A, the values [, = 455 A and
dU; = 0.0005 p.u. (for these calculations, this is even
excessive accuracy) were obtained in four iterations.

To identify the quantitative-phase relationships of
the values, calculations were performed for the two
variants of operation of the inductor noted above in the
text. This is done with four values of the angle £: 0, 30°,
60° and 90°. The obtained currents, MFLs, and voltages
are presented in vector form in Fig. 4 in compliance with
the proportions for the same values.

When stabilizing the current, its value is taken as in
the above calculation of the parameters of the inductor at
U;=220Vand f=45° i.e. [ =455 A.

When stabilizing the voltage, its value is assumed to
be nominal, that is, U; =220 V.

It turned out that the vectors of the current and the
MFL coincide in phase only at extreme values of f — at 0
and 90°. For all other angles (and not only those
considered), the MFL vector ¥, substantially lags in

(16)

Is,ni+1 = IS,nl'*l + Uy Ji— 1)

S,ni s,ni—1

phase from the current vector [, as was already shown in
Fig. 3.

At I; = const (Fig. 4,a), with an increase in the angle
p, the values of the MFL and the required voltage Uj
significantly decrease. At U, = const (Fig. 4,b), with an
increase in the angle f, the MFL values are also stable,
but the required current /; significantly increases.

Figure 4 shows the load angle of the inductor ©,
which is counted from the position of the MFL vector
W,.0, corresponding to idle, to the position ¥,
corresponding to any load level. The essence of this angle
was discussed above in relation to Fig. 3.
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Fig. 4. System of vectors of current vectors, MFL, and voltage at
angles  — 0, 30°, 60° and 90° marked in the indices:
a — I;= const; b — U, = const

Characteristics of the inductor. The above
theoretical provisions allow to obtain a family of
characteristics of the inductor, which connect its
electrical, magnetic, energy and phase (angular)
parameters when operating in load mode.

The characteristics of the inductor during operation
with stabilization of the stator winding current are
considered in [7]. In continuation of these studies, this
paper further presents the characteristics of the operation
of the inductor with a stable supply voltage. For this
mode, you can do without a regulator, using the available
mains. However, in this case, the stator winding current
must be limited by one — the maximum allowable load.
And in the possible range of operation of the inductor
with a reduced load, the stator winding will operate with
incomplete use of current.

In general, the characteristics show a change in a
number of quantities describing the operation of the
inductor when its load changes. They can occur with a
change in the filling of the working chamber or for other
reasons, accompanied by a change in the mechanical
moment of resistance from the side of the processed
substance. Due to the well-known self-regulation property
inherent in electric motors, the corresponding EMT is
automatically set. With a stable value of the stator
winding voltage, this occurs due to a change in the
winding current, load angle, and other phase ratios of
electrical and magnetic quantities.
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To form the characteristics of the inductor, as was
noted, in the calculations, the angle of the initial phase of
the currents £ included in (1) was varied. And to obtain
integral characteristics, the angle range from 0 to 90° was
adopted, which was passed with a step of 5°, which gave
sufficient «smoothness» of the graphs.

A whole set of characteristics calculated for
U, = const, which may be of interest to inductor
developers, is shown in Fig. 5-8. The essence of the
characteristics is manifested by specific values, which are
indicated on the graphs.

The main input values for the inductor are the
voltage of the stator winding and its current, the output
value is the rotating EMT (10). Figure 5 summarizes the
characteristics of such quantities, and, for comparison, the
mode I, = const is added to the mode U, = const, and the
argument £ is replaced by the load angle ® — respectively,
Fig. 6.

240 i

NS
1000} 500{200 v~ i T

based on the self-regulation property of the inductor
inherent in electric motors.

Note that in Fig. 5 at the initial (f = 0) and final
(B = 90°) points, the EMT is zero, i.e., here the idle mode
imagined earlier a priori takes place. The values of angles
f and @ coincide only at these points (Fig. 6), and within
the range, the angle @ is smaller than S.

The maximum EMT (Fig. 5) was obtained at a
critical load angle @, equal to 44.5°, and this in Fig. 6
corresponds to the angle f = 67°. In the range of the angle
O from 0 to O,,, according to the theory of synchronous
electric machines, the operation of the inductor is stable.
For a twofold margin in torque, it can be taken from
Fig. 5 as a nominal load angle ®,,,, equal to 14°, and it in
Fig. 6 corresponds to the angle = 33°.

In Fig. 5, 6 it is revealed that from £ = 0 (idle mode)
to the angle f = 33° current, MFL, EMF are quite stable.
Further, an increase in load leads to a significant increase
in current, which is accompanied by a corresponding
increase in EMT and a certain decrease in EMF and MFL
included in (6) and (7). Due to the stability of the MFL,
the magnetic losses are stable, and the electric losses (14)
increase along with the current (Fig. 7).
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Fig. 5. Angular characteristics for calculation variants
U, = const and I, = const and related changes in /; and U;
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Fig. 6. Characteristics of magnetic flux linkage,
EMF, phase relationships and power factor

In this way, the angular characteristic M., (0®),
known in the theory of synchronous machines, was
obtained for the inductor. And in this case, such a
characteristic for the mode U = const has a classical form
— a half-wave of a sine wave of double frequency, which
is typical for synchronous reluctance motors.

It can be noted that the mode U, = const is more
effective from the point of view of obtaining EMT, which
should ensure the implementation of the technological
process of processing substances. This reinforces the
mentioned advantage of this mode — the absence of a
voltage regulator, and the necessary current will be set
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Fig. 7. Characteristics of the input and output powers of the
inductor and its power losses, efficiency and active resistance
taking into account magnetic losses

The powers in the mechanical (11) P,,, (Fig. 7) and
electrical (12) expressions were identical. This can be
considered a check of the adequacy of the phase
relationships of the considered electrical quantities. Note
that the graph of the EMT function M,,,(f) is similar in
shape to the graph of these powers in Fig. 5, which is
natural in view of their connection according to (11).

The graphs of the characteristics of the efficiency
(Fig. 7) n and the power factor cosg, (Fig. 6) show their
increase with increasing load of the inductor. In the range
of stable operation, the efficiency level corresponds to
electric machines of small and medium power. At the same
time, the level of cosg, values is very low, and this is
explained by the increased magnetizing component of the
stator winding current due to the low-magnetic medium of
the working chamber and significant air gap.

Figure 8 shows the functions of changing the
magnetic flux density at points 0, ¢ and b, marked in
Fig. 3. Firstly, the proximity of the values of magnetic
flux density in different places of the chamber is visible,
and secondly, their stability in the operating range of the
load of the inductor.
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By comparing the characteristics of the inductor in
the operation mode calculated here at U, = const, and the
mode presented in [7] at I, = const, one can identify
certain advantages and disadvantages of each of them.

From the point of view of such important
characteristics as power factor and efficiency, the
operation modes of the inductor U = const and /; = const
turned out to be almost equivalent.

0.4 : ; a
T8 b 0 ' ;

i i i ] i B
0 15 30 45 60 degrees 75 90
Fig. 8. Magnetic flux density B characteristics
at certain points of the working chamber of the inductor

Another important requirement for «processors» of
various substances is the uniformity and stability of
magnetic flux density in the working area, while working
in the mode U; = const it is provided much better.

Conclusions.

1. The developed technique based on numerical
calculations of magnetic fields allows to organize an
iterative process for the calculation analysis of the
characteristics of an inductor operating with a changing
load with a stable supply voltage of its winding.

2. For a test sample of the inductor, when operating in
the load mode with the condition of stabilizing the voltage
of its winding, the electric, magnetic and energy
parameters, as well as phase (angular) relationships of the
operation quantities are calculated and presented. Their
interconnections made it possible to form a family of
characteristics with an argument — a phase shift of the
MMF of the stator winding in relation to the longitudinal
axis of its working chamber.

3. In view of the simultaneous calculation of a number
of parameters of the inductor, one can also obtain a
variety of its characteristics by choosing any of these
parameters instead of the argument £.

4. A comparison is made of the angular characteristics
of the inductor, calculated by methods that provide
stabilization of the voltage or current of the stator winding.
More rational for the operation of the inductor is the
voltage stabilization mode, which in the desired operating
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range of the load angle up to 25° provides its best and
electrical, magnetic, force and energy parameters.
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COMPARATIVE ANALYSIS OF TWO HIGH-SPEED SINGLE-PHASE ELECTRICAL
MACHINES WITH PERMANENT MAGNETS ON THE STATOR

Purpose. Single-phase machines with permanent magnets on the rotor are widely used in a variety of applications of a low rated
power. When these machines are applied in high-speed applications, a retaining ring on the rotor core must be often used.
However, it makes the assembly more complex and the high-speed machines become more expensive. On the other hand,
machines with magnets on the stator still can be a valuable alternative due to their simple and reliable rotor design. In this paper
the comparative study of performances of two single-phase electrical machines with magnets on the stator (flux reversal electrical
machine and hybrid switched reluctance machine) is presented. The following performances have been compared: efficiency,
weight, active materials cost, value of rated current of switches of the frequency converter. Methodology. Calculation of electrical
machines performances using solving two-dimension boundary magnetostatics problems. Results. The theoretical comparison of
the flux reversal electrical machine and the hybrid switched reluctance machine has been carried out; the comparison on specific
torque and efficiency of the two aforementioned machines have been obtained. The flux reversal machine has a significantly
higher efficiency and a fewer weight. In addition, it has a lower value of rated current. On the contrary, the cost of active
materials of the hybrid switched reluctance one is much less. Originality. The presented results can assist in selecting the best
design alternative of electrical machines in the following applications: electrical blowers, household appliances, fans, pumps and
compressors of a low rated power etc. Practical value. The comparisons results of the flux reversal electrical machine and the
hybrid switched reluctance machine has been obtained for the first time. References 15, tables 2, figures 13.

Key words: high speed machines, hybrid switched reluctance machine, flux reversal electrical machine, permanent magnet
machine, single-phase electrical machine, special electrical machine.

Mema. /locnioxycenns xapakmepucmuk 060X 6UCOKOWGUOKICHUX 00HOMAHUX eNIeKMPUYHUX MAWIUH 3 MAZHIMAMU HA CIMamopi
(enexmpuuna mawiuna 3i 3MIHHUM HARPAMOM NOMOKY [ 2i0puona GeHmuibHO-IHOYKMOPHA PEeAKmMUGHA MAuuna):
nopienwwmuca maxi xapakmepucmuxu axk KKJ/I, eaza, eapmicmv akmuenux mamepianie, HOMIHANbHUIL CIIPYM €/1EMEHMIE
nepemeoprosaua uacmomu. Memoouxa. Po3paxyHok Xapakmepucmuk eneKmpuuHoi MAUIUHU 3a OONOMO2010 DiUieHH:
080MIpHUX Kpallogux macHimocmamuunux 3aeoans. Pezynomamu. IlIposedeno nopisnanns 060x munie 00Hohasnux mawun 3
MazHimamu Ha cMamopi; OmpumMano po3pPaxyHKoge NOPIGHAHHA XaApPAKmMepucmuk O00HOMa3noi enekmpuunoli mawiunu 3i
IMIHHUM HANPAMOM ROMOKY i 00HOPA3HOT 2iOPUOHOT 6eHMUNbHO-IHOYKMOPHOT PEAKMUGHOT MAWUNHU; OMPUMAHI pe3yibmamu
nopisenuannua macu, po3mipie i KK/l 0eox mawun. Haykoea nosusna. Ynepuie ompumani pezyismamu nopieHAHHA 00HODa3HoT
eneKmpuynoi Mawiuny 3i SMIHHUM HARPAMOM ROMOKY | 00HODA3HOI 2iOPUOHOT 6eHMUNLHO-IHOYKMOPHOT peaKMUBHOT MAWMUHU.
Ilpakmuune 3nauenns. Ompumani pe3yibmamu Mo}Cyms OOROMOZMU RPU GUOOPI Kpaujoi KOHCmpPYKUil enekmpoosuzyna @
OaHUX 3ACMOCYGAHHAX: eJIeKmpuuHe MypooOHAOOy8anus, nOOYmosi npunaou, eHMUIAMOPU, HACOCU | Komnpecopu manol
nomyscrnocmi i m.o. bion. 15, Tabn. 2, puc. 13.

Kniouogi cnosa: BUCOKOMIBUAKICHI MallMHM, TiOPHIHA BEHTHJIbHO-iHIYKTOPHA PeaKTHBHA MAallMHA, MAIIMHA 3i 3MiHHUM
HANPSAMOM MATHITHOI'0 IOTOKY, MAIIHWHA 3 NOCTIHHMMHU MarHiTaMu, oAHO(a3Hi eJ1eKTPUYHI MAIIMHY, CIIelialbHi eJeKTPUYHI
MaIIHHH.

Ilenv. Hccneoosanue xapaxkmepucmuk O8yX 6bICOKOCKOPOCHHBIX 00HOQDAZHBIX INEKMPUUECKUX MAWUH C MAZHUMAMU HA
cmamope (INEKMPUYECKAA MAWUHA C HEPEMEHHLIM HANPAGIeHUEeM HNOMOKA U 2UGPUOHAA GeHMUNbHO-UHOYKINOPHAS
Peakmuenan mawiuna): cpagnusaiomca maxue xapaxkmepucmuku kaxk KIIJ, eec, cmoumocmy aKkmueHblX Mamepuanos,
HOMUHAILHBLIL MOK I/1eMeHmo6 npeodpasosamens wacmomst. Memoouka. Pacuem xapakmepucmuk neKmpu4eckoii Maumunsl ¢
NOMOWBIO pewieHus 06YXMEPHBIX Kpaeevlx mazHumocmamuueckux 3aoayu. Pesynomamor. Ilpoussedeno conocmaenenue 06yx
MUunoe 00HOPA3HBIX MAWUH C MAZHUMAMU HA CMAMOpPe; NOAYUEHO PACYemHOoe CPAGHEHUEe XApaKmepucmuk 00HOPasHOI
INEKMPUUECKOIl MAUUHBL C NEPEMEHHBIM HANPAGNEHUEM NOMOKA U O0O0HO(pA3HOU 2uOPUOHOI BEHMUNbHO-UHOYKMOPHOIL
PeaKmu6HOIl MAUIUHbL; NOTYUEHDL pe3yabmambl cpasHenun maccol u pasmepoe KI/I ogyx mawun. Hayunaa nogusna. Bnepgvie
NOJlyueHbl pe3ynbmamol CPAGHEHUA OOHOMA3HOU INIEKMPUULECKON MAUWIUHbBL C NEPEMEHHLIM HANPAGNEHUEM ROMOKA U
00HOGA3HOU  2UOPUOHOU  6eHMUNLHO-UHOYKMOPHOU  peakmuenoii mawunsl. IIpakmuueckoe 3nauenue. Ilonyuennvie
Pe3yibmamsl MO2Ym NOMOUL HPU 6blOOpe Jyuuieil KOHCMPYKYuell INeKmpoosuzamens 6 pacCMampueaemvix RPUNONCEHUAX:
INeKmpuyeckuil. mypoonaooys, 0vimogvle nPUOOPL, GEHMUIAMOPLL, HACOCLL U KOMRPECCOPbL MANO0U MOWHOCIMU U M.O.
Bu6n. 15, Tabn. 2, puc. 13.

Kniouesvie crosa: BBICOKOCKOPOCTHBIE MALIMHBI, THOPHIHAS BEHTHILHO-WHAYKTOPHAs pPeaKTHBHAs MAIIWHA, MAIIMHA C
nepeMeHHbIM HAMpPaBJeHHEM MATHHTHOrO MOTOKA, MAIIMHA ¢ MOCTOSSHHBIMH MArHUTaMH, oJHO(Aa3HbIe JTeKTpHYECKHe
MAaIHHBI, CNIENHAIbHBIE YIeKTPUIeCKHe MAIIUHBI.

Introduction. Single-phase synchronous machines
with magnets on the rotor [1] and brushless machines
with permanent magnets on the stator [2-9] are used in
high-speed low power applications where speed control
and low cost are required.

The main advantage of machines with magnets on
the rotor compared to a synchronous machine with
magnets on the rotor is a simple toothed rotor, which is a

laminated steel package mounted on a shaft. This

improves reliability, simplifies rotor manufacturing
technology, and reduces rotor cost in high-speed
applications.

In [2, 3], a single-phase hybrid switched reluctance
machine (HSRM) is described (Fig. 1). Adding permanent
magnets to the stator solves the problem of initial
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positioning of the rotor. Therefore, starting the motor is
possible, even in a single-phase version. In addition, the
presence of magnets on the stator reduces the mass of
HSRM, compared with HSRM without magnets. The size
and diameter of the HSRM rotor are reduced, which is
especially important for high-speed applications.
Compared to a single-phase synchronous machine with
magnets on the rotor, HSRM has the following
advantages:

1) structurally simple and reliable gear rotor;

2) cheap ferrites can be used in the HSRM design,
and expensive rare-earth magnets should be used in a
traditional synchronous machine;

3) fewer transistors in the inverter.

Du

Rotor

|

%E I /Winding
~Stator tooth

O Magness
N A /sTmr yoke

Fig. 1. A single-phase hybrid switched reluctance machine [2]

Despite the advantages of HSRM noted above, this
machine has the following disadvantage compared to a
single-phase synchronous machine with magnets on the
rotor: HSRM is powered by unipolar DC pulses. A
synchronous machine with magnets on the rotor is an AC
machine. Therefore, in order to achieve a current with the
same amplitude (half-span) in the case of HSRM, it is
required that the current has a significantly higher
modulus value. Thus, the effective and maximum currents
in the HSRM phase are much larger than that of a similar
single-phase synchronous machine with magnets on the
rotor. In this regard, the cost and dimensions of the
frequency converter for HSRM increase, as well as the
losses in the frequency converter increase.

A good alternative to HSRM and a traditional
single-phase synchronous machine with magnets on the
rotor can be a flux reversal machine (FRM). A single-
phase FRM with three teeth on the rotor and four
magnetic poles on the stator (Fig. 2) was first described
in [4].

Fig. 2. FRM design according to [4]

A single-phase FRM has a simple and toothed rotor,
like HSRM. The placement of permanent magnets on the
FRM stator provides simplicity of design and reliability,
as well as low weight and dimensions. At the same time,
FRM is an AC machine, like a synchronous machine with
magnets on the rotor. Current pulses of different polarity
in FRM can occupy a significant part of the period.
Therefore, the effective and maximum currents in the
FRM phase are less than for HSRM. This makes it
possible to use a frequency converter for FRM, in which
the main power elements have lowers value of the
effective and maximum currents. Also, in the frequency
converter for FRM, there are less energy losses than for
HSRM, and, therefore, the dimensions of the radiator and
the overall dimensions are smaller.

However, the FRM design described in [4] has the
following disadvantages: 1) a decrease in specific power
and efficiency, since a third of the inner surface of the
stator is not used; 2) the lack of symmetry of the machine
at a rotation interval of 180° causes uncompensated radial
forces acting on the rotor; 3) these uncompensated radial
forces reduce the service life of the bearings. To
overcome the above disadvantages of FRM described in
[4], in the patent [5] and papers [6, 7], a single-phase
FRM presented in Fig. 3 is proposed.

In FRM (Fig. 3) the entire stator surface is used due
to the use of half-closed slots. The HSRM has open stator
slots, which reduces the specific torque and efficiency in
comparison with FRM.

Despite the drawbacks of HSRM noted above,
compared with FRM, cheap ferrite magnets can be used in
the design of HSRM [3], while only rare-earth magnets
can be used for FRM. This advantage of HSRM can be
especially important when designing low-cost drives for
household appliances, electrical tools, the automotive
industry, blowers, etc.

Magnets
m/> o & Stator yoke
) o
O Rotor
U Winding
Stator tooth

Fig. 3. FRM design according to [5, 6]

Comparison of different types of electric machines
by weight and cost of active materials, efficiency is of
great importance when choosing the type of drive for
various applications, as shown in the example of three-
phase machines [10-12]. As a review of the literature
shows, a comparison of high-speed FRM and HSRM is
not described in the literature, therefore, such a
comparison is relevant and new when choosing the type
of drive for single-phase high-speed applications.
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The goal of the work is study of the characteristics
of two types of single-phase high-speed electric machines
with magnets on the stator — FRM and HSRM. Both
machines are designed for low-power drives of household
appliances (rated mechanical power 754 W, rated speed
18000 rpm, rated torque 0.4 N-'-m). The main
characteristics and data for the HSRM are taken from [2].
The FRM was designed based on the technique described
in [8]. For both machines, a comparison is made
according to the efficiency and the mass of active
materials. The advantages and disadvantages of single-
phase FRM and HSRM are analyzed.

Modelling and calculation of FRM characteristics.
The modelling and calculation of the characteristics of the
FRM was performed using the Finite Element Method
based on the technique described in [9]. The technique is
based on the solution of magnetostatic boundary value
problems, with different positions of the rotor
corresponding to different times. All these boundary value
problems have the same computational domain, divided
into two subdomains in the middle of the air gap. The
rotation is taken into account by the boundary condition
stitching these subdomains in accordance with the rotation
of the rotor [6]. The diameter of the FRM stator package
was chosen significantly less than that of the HSRM and
equal to 51 mm. The length of the package was chosen
equal to 30 mm, as in HSRM. Rare-earth magnets with
magnetic flux density of 1.2 T were selected for FRM. The
frequency of supply of the fundamental harmonic of the
FRM current is equal to 1200 Hz, as for HSRM.

Figure 4 shows the distribution of the magnetic flux
density module for FRM. The rotor tooth is located above
the middle of the stator slot.

B, T
1.8
1.4
3
0.6
0.2

Fig. 4. Magnetic flux density module for FRM at torque
of 0.4 N'm

In Fig. 5,a, the calculated losses in copper P,
magnetic cores of the stator Py, and rotor P,,, as well as in
magnets P,,g, are shown for FRM for the rated speed
(18000 rpm) at different values of the load torque:

1) mechanical power 188.5 W, torque 0.1 N-m;

2) mechanical power 377 W, torque 0.2 N-m;

3) mechanical power 565 W, torque 0.3 N-m;

4) mechanical power 754 W, torque 0.4 N-m
(nominal mode).

Other losses (in bearings and ventilation) were
assumed to be 15 W at rated speed. The largest losses of
FRM in all modes are concentrated in the winding.

Figure 5,b shows the instantaneous values of FRM
currents for different values of the torque. The moments
of the beginning and end of a positive voltage pulse are
indicated by «ont» and «offt», respectively. The
moments of the beginning and end of a negative voltage
pulse are indicated by «on—» and «off-», respectively.
The graphs show that the current is piecewise smooth
with kinks at the moments of switching.

100 1 mpcu@pPst @Prt m Pmagn
80
B“ 60
w2
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2 40
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Fig. 5. Losses of FRM at the rated speed at various load torques
(a) and the dependence of the current on the position
of the rotor (b)

Figure 6,a shows the dependence of the fill factor of
the supply voltage pulses (the fraction of the electric period
occupied by voltage pulses of one or another polarity) on
the average value of the FRM torque. With an increase in
the required torque value, the fill factor increases linearly.
The dependence of the effective current value on the
average torque of the FRM is shown in Fig. 6,b.
The effective value of the current increases nonlinearly
with increasing torque. The remaining characteristics for
FRM are presented in the next section, in comparison
with HSRM.

Comparison of the characteristics of FRM and
HSRM. Tables 1, 2 show the main characteristics of
single-phase FRM and HSRM (rated mechanical power
754 W, rated speed 18000 rpm).

The price per 1 kg of permanent magnets depends
not only on the material, but also on the size of the blocks
used [13, 14]. The price of NeFeB-magnets of the
required size for FRM is 137.78 USD/kg [13]. The price
of ferrite magnets of the required size for HSRM is 67.20
USD/kg [14].

As can be seen from Table 2, the cost of active
materials for HSRM is 1.9 times less than for FRM.
However, FRM is 1.8 times less in mass than HSRM.
Therefore, in devices that the user holds in his/her hands
(for example, in an angle grinder, in a circular saw, in a
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Fig. 6. Dependence of the fill factor (a) and the effective current
value () on the torque of FRM

cordless power tool, in a garden blower, in a handheld
vacuum cleaner), as well as in other applications where it
is important to reduce the dimensions, it is advisable to
use FRM. In applications where weight reduction is not
so important, but it is important to reduce the cost of the
machine, for example, in hand dryers, in a blender, in a
miter saw, it is advisable to use HSRM.

Table 1
Rated parameters of electrical machines
Parameter FRM HSRM [2]
Load torque, N-m 0.4 0.4
Fundamental harmonic 1200 1200
frequency, Hz
DC link voltage, V 320 320
Effective value of current in 925 17.8
phase, A
Max1mum value of current 14.8 348
in phase, A
Efficiency, % 83 72

The size of the FRM rotor is significantly smaller
than that of the HSRM: 1) the diameter of the rotor is 1.4
times smaller; 2) the mass of the rotor is 2.3 times less; 3)
the moment of inertia of the rotor is 5 times less. This
advantage of FRM is especially important for all high-
speed applications, since it allows to significantly reduce
the centrifugal forces acting on the rotor, as well as
reduce the load on the rotor bearing assembly and extend
the service life. Also, the small moment of inertia of the
rotor is very important in applications such as electric
turbocharging [15], since it allows increasing the reaction
speed to the reference signal and significantly improving
the dynamic characteristics of turbocharging systems of
gasoline and diesel internal combustion engines.

Table 2
Cost of active materials, weight and size of electrical machines

Parameter FRM HSRM [2]
External dimension of
stator magnetic 951 78x58
circuit, mm
Active part length, 30 30
mm
Air gap, mm 0.5 05-1.2
Rotor outer diameter, 236 ~34
mm
Rotor moment of 0.041 0.205
inertia, kg-cm
Permanent magnet Rare-carth Ferrite*
type
Permanent magnet
thickness, mm 17 2.4
Mass of permanent 28 17
magnets, g
Mass of stator steel, g 214 494
Mass of rotor steel, g 61 138
Mass of copper, g 100 99
Total mass of active 403 731
materials, g
Cost of active
materials, USD 483 247

* Note to Table 2: in the paper [5] there is no data on the type of
magnets in the HSRM, however, in [3] it is noted that ferrite
magnets are used for the HSRM. When calculating the cost of
active materials, the following prices were taken: 1 USD/kg for
steel, 7 USD/kg for copper [10].

Figure 7 presents the values of the efficiency of
FRM and HSRM for rotation speed of 18000 rpm. The
FRM has a higher value of efficiency, which means less
losses, less heating of the winding and a longer mode of
operation during overloads in torque and power.

90% & - H
80% -— X b .
o 70%
oo 60%
2 50%
[}
‘S a0%
=
G
o 0% HSRM
20% |
10% - ——FRM
0% .
0 200 400 600 800 1000

Mechanical power, W
Fig. 7. Comparison of the FRM and HSRM efficiency

Figure 8 shows the torque values of the FRM and
HSRM depending on the angle of rotation of the
machine. The torque of FRM has a region of negative
values and a higher value of torque pulsations, in
comparison with HSRM. However, the pulsations of the
FRM torque can be significantly reduced as a result of
optimizing the geometry of the machine and can be
comparable with HSRM.
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Fig. 8. Comparison of the graphs of the torque of the considered
machines

Figures 9-11 show instantaneous values of voltage,
currents, and power of FRM and HSRM for torque of
0.4 N'm and rotation speed of 18000 rpm.
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Fig. 9. Comparison of machine voltage graphs
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Fig. 11. Comparison of machine electrical power
at torque of 0.4 N-m

As can be seen from Fig. 9-11, the maximum current
value in the FRM phase is 14.8 A, and for HSRM —34.8 A.
The effective current value in the FRM phase is 9.25 A,
and for HSRM - 17.8 A. The maximum value of
instantaneous power consumption of the FRM from the
frequency converter is 4.4 kW, and for HSRM — 9.8 kW.

The average value of the instantaneous power
consumption of the FRM from the frequency converter is
908 W, and for HSRM — 1047 W. The frequency
converter for the HSRM (Fig. 12) has a smaller number of
transistors than for FRM (Fig. 13).
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Fig. 12. Frequency converters for HSRM
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Fig. 13. Frequency converters for FRM

However, FRM requires power elements with a
lower maximum current value and a smaller cooling
radiator. Also, for HSRM, a capacitor of a larger capacity
in the DC link is required, since the maximum value of
the instantaneous power consumed by the inverter from
the DC link is several times larger than for FRM.
Therefore, it is of interest to compare the power losses,
cost, mass, and size of frequency converters for FRM and
HSRM. The design and comparison of frequency
converters for FRM and HSRM will be performed in the
further works.

Conclusions.

1. The paper compares two types of single-phase
machines with magnets on the stator. The FRM has a
significantly higher value of efficiency than HSRM, and,
consequently, less heating of the winding.

2. The cost of active materials for the HSRM is 1.9
times less than for FRM. However, the FRM is 1.8 times
less in mass than HSRM. Therefore, in devices that are
held in hands, for example, in an electric tool, as well as
in other applications where it is important to reduce the
size, it is advisable to use FRM. In applications where
weight reduction is not so important, but it is important to
reduce the cost of the machine, it is advisable to use
HSRM.

The effective current value in the FRM phase is 9.25
A, while the effective current value in the HSRM phase is
17.8 A. Therefore, the FRM needs power elements with a
lower maximum current value and a smaller cooling
radiator. The HSRM also requires a larger radiator and a
larger capacitor in the DC link. Despite the simpler circuit
of the frequency converter for HSRM, its mass will be
greater than for FRM.
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ACTIVE SHIELDING OF MAGNETIC FIELD WITH CIRCULAR SPACE-TIME
CHARACTERISTIC

Aim. The synthesis of two degree of freedom robust two circuit system of active shielding of magnetic field with circular space-
time characteristic, generated by overhead power lines with «triangle» type of phase conductors arrangements for reducing the
magnetic flux density to the sanitary standards level and to reducing the sensitivity of the system to plant parameters uncertainty.
Methodology. The synthesis is based on the multi-criteria game decision, in which the payoff vector is calculated on the basis of
the Maxwell equations quasi-stationary approximation solutions. The game decision is based on the stochastic particles
multiswarm optimization algorithms. The initial parameters for the synthesis by system of active shielding are the location of the
overhead power lines with respect to the shielding space, geometry and number of shielding coils, operating currents, as well as
the size of the shielding space and magnetic flux density normative value, which should be achieved as a result of shielding. The
objective of the synthesis is to determine their number, configuration, spatial arrangementand and shielding coils currents,
setting algorithm of the control systems as well as the resulting of the magnetic flux density value at the shielding space. Results.
Computer simulation and field experimental research results of two degree of freedom robust two circuit system of active
shielding of magnetic field, generated by overhead power lines with «triangle» type of phase conductors arrangements are given.
The possibility of initial magnetic flux density level reducing and system sensitivity reducing to the plant parameters uncertainty
is shown. Originality. For the first time the synthesis, theoretical and experimental research of two degree of freedom robust two
-circuit t system of active shielding of magnetic field generated by single-circuit overhead power line with phase conductors
triangular arrangements carried out. Practical value. Practical recommendations from the point of view of the practical
implementation on reasonable choice of the spatial arrangement of two shielding coils of robust two -circuit system of active
shielding of the magnetic field with circular space-time characteristic generated by single-circuit overhead power line with phase
conductors triangular arrangements are given. References 32, figures 17.

Key words: overhead power lines with «triangle» type of phase conductors arrangements, magnetic field, system of active
schielding, Ccomputer simulation, field experimental research.

Leny. Cunme3 KOMOURUPOBAHHOU POOACMHOU OBYXKOHMYPHOU CUCHEMbl AKMUGHO20 IKPAHUPOSAHUA MAZHUMHO20 NOAA C
Kpy2060il  npOCMPAHCHIGEHHO-6DEMEHHOI  XAPAKMEPUCMUKOIL, 2eHepUpyemozo O0OHOKOHMYPHOU  8030YWIHOU  JUHUEll
INEeKmponepeoauu ¢ mpey2oabHblM N008ECOM NPOEOO0E ONA CHUMICCHUA UHOYKUUU MAZHUMHO20 NOJIA 00 YPOGHA CAHUMAPHDIX
HOpM U OnA  CHUMCEHUA YYGCHIGUMENbHOCIU CUCIEMbl K HEONPEeOeNeHHOCMU Napamempog 00beKma ynpagnenus.
Memoodonozun. Cunmes 0CHOGAH HA pelwieHUU MHO2OKPUMEPUANLHOU CIMOXACMUYECKOU UPbl, 6 KOMOPOI 6eKMOpPHDbLIl
GLIUZPBIWL GLINUCTACICA HA OCHOBAHUU peutenull ypasnenuii Maxceenna @ KeasucmauyuonapHom npudnuxcenuu. Pewenue
Uzpbl HAXOOUMCA HA OCHOGE GJIZOPUMMOE CHIOXACMUYECKOU MYIbMUAZEHMHON ONMUMUZAUUU MYILIMUPOEM HaACHUY,.
Hcxoonvimu napamempamu 01 CUHMeE3A CUCMEMbL AKMUGHO20 IKPAHUPOGANUA ABTIAIOMCA PACHOSIONCEHUE 8bICOKOGONbIMHON
AUHUWI INIeKMmponepedayu no OMHOWEHUI0 K IKPAHUDYEMOMY RPOCHPAHCMEY, 2e0MempuyecKue paimepbl, KOJIUYeCHBEO
npo60006 u pabouue mMoKu NUHUU INEKMPOnepedayu, a makice pazmepuvl IKPAHUPYEMO20 NPOCMPAHCINGA U HOPMAMUGHOE
3HaueHue UHOYKYUU MAZHUMHO20 NOAA, KOMOpPOe O0NHCHO Oblmb O0OCHUZHYMO 6 pe3yiibmame IKpanuposanus. 3adaueil
CUHIMe3a AGNACMCA OnpedenenHue Konuiecmea, KOHpuzypayuu, npoCmpancmeeHno20 PACNON0NCCHUA U MOKOG IKPAHUPYIOUUX
00MOmMOK, anzopumma pabomsl CuCMeMbl YRPAGIEHUA, A MAKIHCE PE3YIbMUPYIOwez0 3HAYeHUA UHOYKUUU MAZHUMHO020 N0 6
IKpanupyemom npocmpancmee. Pesynemamui. Ilpugooamca pesynsmamosl meopemuueckux u noneewvlx IKCHEPUMEHMATILHBIX
UCcned08anuil KOMOUHUPOSAHHON POOACHMHOU OEYXKOHMYPHOU CUCHEMbl AKMUEHO20 IKPAHUPOSAHUA MAZHUMHO20 NOJIA,
2eHepupyemMoz0 6030YUIHOI NUHUEIl JJIeKmponepedauu ¢ Mmpey2obHbIM N006ecoM npo6ooos. Ilokazana 603moxicHOCHb
CHUJICEHUA YPOGHA UHOYKUUU UCXOOHO20 MAZHUMHO20 RNONA 6HYMPU IKPAHUPYEMO20 NPOCMPAHCMEA U CHUNMCEHUSA
YYECMEUMENbHOCIU CUCHEMbl K HEONPeOeleHHOCMAM napamempog o00vekma ynpasnenus. Opuzunanvhocms. Bnepevie
npoeedenvl cunmes, meopemuyeckue U IKCREPUMEHMATIbHbIE UCCTC008AHUA KOMOUHUPOGAHHOU POOACMHON 08YXKOHMYPHOIL
cucmemsl  AKMUGHO20 IKPAHUPOGAHUA MAZHUMHO20 NONA, 2€HEPUPYEMO20 OOHOKOHMYPHOU  030YWIHOU  NUHUEN]
InNeKmponepeoayu ¢ mpeyzonbHLIM  nodgecom npoeooos. Ilpakmuueckas uennocmo. Ilpueodamca npakmuuecKkue
PeKoMeHOayuu no 060CHOBAHHOMY 8bIOOPY C MOYUKU 3PEHUA NPAKIMUYECKOU Peanu3ayuu npoCmpancmeenHozo pacnoiodcenus
06YX IKPAHUPYIOUUX OOMOMOK OBYXKOHMYPHOU POOACMHOU CUCEMbl AKMUBHO20 IKPAHUPOBAHUA MAZHUMHO20 NONA C
Kpy2060it  NPOCMPAHCMEEHHO-6PEMEHHON  XAPAKMEPUCIMUKON,  C03046AeM020  OOHOKOHMYPHOU  6030YWIHOU  UHUE
INEKMPonepedauu ¢ mpey20abHuIM H008ecom npo6odos. buobi. 32, puc. 17.

Kniouesvie crosa: BO3AyIIHAsi JUHUS JIeKTpoIepeaay, MoABec MPOBOIOB THNA «TPEYroJbHUK», MATHUTHOE IOJIe, CHCTeMa
AKTHBHOTO JKPAHMPOBaHHs, KOMIBIOTEPHOE MO/IeTHPOBAHHE, MOJIeBbIe JKCIIePUMEHTATbHbIE HCCIIEeT0BAHMSI.

Introduction. Overhead power lines (OPL) are one
of the most dangerous for people sources of technogenic
power frequency (PF) of 50-60 Hz magnetic field (MF)
[1, 2]. World Health Organization experts have identified
the carcinogenic properties of the power frequency MF.
Therefore, in the world over the past 15 years, sanitary
standards are constantly tightening at the maximum
permissible level of MF induction of 50-60 Hz. And

intensive research is being conducted on the development
of methods for MF normalization [3-5].

Active contour shielding of PF MF generated by
OPL [3, 4] is the most acceptable and economically
feasible for ensuring the sanitary norms of Ukraine in the
PF MF [1, 2]. The methods of synthesis of systems of
active shielding (SAS) for MF, generate by OPL,
developed in [6-11]. The initial data for the synthesis of
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the system are the parameters of the transmission lines
(working currents, geometry and number of wires,
location of the transmission lines relative to the protected
space) and the dimensions of the shielding space and
magnetic flux density sanitary standards level, which
should be achieved as a result of screening [12-22]. In the
process of synthesis, it is necessary to determine the
parameters of the shielding coils (SC) (their number,
configuration, and spatial arrangement), currents and the
resulting magnetic flux density level. To shielding factor
improvement two degree of freedom SAS are used in
which simultaneously used feed back regulator for closed
loop control and feed forward regulator for open loop
control [23-27].

Single-circuit OPL with horizontal and vertical bus
arrangement, double-circuit OPL such as «barrel», «tree»
and «inverted tree» [28], and groups of OPL generates a
MF with a weak polarization. The space-time
characteristics (STC) of such MF is a very elongated
ellipse whose ellipse coefficient (ratio of the smaller axis
to the larger axis) is seeks to zero. Single SC of single-
circuit OPL generates MF, whose STC is a straight line.
With such a single-circuit SAS with single SC, the major
axis of the STS ellipse of the initial MF is compensated,
so that the STS of the total MP with SAS is on is
significantly smaller than the STS of the initial MF,
which determines the high shielding factor of such single-
circuit SAS. That is why using single-circuit SAS
containing single SC can effectively shielded by MF with
a small polarization. Exactly for such power lines, single-
circuit SAS with single SC is most widely used in world
practice [3].

However the single-circuit OPL with phase
conductor’s triangular arrangements generated most
polarized MF. The STC of such MF is practically a circle.
Therefore, for effective shielding of such MF it is
necessary to have two SC at least [12]. Note that the vast
majority of single-circuit OPL in Ukraine has just such
phase conductors triangular arrangements.

As an example consider shielding of MF with
circular STC generated by 110 kV OPL with phase
conductors triangular arrangements in a single-story
building located at a distance of 10 m from OPL. In Fig. 1
are shown location OPL, shielding space and shielding
coils. The SAS contains two square shapes SC the spatial
arrangement of which determine intuitively without SAS
synthesis. In Fig. 1 also are shown this both SC. SC upper
parts are coordinates (4.0, 4.0) and (8.0, 4.0). SC lower
parts are coordinates (4.0, 0.0) and (8.0, 0.0). Figure 2
shows the picture of such shielding coils, the spatial
arrangement of which was chosen without system
synthesis. SC upper parts of both SC located at heights of
4.0 m from the ground, and the SC lower parts located at
ground level.

It was assumed that, since both SC are orthogonal to
each other and so such SC generate MF with STC, which
also orthogonal to each other. Using such both SC you
can get a high factor. However, with such SC spatial
arrangement it is not possible to obtain high shielding
factor. For shielding such MF with high shielding factor it
is need to synthesize SAS.

The goal of this work is the synthesis of two degree
of freedom robust two circuit system of active shielding
of magnetic field with circular space-time characteristic,
generated by overhead power lines with «triangle» type of
phase conductors arrangements for reducing the magnetic
flux density to the sanitary standards level and to reducing
the sensitivity of the system to plant parameters
uncertainty.

X, m 158

Fig. 1. The location of 110 kV overhead power line with phase
conductors triangular arrangements, both shielding coils and
shielding space

T
: - =T BV S
Fig. 2. Picture of the both shielding coil, the spatial arrangement
of which were chosen without system synthesis

Problem statement. Two degree of freedom robust
SAS synthesizing problem reduced [29] to the
determination of such SC spatial arrangement and
geometric sizes, as well as parameters of the regulator
vector X and uncertainty parameters vector o, which the
maximum value of the magnetic flux density at points P,
of the shielding space P assumes a minimum value for the
vector X but the maximum value for the vector J. This
technique corresponds to the standard worst-case robust
systems synthesis approach [27, 29], when uncertainty
parameters vector O lead to the greatest deterioration in
initial MF shielding created by OPL.

Parameters of the regulator vector of two degree of
freedom robust SAS includes the parameters of the feed
forward regulator in form amplitude and the phase vectors
of the open loop control and the parameters of the feed
back regulator in form gain vectors of the closed loop
control.

This two degree of freedom robust SAS synthesizing
problem formulated in multi-criteria game form [30-32] with
vector payoff

B(X,5)=[B(X,5,R),B(X,5,P,)...

..Bx,5,P,)]". W
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Components B(X, o, P;) are magnetic flux density in
shielding space m points P, These components are
nonlinear functions of the vectors X and ¢ calculated on
basis of Maxwell equations  quasi-stationary
approximation solutions [5].

First player is vector X and its strategy vector payoff
minimization. Second player is vector J and this strategy
is same vector payoff maximization [27, 29].

To find multi-criterion game solution from Pareto-
optimal set solutions taking into account binary
preference relations [30] used particle multi swarm
optimization (PSO) algorithm [31], in which swarms
number equal number of vector payoff components.

Computer simulation results. Consider the result
of robust SAS synthesis of MF with circular space-time
characteristic created by 110 kV OPL with phase
conductors triangular arrangements in a single-story
building located at a distance of 10 m from OPL. In Fig. 3
are shown location OPL, shielding coils and shielding
space in which magnetic flux density level must mitigated
to the Ukraine sanitary norms level.

S SRR 2I‘",I

4y, m

X, m

Fig. 3. The location of 110 kV overhead power line with phase
conductors triangular arrangements, shielding coils and
shielding space

For SAS synthesis in addition OPL geometric
dimensions and shielding space the OPL bus currents
values are necessary. Field experimental research of
magnetic flux density level both in shielding space and
near OPL carried out. In Fig. 4 are shown the isolines of
the initial magnetic flux density generated by OPL with
phase conductors triangular arrangements and with
current of 250 A . The initial induction of the MF in
shielding space is 0.8 puT, which is 1.6 times higher than
the sanitary norms.

Based on the obtained experimental data, the
problem of OPL phase conductor’s current identification
solved. MF SAS synthesis results are two square shapes
SC spatial arrangement.

In Fig. 3 also are shown this both SC. SC upper parts
are coordinates (3.0416, 3.4965) and (7.1943, 3.6818). SC
lower parts are coordinates (6.3707, 0.6637) and (2.8478,
2.4522).

So this both SC spatial arrangement obtained MF
SAS synthesis results different from SC spatial
arrangement obtained intuitively which shows in Fig. 1.

In Fig. 5 are shown the isolines of the resultant
magnetic flux density with SAS is on.

As can be seen from this Fig. 5, minimum magnetic
flux density value in the shielding space is 0.2 pT. Initial
magnetic flux density value generated by OPL in the
shielding space is 0.75 pT. Therefore, the SAS shielding
factor maximum is more than 3.75 when the active
shielding system is on, as can be seen from Fig. 3,
magnetic flux density level in all shielding space does not
exceed 0.3 pT.

Magnetic field before optimization | B, uT

2 eIV R e T

X, m
Fig. 4. Isolines of initial magnetic flux density generated by
overhead power lines with phase conductors triangular
arrangements

]

Fig. 5. Isolines of the resultant magnetic flux density with the
system of active shielding is on

In Fig. 6 are shown the MF STC, generated by OPL
(1); both SC (2) and total MF with SAS is on (3).

The STC of initial MF generated by OPL with phase
conductors triangular arrangements close to the circle.
STCof MF generated by both SC is also close to the circle
of the STC of initial MF, which ensures high shielding
factor.

However, STC of MF generated separately by only
single first SC or only single second SC are straight lines.
In Fig. 7 are shown comparison between MF STC
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generated separately by only single first SC (1) and only
single second SC (2).

Naturally, the STC of the resulting MF generated by
OPL and only single SC is an ellipse, which will be
shielded by another SC. In Fig. 8 are shown the STC of
the initial MF generated by OPL, shielding MF generated
by only single first SC and the resulting MF when only
single first SC is used.
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B, uT 0o
a2
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06
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By, uT
Fig. 6. Comparison of space-time characteristics of magnetic
flux density between with and without system of active
shielding and shielding coils
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Fig. 7. Comparison between space-time characteristics of
magnetic flux density generated separately by only single first
(1) and by only single second (2) shielding coils

As can seen from Fig. 8, the STC of the resulting
MF is a strongly elongated ellipse, the semi-major axis of
which is almost two times larger than the STC of the
initial MF, and therefore, due to only single first SC work,
initial MF is almost twice re compensated. However, then
after second SC switching resulting MF STC becomes
significantly less than the STC of initial MF, which
ensures high shielding factor. Note that the STC of the
resulting MF, left after the operation of only single first
SC, practically parallel with the STC generated by the MF
using only single second SC.

In Fig. 9 are shown the STC of the initial MF
generated by OPL, shielding MF generated by only single
second SC and the resulting MF when only single second
SC is used.

Experimental research. Consider the experimental
research of SAS model with two SC. Figure 10 shows
picture of such two SC spatial arrangement. SC upper
parts of SC located at heights of 3.5 m and 3.7 m from the
ground, and the SC lower parts located at heights of
0.66 m and 2.5 m from the ground.
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Fig. 8. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single first shielding coil and only single
first shielding coil
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Fig. 9. Comparison between space-time characteristics of
magnetic flux density without and with system of active
shielding with only single second shielding coil and only single
second shielding coil

Fig. 10. Picture of both shielding coil spatial arrangement
of system of active shielding model

An important issue when setting up the two degree
of freedom robust SAS is determining of spatial
arrangement location points and spatial orientation of the
MF sensors. For implementing of two degree of freedom
robust SAS, two MF sensors must be placed in shielding
space point with coordinates (10.6, 1.25), at which the
calculated magnetic flux density value takes a minimum
value. The MF both sensors axis must be parallel to the
appropriate both SC MF STC lines. With this spatial
orientation, both MF sensors measure the total MF
generated by power lines and appropriate only single first
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SC and only single second SC. In Fig. 11 are shown both
MF sensors spatial arrangement in shielding space point
for closed loop control by two degree of freedom robust
SAS model.

Fig. 11. Picture of both magnetic field sensors spatial
arrangement in shielding space point for closed loop control by
system of active shielding model

For implementing of feed forward regulator for open
loop control by two degree of freedom robust SAS, only
single MF sensors must be placed outside shielding space
point. In Fig. 12 is shown picture of such MF sensor
spatial arrangement outside the shielding space for open
loop control by SAS model.

Fig. 12. Picture of magnetic field sensor spatial arrangement
outside the shielding space for open loop control by system of
active shielding model

Both SC of the SAS model are square shape,
contains 20 winds and powered by amplifiers TDA7294.
The SAS contains an external magnetic flux density
controller and an internal current controller. An inductive
sensor used as an magnetic flux density sensor, and the
magnetic flux density measurement is performed by
magnetometer type EMF-828 of the firm LUTRON. In
Fig. 13 are shown picture of system of active shielding
model. SAS powered by autonomous generator. In Fig. 14
is shown picture of such autonomous generator.

In Fig. 15 are shown experimental isolines of the
resultant magnetic flux density with SAS with only single
first SC is on. In Fig. 16 are shown experimental isolines
of the resultant magnetic flux density with SAS with only
single second SC is on. Note that in spite of that MF STC
with only the first and only the second SC is on are very
different, as are shown in Fig. 8 and Fig. 9. But
experimental isolines of the resultant magnetic flux
density with only first and only second SC are very
different, as are shown in Fig. 15 and Fig. 16 differ
slightly.

Fig. 14. Picture of autonomous generator powered by system of
active shielding model

PR 7 A
10 1058 11 11.5 12 125 13 135 14 14.5 15
X, m

Fig. 16. Experimental isolines of the resultant magnetic flux
density with SAS with only single second shielding coil is on

In Fig. 17 are shown comparison between magnetic
flux density measurements and simulations with and without
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SAS. Comparison between experimental and calculated
results of magnetic flux density values in shielding zone
shows that their spread does not exceed 20 %. The
experimental shielding factor of SAS is also more than
2.5 units.

L S A
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with shield)
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10 ms N s 12 126 13 13.5 14 145 15
X, m
Fig. 17. Comparison of magnetic flux density between
measurements and simulations with and without system of
active shielding

Actually, the single-circuit 110 kV OPL with phase
conductors triangular arrangements current are 200-500 A.
SAS synthesis, computer simulation and field
experimental given for OPL 250 A current. At this OPL
current magnetic flux density level in all shielding space
does not exceed 0.3 pT. Therefore such SAS provides
Ukraine sanitary standards level 0.5 uT for OPL current
up to 416 A. At this OPL current initial magnetic flux
density level in shielding space is 1.25 pT, which is 2.5
times higher than Ukraine sanitary norms.

Conclusions.

1.For the first time the synthesis and field
experimental research of two degree of freedom robust
two-circuit system of active shielding of magnetic field
with circular space-time characteristic, generated by
overhead power lines with «triangle» type of phase
conductors arrangements for reducing the initial magnetic
flux density up to the sanitary standards level and
reducing the sensitivity of the system to plant parameters
uncertainty are given.

2. The synthesis is based on multi-criteria stochastic
game decision, which is based on multiswarm stochastic
multi-agent optimization from Pareto-optimal solutions.
As a result the spatial position of two shielding coils and
the parameters of the regulator are determined.

3. System reduce the the magnetic flux density in
shielding space more than 2.5 times and has less to 20 %
sensitivity to plant parameters uncertainty in comparison
with the known systems.

4. Based on field experimental research of two degree
of freedom robust two-circuit system of active shielding
are shown that experimental and calculated magnetic flux
density values in the shielding space spread does not
exceed 20 %.
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CALCULATION-EXPERIMENTAL DETERMINATION OF THE AVERAGE NUMBER
OF QUANTIZED LONGITUDINAL ELECTRON DE BROGLIE HALF WAVES IN A
CYLINDRICAL CONDUCTOR WITH PULSED AXIAL CURRENT

Purpose. Implementation of calculation-experimental determination of average number ny,, of the quantized longitudinal
electron de Broglie half waves of length 1,,,/2 in the metal cylindrical conductor with the pulsed axial current of high density.
Methodology. Scientific bases of theoretical electrophysics and quantum physics, theoretical bases of the electrical engineering,
electrophysics bases of technique of high-voltage and high pulsed currents. Results. The results of calculation-experimental
estimations of average number n,,, of the quantized longitudinal electron de Broglie half waves in the round continuous zincked
steel wire of radius 0.8mm and of length 320 mm with aperiodic pulsed axial current iy(t) of temporal shape 9 ms/160 ms of high
density (at its amplitude of 64,=0.37 kA/mm?). It is shown that in examined case the numeral value of the average quantized
number from data of calculation and experiment makes ny,=9, and test average length of quantized longitudinal electron de
Broglie half waves in the indicated steel wire appears approximately equal to 7,.,/2<34 mm. Electrophysical results are confirmed
during the high current high temperature experiment conducted by a powerful high-voltage equipment calculation information
on the choice of average value of quantized number ny,, for longitudinal «hot» areas of the width Az of the wire, different
anomalous enhanceable concentration of drifting lone electrons and accordingly temperature of Joule heating. Originality. On
the basis of the known conformities to the law of atomic and quantum physics new quantum-mechanical calculation correlation
is obtained for determination in a metallic conductor with axial current of conductivity iy(t) of different type (direct, alternating
and pulsed) of average number ny,, of the quantized longitudinal electron de Broglie half waves and accordingly longitudinal
«hoty areas of the width Az of periodic localization along the conductor of drifting lone electrons. Practical value. Obtained
results allow to make an evaluation prognosis on finding of possible places of longitudinal periodic localization of drifting lone
electrons on narrow areas of the width Az of current-carrying parts of power wires and cables of objects of electrical power
energy, production and dwellings apartments, showing up most strongly (expressed) in malfunctions of operation of cable-
conductor products with the currents of short-circuit and high current density. References 26, figures 4.

Key words: metal conductor, pulsed current, calculation-experimental determination of the average number of quantized
longitudinal electron de Broglie half waves and electron localization zones in a conductor.

Ilpeocmaesneni pezyiomamu meopemuyHux i eKCREPUMEHMANbHUX O0CTI0NCEHb, AKI NOB'A3AHI 3 GU3HAYEHHAM YCEPEOHEHOZ0
yucna Ny, KGAHMOBGAHUX NOO0BIHCHIX eleKMPOHHUX nieXeuy 0e bpoiina ¢ memanesomy npoGiOHUKY 3 IMRYIbCHUM AKCIATbHUM
cmpymom npogionocmi eenuxoi wiinonocmi. Ompumani pe3yibmamu 6Ka3vlel0Mm HA K6AHMOGO-X8UICGUIL XAPAKMep NPOMIiKauus
IMAYAbCHO20 CMPYMY RPOBIOHOCHI 8 YbOMY RNPOGIOHUKY, W0 NPUEOOUMb 00 GUHUKHEHHA 6 U020 CMPYKMYpPI K8aHmMO6aHol
n0006ICHBOI NEPIOOUYHOT 10KANI3AYIT GITbHUX e1IeKMPOHI8, W0 Opelidhyloms, Ha dinankax wiupunoto Az. /lani 30nu noxanizayii
eneKmponie iopiznAOmMbCA nidguleHo0 memnepamyporo nazpigy. biomn. 26, puc. 4.

Kniouosi cnosa: MeraneBuii NPOBIAHUK, IMIYJIbCHHMII CTPYM, PO3PAXyHKOBO-¢KCIEePHMEHTA/IbHE BH3HAYCHHS YCepeIHEHOro
4YHCJIA KBAHTOBAHUX NOJOBKHIX €1eKTPOHHMUX NMiBXBUJIb ¢ Bpoiins i 30H sokaii3anii eJ1eKTPOHIB B IPOBITHUKY.

Ilpeocmasnenst pesyibmamovl meopemuuecKux U IKCHEPUMEHMANbHLIX UCC1e006aHUN, CEAZAHHLIX C Onpedenenuem
YCPEOHEeHHO020 HUCNA Ry, K6AHMOEAHHBIX NPOOONbHBIX INEKMPOHHBIX nonyeonn 0e bpoinsa ¢ memannuueckom npogoonuke ¢
UMRYIbCHOIM  AKCUAIbHOIM MOKOM Rpogooumocmu 6onvuioni naomuocmu. Ilonyuennvie pesynvmamul yKa3vlélom Ha
K8AHMO080-601H060Il XApPAKMEP RPOMEKAHUA UMNYIAbCHOZ0 MOKA NPOBOOUMOCHU 6 IMOM HPOBOOHUKE, NPUBOOAUWUIL K
603HUKHO6EHUI0 6 €20 CMPYKmype KEAHMOBAHHOU RPOOOIbHOI NepuoOUHecKoil N0Kanuzauuu opeigyrouux c60600HbIX
INeKmpoOHo8 Ha yyacmkax wiupunou Az. Jlannvie 30HbI JNOKANU3AUUU IJIEKIMPOHOE OMJIUYAIOMCA NOGLIUIEHHOU
memnepamypoit nazpeea. budn. 26, puc. 4.

Knoueevle  cnosa: MeTAIMYECKHH TNPOBOJHUK, HWMNYJIBCHBI TOK, PacYeTHO-IKCIEPUMEHTAIbHOE OIpeeIeHne
YCPEIHEHHOI0 YHCJIa KBAHTOBAHHBIX IPOAOJbHBIX 3IEKTPOHHBIX MOJIYBOJIH /e Bpoiisisi  30H JoKkanu3anuu 3JeKTPOHOB B
MPOBOTHUKE.

Introduction. A number of scientific publications in
recognized domestic and foreign Journals and
monographs have been devoted to theoretical and
experimental studies of the quantum-wave nature of the
electric conduction current in cylindrical metal conductors
[1-11]. The results of these studies are fundamental in
nature and allow to take a fresh look at the quantum
mechanical processes of propagation and localization in
the crystal structure of the metal of the indicated
conductors of their drifting collectivized free electrons,
which possess wave properties and are characterized by

their de Broglie wavelengths 4, [12, 13]. As is known, for
the wavelengths A, of electron waves propagating in a
metal of a cylindrical conductor with current in its
longitudinal and radial directions, the fundamental
relation from the field of wave mechanics (quantum
physics) holds, obtained in 1924 by the outstanding
French theoretical physicist Louis de Broglie and having
the following classic form [12, 13]:

Ae =h/(meve), (1)

where h = 6.626:10>* J-s is the Planck constant;
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m, = 9.109-107" kg is the rest mass of the electron; v, is
the velocity of motion (drift) of free electrons in the
crystalline structure of the material of the conductor.
According to [1-13], the behavior of free electrons
in a metal conductor of a cylindrical shape is described by
the corresponding Schrodinger wave w-functions (they
were first proposed and obtained in an analytical form at
the beginning for coupled electrons of hydrogen-like
atoms when solving the corresponding wave equation (it
entered the history of modern physics as Schrodinger
equation) by the outstanding Austrian theoretical physicist
Erwin Schrédinger in 1926 [14]), varying in space and
time according to the harmonic law and square whose
module determines the probability density of their
(electrons) being in a particular place in the cylindrical
volume of the conductor. In this regard, the most probable
places of drift of free electrons under the action of applied
to the opposite ends of the conductor constant, alternating,
or pulsed electric voltage of free electrons in the
conductor metal will be those that correspond to the
amplitudes of the Schrodinger wave w-functions and,
accordingly, the amplitudes of the electron waves of
length 4., spatio-temporal changes of which also occur in
harmonic law. In addition, the wave distributions of
drifting free electrons in the metal structure of any
conductor obey the fundamental principle of quantum
mechanics — the Heisenberg uncertainty relation [12, 13],
formulated by the outstanding German theoretical
physicist Werner Heisenberg in 1927 [14] and having for
longitudinal z and radial r coordinates of a cylindrical
conductor with current the following canonical form:

myAv,,Az > h/4r 2)
myAv,.Ar > h/4r, 3)

where Az, Ar are, respectively, the uncertainties of the
longitudinal and radial coordinates of free electrons
drifting in the structure of the material of the conductor;
Av,,, Av,,. are the uncertainties of the longitudinal and
radial components of the drift velocity v, of the electrons
in the conductor material, respectively.

It follows from (2) and (3) that even for known
(numerically specified) values of the velocities Av,, and
Av,, of drifting free electrons, their spatial location in the
cylindrical volume of the material of the conductor with
current remains undefined and quantitatively determined
by the quantities Az and Ar, respectively. Taking into
account the above physical (statistical) interpretation of
Schrodinger wave w-functions, proposed in 1926 by the
outstanding German theoretical physicist Max Born [14],
the midpoints of the indicated Az and Ar values for
drifting free electrons will correspond to the amplitudes of
electron waves of length 4,.

With the numerical value of the longitudinal velocity
v, of the drift of free electrons in the copper conductor
(respectively, and the numerical value of its uncertainty
Av,,), in the limit of, for example, for the short circuit
(SC) mode in the electric circuit (with a longitudinal
current density d,. of about 1 kA/mm? [15]), about 37
mm/s, it follows from (1) and (2) that the length A../2 of

the de Broglie electron half wave in this metal of the
conductor will be numerically about 9.8 mm, and the Az
value of the longitudinal localization of drifting free
electrons in a conductor — about 1.56 mm. It can be seen
that in the case under consideration (in the SC mode), the
quantities A./2 and Az take macro-sizes commensurate
with the transverse dimensions of the real conductors used
in electrical engineering and the electric power industry.
In this regard, for this case, wave manifestations in the
conductor metal of drifting free electrons, leading to local
periodic overheating of the conductor metal in sections of
width Az, can be physically detected and recorded using
measuring equipment (for example, a thermal imager or
camera). As for the random (thermal) motion of free
electrons in a copper conductor without conduction
current (before applying an electric voltage to it), then in
this case their highest speed, determined according to the
Fermi-Dirac quantum statistics by the Fermi energy Wy
[12, 13], takes numerical value of about 1.6:10° m/s.
Substituting this value of the electron velocity in (1) and
(2), we find that for this case (the initial state of the
«electron cloud» of the conductor), the desired values of
A/2 and Az take nano-sizes, respectively, equal to
approximately 0.23 nm and 0.036 nm. Therefore, it is not
possible for the researcher to identify local manifestations
of the wave properties of free electrons randomly moving
in its interatomic space and their influence on
macroscopic electrophysical processes (for example, on
the contact potential  difference of  metals,
thermoelectricity [12], etc.) that occur in conductors.

The above quantitative estimates indicate that, due
to the relatively small values of the drift velocities v, of
free electrons in the crystalline structure of the metal of
the conductor (for electric power industry, not more than
1 m/s), their wave properties will significantly affect the
processes of their spatial distribution in metal conductors
and, accordingly, on the processes of Joule heat release in
their material.

When studying the behavior of drifting free
electrons in conductor metal with conduction current, it is
imperative that the quantum nature of all processes
occurring in the microworld of matter be taken into
account. Therefore, solutions of partial differential
equations describing the wave distributions of these
electrons in a conductor will be characterized by
eigenvalues integers ny = 1, 2, 3, ... which are called
quantum numbers in quantum physics [12-14].

When studying the processes of formation and
propagation of drifting free electrons in a metal
conductor, one should also take into account the
fundamental «principle of prohibition» formulated in
1925 by the outstanding Austrian theoretical physicist
Wolfgang Pauli [14] regarding the properties of bound
electrons in an atom of any substance. According to the
«Pauli principle of prohibition», only one bound electron
can be on the electron shells of an atom of matter, having
a corresponding and characteristic quantitative set of four
quantum numbers [12, 13]: the main quantum number n,
the orbital quantum number /, the magnetic quantum
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number m; and the spin quantum number m;,. Therefore,
bound electrons even in the same atom of matter differ
from each other in energy, the shape of the electron
orbital, the position of the electron orbital in atomic
space, and the direction of its rotation around its own axis
[12, 13]. Having left its atom due to its ionization
processes, these bound electrons of various properties
become free, forming in the interatomic space an
«electron cloud» with an averaged volumetric density
(concentration) n,,, numerically equal for the main
conductive materials (copper, aluminum, etc.) to a value
of about 10 m~ [12].

At present, in experimental physics, a number of
experimentally discovered new electrophysical effects
(for example, the presence of longitudinal and radial
microstrata in a «metal plasma» during the electric
explosion of thin metal wires in a gas medium and
vacuum by pulsed current of high density [16, 17], the
presence on the axis a high-current plasma channel during
a high-voltage spark discharge in a gaseous medium of
cylindrical zones with significantly higher volumetric
density of free electrons (a thousand or more times)
compared with its peripheral zones [18] and others) did
not find their theoretical justification based on the laws of
classical physics. In this regard, further deepening on the
basis of the laws of quantum physics of our ideas about
the nature of the longitudinal-radial flow of wave
processes in metal conductors of a cylindrical
configuration with electric conduction current of various
types (DC, AC and pulsed) and amplitude-temporal
parameters (ATPs) used in modern electrical engineering,
electric power industry and high pulsed current
technology, is an urgent scientific and technical task. One
of the steps in solving this problem is to find the number
of quantized de Broglie electron half waves of average
length 4..,/2 located along the indicated conductors with
pulsed current and determining in them the corresponding
average number of zones of width Az that differ in their
increased volumetric density according to the laws of
quantum physics of free electrons and correspondingly
elevated temperature.

The goal of the paper is quantitative determination
by calculation and experimentally of the average number
non of quantized longitudinal de Broglie electron half
waves of length A.,/2 in a metal conductor of a
cylindrical shape with pulsed axial current of high
density.

1. Problem definition. Let us consider the case
when axial pulsed current io(¢) of arbitrary ATPs with a
large density do(£)=iy(¢)/S, averaged over its cross section
So flows through a thin rectilinear round continuous
cylindrical conductor of radius ry and length [;>>r,. We
use the Hartree-Fock single electron approximation
[12, 13], which does not take into account electron-ion
interactions in the internal crystalline structure of the
conductor. We assume that the spatio-temporal
distributions along the longitudinal coordinate z and in
time ¢ of drifting free electrons in the material of the
investigated conductor with pulsed current ip(f) will

approximately obey the corresponding one-dimensional
Schrodinger wave equation [12, 13]. On the basis of the
quantum-mechanical approach, it is required to carry out
an approximate calculation of the averaged number n,, of
quantized longitudinal de Broglie electron half waves of
length 4.,/2 in the considered metal conductor of a
cylindrical shape with pulsed axial current iy(¢), and also
to perform using a high-power high-voltage generator of
aperiodic current pulses experimental verification of the
results of calculating the number ng, of quantized
longitudinal electron de Broglie half waves of length
Aezm/2 in this conductor.

2. Calculation estimation of the average number
of quantized longitudinal de Broglie electron half
waves in a metal conductor. To begin with, it was
shown in [1, 4, 6-9] for the first time in the field of
theoretical electrophysics that on the length /, of a metal
conductor with conductivity current io(¢) of any kind (DC,
AC, or pulsed) an integer quantum number 7, of
longitudinal de Broglie electron half waves, satisfying the
following relation always fits:

ng = 2[0 //,Lez . (4)

Then from (4) for the desired value of the averaged
number ny,, of quantized longitudinal electron de Broglie
half waves in the metal of the conductor it follows:

nom =210/ Aezm » (5)
where 1., is the average length of the quantized
longitudinal de Broglie electron wave in the metal
structure of a conductor with conduction current.

From (1) we find that for the quantity 4., in a first
approximation, an expression of the form is valid:

Aezm = h/(MgVep,), (6)
where v,,, is the average drift velocity of free electrons in
a homogeneous conductor material.

It is known from atomic physics that, in the general
case, V., can be determined by the formula [12]:

Vem = Som /(¥ 2e0m0n) . (M)
where 60,,1/(2)1/2 is the root mean square value of the
current pulse density iy(f) in the conductor with its
amplitude 80m; J,.; e=1.602-10" C is the modulus of
the electric charge of an electron; n,, is the averaged
volumetric density of drifting free electrons in a
conductor.

As a result, from (5)-(7) for the average number n,
of quantized longitudinal electron de Broglie half waves
in a metal conductor with pulsed axial current iy(f) of
various ATPs, we have:

nom = \/Emeé‘OmlO Hegnemh) - 3

We point out that the value of the averaged
volumetric density n,, of drifting free electrons in the
conductor metal, included in (8), is equal to the
concentration N, of metal atoms multiplied by its valency,
determined by the number of unpaired electrons on the
valence electron subshells of the conductor metal atoms
(for example, for copper, zinc and iron valency is equal to
two [12, 19]). The concentration N (m™) of atoms in the
metal of the conductor with its mass density dy (kg/m’)
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before the pulsed current iy(f) flows through it is
determined by the formula [12]:

No =do(M, -1,6606-1027)7", )
where M, is the atomic mass of the conductor material
included in the D.I. Mendeleev periodic system of
chemical elements and almost equal to the mass
number of the nucleus of the atom of the metal of the
conductor, calculated in atomic units of mass (in this
case, one atomic unit of mass is numerically equal to
1.6606-107%7 kg [13]).

In formula (8), the quantities m,, e, and A are world
constants [12, 13], while the values [, and 0,
characteristic of a particular conductor can be numerically
specified or determined experimentally.

It should be noted that the computational relation
(8), which is simple in form of writing, was obtained in a
rather rigorous way based on the known quantum-
mechanical laws characteristic of the wave distribution of
drifting free electrons in the metal of a conductor with
current iy(7) [10].

The calculation estimation by (8) of the average
number ny,, of quantized longitudinal de Broglie electron
half waves in a steel wire (r=0.8 mm; /,=320 mm;
Ny=8.43-10® m; n,,=16.86-10"* m™ [10]), which is
directly affected by axial aperiodic current pulse of a
temporary shape 9 ms/160 ms (Jy,=0.37 kA/mm?), shows
that in this case the value of ng, turns out to be
numerically equal to about 9.

It is important to note that a similar quantitative
result for the value of the quantum number ny,, in a steel
wire (n=4) with current iy(f) was previously obtained on
the basis of a calculated relation of the form [10]:

o, =n,y, /nn,, , (10)
where 7,=2n" is the maximum value of the quantum
number n, for Schrodinger wave y-functions describing
the wave distributions of drifting free electrons in a metal
conductor.

In obtaining analytical relation (10), it was assumed
that the maximum number of varieties of free electrons
(in their orbital /, magnetic m,, and spin m; quantum
numbers) in a conductor metal is equal to the maximum
number 2n* of bound electrons in its atoms with the same
principal quantum number #.

3. Experimental estimation of the average
number of quantized longitudinal de Broglie
electronic half waves in a metal conductor. For
experimental verification of the obtained data on the
choice of the averaged number ng, of quantized
longitudinal de Broglie electronic half waves in the
conductor metal with pulsed axial current iy(¢), we used a
high-power PCG-C high-voltage generator that generates
on the RL-load an aperiodic current pulse with amplitude
of Iy, up to 1 kA of temporal shape ¢,/7,=9 ms/160 ms
(t,, 1s the time corresponding to the current amplitude /y,;
7, is the pulse duration at the level of 0.5 /;,,) and the total
duration ¢, of the flow through the load (conductor) is up
to 1000 ms (Fig. 1) [20] ].

Fig. 1. Oscillogram of an aperiodic current pulse i(¢) of
negative polarity of the temporal shape ,,/z, =9 ms/160 ms
flowing in the PCG-C discharge circuit with the equivalent of the
electric load in the form of a square 2 mm thick aluminum sheet
and plan size 500 mm x 500 mm (W~400 kJ; U~—4.2 kV;
To,= =835 A; 1,~9 ms; 7,160 ms; #,=1000 ms;
vertical scale — 282 A/cell; horizontal scale — 100 ms/cell) [22]

A straight round solid steel wire (7,=0.8 mm; /, =
320 mm) with a thin zinc coating A;=5 um thick outside
was chosen as a prototype of a metal conductor (Fig. 2).
The presence of a zinc coating on the indicated wire was
due to the authors' assumption related to visualization of
the features of the process of intense Joule heating of the
wire in quantized sections of width Az having a refractory
steel base (with a melting point of up to 1536 °C [21])
and a relatively low-melting zinc coating (with its melting
point up to 419 °C and boiling point up to 907 °C [21]).

Fig. 2. General view of a round galvanized steel wire
(0=0.8 mm; /=320 mm; Ay=5 pm; S;=2.01 mm?) placed in air
above a heat-shielding asbestos cloth and rigidly fixed in the
discharge circuit of the PCG-C generator (W~ 310 kJ;

Uc = —3.7 kV before an aperiodic current pulse of high density
flows through it [9]

In the case of Joule heating with the indicated
current pulse in the discharge circuit of the PCG-C type
generator (with stored electric energy W up to 570 kJ and
charging voltage U of its pulse capacitors UM2-5-140 up
to £5 kV) of the test wire up to temperature of about
1500 °C and higher along the wire in quantized sections
of width Az, it is possible to boil the zinc coating and melt
the steel base of the indicated wire. In this case,
visualization of periodic formation along the wire in areas
of width Az of expanded spheres consisting of products of
boiling of a zinc coating and melting of the steel base of
the wire becomes real. Running a little ahead, it can be
noted that it was precisely this electrophysical
phenomenon that was observed by electrophysicists on
the desktop of the PCG-C type generator with a selected
thin galvanized steel wire (Fig. 3).
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Fig. 3. External view of the desktop of a powerful high-voltage
generator PCG-C and the thermal state of a galvanized steel
wire (79=0.8 mm; /=320 mm; A¢=5 pm; Sp=2.01 mm?) with four
«hot» quantized zones with a width Az =7 mm and two «cold»
longitudinal sections (isthmuses) about 27 mm wide after
exposure to the aperiodic wire under study of the
current pulse io(#) of the temporary shape #,/7,=9 ms/160 ms of
high density (Iy,=—745 A; |00,/=0.37 kA/mm?; ny,=9) [9]

Figure 4 shows the oscillogram of the current pulse
t/7,=9 ms/160 ms, used in the study of the quantum-wave
nature of the current iy(¢) in the wire.

R RN N R R R R R

Fig. 4. Oscillogram of an aperiodic current pulse iy(f) of
negative polarity of the temporal shape £,,/7,= 9 ms/160 ms of
high density (Zp,=—745 A; |00,|=0.37 kA/mmZ) which destroys

the galvanized steel wire (ry=0.8 mm; /=320 mm; Ay=5 pm;
Si=2.01 mm?; vertical scale — 282 A/cell;
horizontal scale — 100 ms/cell) [22]

According to [1-11], the longitudinal sections with a
width Az of the wire under consideration are called
relatively «hot», and the longitudinal sections (isthmuses)
periodically located between its zones of width Az are
called «cold». We point out that in [7, 9] it was shown
that the Joule heating temperatures of these longitudinal
sections of a round metal wire with the conductivity
current 1 ip(f) can differ up to 3.5 times. This is precisely
the main danger of the thermal effect of large emergency
SC currents on cable-conductor products (CCP) of
electric power facilities, industrial and residential
premises. Due to the localization of drifting free electrons
in the current-carrying parts of the CCP in their narrow
longitudinal sections of width Az, which is not more than
(3-10) mm in SC [10], they can quickly be intensively
heated by emergency current to the ignition temperature
of the CCP insulation (up to 450 °C and higher) [23]. In
our opinion, this circumstance may be the main cause of

many fires due to the onset of fire during sudden SCs of a
power CCP not only at electric power facilities, but also
in the everyday life of citizens using AC (DC) electric
networks. In this regard, not only purely scientific, but
also applied interests can motivate electrophysicists in
solving the quantum-mechanical problem formulated
above and, accordingly, achieving the previously set
goals.

The main construction schemes, technical
characteristics and principles of operation of a high-
voltage generator of the PCG-C type were described in
[20, 24-26]. The means of high-current measuring
equipment (shunts, oscilloscopes, etc.) regularly verified
in the State Metrological Service that are used as part of
the PCG-C generator for the experimental determination
of the ATPs of the current pulse iy(¢) flowing through the
tested wire were also described there. From the
experimental results obtained using the indicated PCG-C
generator and from data of Fig. 3 it follows that when
flowing along a bimetallic wire (r=0.8 mm; /,=320 mm)
with a thin external zinc coating (A¢=5 pm) and the steel
base of a powerful aperiodic current pulse of negative
polarity  (|0om/~|Toml/S6=0.37 kA/mm?), such a wave
longitudinal distribution of drifting free electrons in the
wire metal is observed, which potentially leads to the
periodic appearance of nine brightly glowing «hot»
longitudinal zones along the wire with a width of
approximately Az = 7 mm, which take a spherical shape.
Since the midpoints of each of these «hot» longitudinal
zones of the wire correspond to the amplitudes of the
quantized Schrodinger wave w-function (1¢=9) [8], their
own quantized de Broglie electron half waves,
characterized by quantum number rn,,=9 will correspond
to them (to the middle of zones of width Az).

It should be noted that due to different conditions of
longitudinal heat removal from periodically arising along
the studied thin cylindrical steel wire of relatively «hot»
and «cold» longitudinal sections with a geometric step
approximately equal to A..,/2 = 34 mm without taking
into account the two extreme «cold» and directly adjacent
to the bolted joints of the sections (see Fig. 3), in the
experiment performed five «hot» and eight «cold»
longitudinal sections of galvanized steel wire were
completely sublimated [21]. Violation of the metallic
conductivity of the tested wire, caused by intense Joule
heating of its current-carrying part, begins at a point in
time corresponding to approximately 380 ms (see Fig. 4).
Data in Fig. 4 shows that at a time from the beginning of
the flow through the wire of the considered pulsed current
io(f) of about 570 ms, the metal structure of the wire is
completely destroyed and the conduction current stops
flowing through the wire.

The results obtained during a high-current and high-
temperature experiment using a high-power PCG-C high-
voltage generator and the indicated galvanized steel wire
unambiguously indicate the operability of the
recommended quantum-mechanical relation (8) with an
approximate choice of the average number ng, of
quantized longitudinal de Broglie electron half waves in a
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cylindrical conductor with pulsed axial current io(f) of
various ATPs.
Conclusions.

1. For the estimated forecasting of possible places of
the onset of longitudinal localization of drifting free
electrons in narrow sections of width Az of current-
carrying parts of power wires and cables of electric
power facilities, industrial and residential premises,
which is manifested most strongly in emergency
operation of CCP with SC currents and high current
densities, a new quantum-mechanical calculation
relation (8) is proposed.

2. Experimental verification using powerful high-
current high-voltage equipment and a prototype of bare
galvanized steel wire with diameter of 1.6 mm and
length of 320 mm (with density amplitude module of
flowing for up to 570 ms through the wire an aperiodic
current pulse of about J,=0.37 kA/mm? and widths Az
of each of the longitudinal localization regions of
drifting free electrons in it up to 7 mm) of the proposed
relation (8), which determines, for the indicated
numerical value dy,, the average number ny,= 9 of
quantized longitudinal electron de Broglie half wave
length 4..,/2 = 34 mm in the metal wire, has confirmed
its operability.

3.To ensure the fire safety of the power CCP in
emergency operation modes, accompanied by the flow in
current-carrying parts of wires and cables of alternating
currents of SC with their high densities (200 A/mm” or
more), it is necessary in the relevant regulatory
documents that determine the conditions for reliable
operation of the CCP in industrial and home conditions,
to take into account the peculiarities of the influence of
the wave nature of the distribution along the metal cores
(shells) of the CCP of free electrons drifting in them on
the possibility of occurrence in current-carrying parts of
the CCP of short longitudinal zones of width Az with
abnormally increased concentration of such electrons
and accordingly the temperature of indicated CCP
operation modes.
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THE RECIPROCITY PRINCIPLE FOR A NONLINEAR ANISOTROPIC MEDIUM
WITHOUT HYSTERESIS: THEORY AND PRACTICE OF APPLICATION

The construction of the correct vector material equations for nonlinear anisotropic soft magnetic materials remains one of the
main reserves for increasing the accuracy of mathematical models in solving magnetostatic problems in the field formulation.
The aim of the work is to establish asymptotic expressions for the reciprocity principle, which is a fundamental property of
reversible magnetization processes of nonlinear anisotropic media, and to use the obtained results to optimize the computational
process when constructing the vector magnetization characteristic and differential permeability tensor. The potentiality property
of the magnetic flux density vector B in H-space is used. The main result of the paper is an illustration, using concrete examples,
of an alternative method for calculating vector magnetization characteristics for one of the orthogonal families. In order to
eliminate the instrumental error and ensure maximum accuracy and reliability of the obtained results, the exact characteristics
for the components of the vector magnetization characteristic obtained by differentiating a special analytical expression for the
potential were used as initial ones. The principle of reciprocity, by virtue of its universal nature, makes a significant contribution
to the theory of nonlinear anisotropic media in the hysteresis-free approximation. Asymptotic expressions for the reciprocity
principle are obtained for the first time. The performed computational experiments on the construction of vector characteristics
based on the known magnetization characteristics in one of the directions confirm almost complete coincidence with the exact
values obtained analytically. The use of asymptotic expressions for the reciprocity principle not only greatly simplifies
computational processes for determining the orthogonal magnetization characteristics, but also implements the calculation of
differential permeability tensors for arbitrary field values. The proposed method can be implemented in applications for
calculating the magnetic field in devices with nonlinear anisotropic magnetically soft materials, primarily with cold rolled sheet
electrical steels, which are most used in electrical engineering. References 12, figures 5.

Key words: nonlinear anisotropic medium, vector magnetization characteristics, energy potential, reciprocity principle,
asymptotic expressions, magnetic permeability tensor.

Pozenanymo meopemuuni ma npakmuuni acnekmu nooyoo8u 6eKmMopHUX MamepianbHux PieHAHb HENIHIUHUX AHI30MPONHUX
cepeoosuwy. Iloxazano, w0 icuyroui memoou 001Ky MAZHIMHUX 61ACMUBOCHENl HABIMY 6 (e32icmepe3UCHOMY HAOAUNCEHHI He
3a624€0U 3A0080ILHAIOMYb 6UMO2AM NOGHOMU U mamemamuynoi cmpozocmi. Iliomeepoiceno ehpexmugnicmo enepzemuynozo
nioxody 00 nooyooeu GeKmMOPHUX XAPAKMEPUCHMUK MAZHIMHO20 cmany makux cepedosuuwy. Ocoonugy yeazy npuodineHo
npunyuny 63aemMHocmi AK QyHOAMeHmanvHill enacmueocmi 000pomuux npouecie Hamazniuyeannua. Bcmanoeneno noei
acumMnmomuyHi eupasu OnNA NPUHUUNY 63AEMHOCMI | HA YUCIEHHUX RPUKIA0AX NOKa3ana ix eghekmuenicmy npu nooyooei
8eKMOPHOT MOOeni MazHimnozo cepedosunia 6e3 6UKOPUCMAHHA eHepzemuunozo nomenyiany. bion. 12, puc. 5.

Kniouoei crosa: HeniHiliHe aHi30TpONHe cepeIoOBHUINE, BEKTOPHI XapaKTePUCTHKH HAMarHiuyBaHHS,
NMOTeHUiaJl, IPUHLIMI B3a€MHOCTI, ACHMIITOTHYHi BUPa3H, TEeH30P MArHiTHOI NPOHHKHOCTI.

eHepreTHYHH

Paccmompenst meopemuueckue u NPAKMu4ecKue ACHEKnsl ROCIMPOCHUsS 6EKMOPHBIX MAMEPUATILHBIX YPAGHEHUT HeIUHETHbIX
anuszomponnvix cpeo. Iloxaszano, umo ucnonvyemvie Memoobl y4ema MAZHUMHBIX CGOHCME 0adce 6 0e32ucmepe3sucHom
npuobnudceHuu He 6cec0a y006aemeopAIOm mpedosanuam NOAHOmMbL U mamemamuueckoi cmpozocmu. IToomeepicoena
Iphexkmusnocms IHepeemuuecKkoz0 nOOX00a K NOCMPOEHUIO GEKMOPHBIX XAPAKMEPUCIMUK MAZHUMHO20 COCHMOAHUA MAKUX
cpeo. Ocoboe enumanue yoeneHO RPUHUUNY G3AUMHOCHU KAK (QYHOAMEHMATLHOMY CBOUCHEY 00pPAMUMBIX RPOUECCO8
HAMAZHUYUGAHUA. YCMAHOBNIEHbl HOBble ACUMRMOMUYECKUE GbIPANCEHUA O NPUHUUNA 63AUMHOCIU U HA YUCTIEHHBIX
npumepax noxazana ux Ihghpexmuenocms npu NOCMPOEHUU GEKMOPHOU MOOeNU MAZHUMHOU CcPedbl 6e3 UCNOIb306AHUA
Inepzemuueckozo nomenyuana. bubn. 12, puc. 5.

Kniouesvie cnosa: HellmHeiiHasi aHM30TPONHAsI CpeJa, BeKTOPHbIE XAPAKTEPUCTHKH HAMATHMYHMBAHMS, YHepPreTHYecKuii
NOTEHIHAJI, IPHHIMII B3aHMHOCTH, ACHMIITOTHYECKHE BHIPAKEHNs, TEH30P MATHUTHOW MPOHUIIaeMOCTH.

Introduction. Advances in information technology
in recent decades have stimulated the development of
methods for mathematical modelling of magnetic fields in
various electrophysical devices [1-7]. One of the
important stages of the practical implementation of
problems in the field formulation is the formation of the
material equations of the magnetic medium, which in
most cases has nonlinear anisotropy. The completeness of
the taking into account of magnetic properties of such a
medium requires the construction of a vector
characteristic B(H). The construction of vector models
based on the scalar dependencies B{H;) for the principal
axes of anisotropy [3, 4], the taking into account of
magnetic anisotropy in the framework of «elliptic
models» [4, 5], and other simplified approaches are more
likely forced than constructive solution and, as shown in

[8], inevitably lead to a loss of information and an almost
uncontrolled calculation error.

Some progress in taking into account of the
nonlinear anisotropy of the vector models B(H) in the
hysteresis-free approximation is associated with the
energy approach [1, 6-10]. The basic relation of this
approach is the expression [11]

§>B dH =0, (1)
LII
where Ly is the arbitrary closed contour in H-space, i.e. in
space, on the axes of which the quantities H; and H, are
plotted and which in essence is the hodograph of the
vector H with an arbitrary cyclic magnetization reversal
of the medium. With such a definition of H-space,
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relation (1) formally coincides with the classical condition
of potentiality, since an expression under the sign of the
integral is the total differential of the potential ¥(H).

The above definition of H-space indicates the
independence of the potential Y(H) from the integration
path in H-space, the eddy-free character of the magnetic
flux density field B, which is the force vector of the field
in this space:

d . .
B=—£"’=gradHYf(H)=nBl<H1,H2>+z2Bz<H1,H2). )

In addition, we note an important consequence of
relations (1) and (2) — the symmetry of the differential
magnetic permeability tensor gy (H):

L - Sk
aH” T oH o, aH ol

Ha = = pgji- (3)

In formulas (2), (3), we use the notation associated
with the concepts of the derivative of a scalar and a vector
function with respect to the vector argument used in
vector algebra [12, items 6.2, 6.3].

Energy potentials cannot be measured directly;
therefore, their construction is a difficult problem even in
the two-dimensional case [7]. The basic information for
construction of the potential is a certain set of
experimentally measured magnetization characteristics,
which are used either by their direct integration, or by
selecting the coefficients of some analytical dependence
[7, 8]. Leaving beyond the scope of this paper the known
problems with the accuracy of measuring the magnetic
characteristics of anisotropic materials, we note the
obvious problems with the numerical differentiation of
the potential ¥(H): direct — to obtain the vector
dependence B(H) and repeated — for the differential
magnetic permeability tensor uy(H).

An alternative way to determine the magnetization
characteristics in mutually orthogonal directions without
explicitly defining the potential ¥(H) is the reciprocity
principle, first formulated in [9] and developed in a
number of subsequent publications (see, for example,
[8, 10]). The reciprocity principle is a fundamental
property of an anisotropic medium without hysteresis and
is based on the independence of the potential ¥(H) from
the integration path in H-space.

Let H; <H,<H, and H,<H, <H,. Equation
(1) implies the equality of the integrals S| and S:

H{

Sy = J.[Bl(HlaHZ)_BI(HlaHZ)]'dHl;
" 4)
H 2

Sy = I[Bz(HlaHz)—Bz(Hsz)]'dHr
H)

Energy relations (4) have a simple geometric
meaning: the arecas of the corresponding curved
quadrangles S; and S, are the same. Visually, relations (4)

at Hl'zH'z:o and Hi'zHl*, H; =H>2k are shown in
Fig. 1.

B H'=s H' 8, H=0
| — a,
Hi'+d |
S i i
2 H
s ;,__‘_——'
=5
|
|
|
|
|
‘ 1
H, : I Hy
0 Hi* Hy—8 Hy Ho'+8

Fig. 1. Geometric meaning of the principle of reciprocity

In practical terms, the importance of the reciprocity
principle lies in the possibility of constructing a vector
magnetization characteristic B(H) from partially given
information about the magnetic properties of a nonlinear
anisotropic medium.

The goal of this paper is further generalization of
the reciprocity principle (4), in particular, obtaining its
asymptotic expressions and using them to optimize the
computational process when constructing the vector
characteristic B(H) and the differential magnetic
permeability tensor uyg(H). As we know, it is this
information about the magnetic properties of the medium
that is used in various computational schemes.

Asymptotic expressions for the principle of
reciprocity.

A. The case of Cartesian coordinates. We write
relations (4) in relation to Fig. 1:

Hy
S1= [IBi(Hy, Hy+0)=By(Hy, Hy=0)d Hy;
0
. (%)
H,+0
Sy = J[Bz(O»Hz)—Bz(Hl,Hz)]'de-
H,-6

Since relations (5) are valid for arbitrary values of J,
we consider the limiting expressions for the integrals

R =R;:
Hy
* . 1 * *
Ry = lim .[ < [Bi(Hy, Hy +96) = B(Hy, Hy —6)]dH;
60 0 20
. (6)
Hy+o0 1
Ry=1lim [ —[By(0, Hy)—By(Hy, Hy)]-dH,.
2=lim [ SSUB(0, Hy)=By(Hy. Hy)l-dHy
Hy—6
For small values of ¢, the integrand in the first
integral (6) can be expressed in terms of differential
magnetic permeability z4,:

. * %
(}IH:)[ABl(Hla Hy)/AH, ] = pq12(Hy, Hy),
.

therefore, the integral Rl* becomes curved and takes the
form
Hf
Ry = IﬂdlZ(Hl,Hz)'dHl- (7
0
As for the integral R; , as can be seen from Fig. 1, at

00, the area S, degenerates into a line ab, which
corresponds to the increment of the magnetic flux density

component B, at H,=H ; and 0<H{<H 1* . Therefore
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Hy
Ry —>ab = Jﬂd12(H1aH;)’dHl' ()
0

Obviously, when the integration limits are
compressed to a point, we obtain the symmetry of the
differential magnetic permeability tensor  uy(H)
established previously by relation (3). Thus, the
reciprocity principle has three possible representations:
point one (at each «point» H) — (3) and two integral ones
—respectively (4) and (7), (8).

We note the important practical significance of the
obtained asymptotic expressions. It was shown in [8] that
the restoration of potential #'is possible from a family of
magnetization characteristics in one direction, for
example, Bi(H), H,) and one orthogonal characteristic, for
example, B,(0, H,). As will be shown below, the missing
array of points of characteristics By(H,, H,) can be
obtained without calculating the potential ¥ using
expression (8).

Note that by rearranging the indices, we can obtain
relations similar to (7), (8) for other initial data, for
example, B,(H;, H,) and B(H}, 0):

H,
* *
Ry = Iﬂdzl(H2,H1)'dH2; ©)
0
H,
* *
Rl —>ed= [pq(Hy. HY)-dHy,  (10)

0
and Rl* = R;.

B. The case of polar coordinates. Relations (1), (2)
are invariant with respect to the coordinate system. We
assume that the family of «longitudinal» magnetization
characteristics Bj(H, &), where B is the projection of the
vector B onto the vector H, and a is the angle defining the
direction of the vector H is specified (basic) information.
For the vector B, we use the decomposition B = B|(H, o) +
+ B,(H, @), where B,(H, «) 1is the family of
characteristics of «transverse» magnetization orthogonal
to BH(H . CX,).

In view of the above, formula (2) takes the form
0oV 0l v

oH H O0H
where r °, & are the unit vectors of the polar coordinate
system.

We note the possibility of reconstructing the
potential from a given family of characteristics B(, o).
So, taking ¥(0) = 0, for an arbitrary point H = (H, o) we
obtain

d¥
B=——=gradyg Y(H)= 11
dH gradyg Y (H)=r (11)

H
W(H)= J.BH(H, a)-dH
0
1 o¥
and B, (H,at)=—-—.
(H,a) q a
As in the case of Cartesian coordinates, to calculate
the orthogonal characteristics B,(H, o) without

calculating the potential, we use the reciprocity principle.

Let H <H<H and o <a<a .We have the equality

of integrals S| and S5:
e
Si= [UB,(H, )~ B (H,a")]-dH;
0

" (12)
S, = J.[H'~BL(H‘,(x)—H"-BL(H",a)]-da.

o
The proof and illustration of relations (12) are given
in [9]. We establish the asymptotic properties of the
reduced integral reciprocity principle, similar to relations
(9) and (10). Let H = (H, o) be given — some point in
the intervals H <H' < H”, a <a <a and J, — the
deviation of the angle o from this point. Then, by analogy
with (5) for H'=0 and H' =H" (Fig. 2)
H*
Sy = j[BH(H, & +6,)-B(H,a" =8,)]-dH;
0
a*+5a
Sy= [-H"B (H, @) -da.
a*—éa

Limit expressions for these relations

(13)

s’

H
R, :(Silr_r:oj@[B\\(H,a +8,)-B(H, &" -5,))-dH;
0 (14)
a*+é; 1
R, = li " H'B(H,a) da
) 5a1m J- 2, (H, a)-da
a =0y,

The first integral in (14) can be expressed in terms
of the differential magnetic permeability t4m,. The
integral R;, as can be seen from Fig. 2, for §,—0, by
analogy with (7), (8), degenerates into the line cd:

Hf
Rl >ed= [mypa(H, a")-dH.
0

Since for H=0 H-B, =0 for all ¢, the value of the

segment cd determines the value of HB/(H") and,

therefore, B,(H). Similarly, we can calculate the
remaining components of the array B, (H).

(15)

By

[o R HB(H)
[ |

a

0 H

Fig. 2. Geometric meaning of the principle of reciprocity
for polar coordinates

Computational experiments and discussion. In
order to ecliminate the instrumental error and ensure
maximum accuracy and reliability of the results, we use
the exact magnetization characteristics Bj(H;, H,) and
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B,(H,, H,) obtained by differentiating the potential given
in [8] (Fig. 3,a,b).

Fig. 3. Nonlinear anisotropic medium magnetization
characteristics obtained by differentiation of the potential [8]

It follows from the reciprocity principle that the
family of characteristics B,(H,, H,) can be calculated
from the characteristics B(H;, H,) and one of the
characteristics B,(H;, H,), for example, B,(0, H,). This
information is reflected in Fig. 3,a,b by the symbols «e«
for nodes in which the values of magnetic flux density
will be considered known. The symbols «*« correspond
to the calculated values obtained by using expression (8)
for the missing mesh nodes. From Fig. 3,b, one can see
almost complete coincidence with the calculated
dependences B,(H) (solid lines).

The algorithm of «filling» information on the
magnetic properties of a nonlinear anisotropic medium is
as  follows. Using the known array of
characteristics B; (H), by differentiation we obtain three
components of the tensor wy(H): uq(H) =
= aBl(H)/aHl, ,Udlz(H) = aBl(H)/aHz = ,Ltdzl(H).
Then, using expression (8), we find the corresponding
values of the integrals ab, the subtraction of which from
the values of the given characteristic B,(0,H;)
determines the family of characteristics B,(H) and,
ﬁnally, Iudzz(H) = aBz(H)/aHz .

To confirm, we give some numerical examples. We
choose two arbitrary vectors of magnetic field strength H,

for example, H " = (450, 600) A/m and H @ = (1120,
375) A/m. The calculated values of the corresponding
magnetic flux density vectors B = (1.259, 1.005) T and
B ?=(1.669, 0.275) T. And here, if the values of the B,
components (1.259 T and 1.669 T, respectively) are
obtained by spline interpolation of a given array of nodal
values of the magnetic flux density Bi(H;, H,) (see
Fig. 3,a), then the corresponding values of the B,
components are calculated by the above technique
without calculating the potential ?. The exact values of
the magnetic flux density vectors obtained by using the
analytical expressions from [8]: B " = (1.259, 1.022) T,
B®"=(1.670, 0.257) T. The mismatch angles between the
vectors B and H are respectively equal 9.75° and 14.07°.

We also give the calculated and exact () values of
the differential absolute magnetic permeability tensors for
given values H "V and H @

-for H=H®"
1.28247 -1.25014
”((il)zﬂdll Hdiz|_ 03, ,
,ud21 ,udzz —125014 154950
* 1.26986 —1.23883
" =107 ;
-1.23883  1.56906
- for H= H®
0.53929 —-2.19504
uf =107 ,
—-2.19504  10.7357
0.53756 —2.21087
u®" =107 .
—2.21087  11.2446

We note that the given values of the tensors uq(H)
are local, therefore, from the fact that for the selected
values of the field strength vectors pgx> w11, it cannot be
concluded that the H, axis is the direction of easy
magnetization. As will be illustrated in Fig. 4, this
direction is the axis H.

We also note one of the useful consequences of the
integral reciprocity principle: at the same scales for the
corresponding components of the vectors B and H, the
areas bounded by the limiting magnetization curves are
the same, since according to (4) the areas of all the
corresponding curved quadrangles are the same. For
shown in Fig. 3,a,b boundary characteristics B,(H;, 0) and
By(H,, 1200), By(0, Hy) and B,(1200, H,), by integration
almost identical values were obtained: 880.4670 J and
880.4688 J. This property can be useful in conditions of
limited information on the magnetic properties of an
anisotropic medium, when only two characteristics are
specified in orthogonal directions.

To further illustrate the anisotropic properties of the
considered medium, Fig. 4 shows the hodographs of the
vector H (semicircles of radii of 1200, 600, and 300 A/m)
and the corresponding hodographs of the magnetic flux
density vector B. The anisotropy of the medium is
manifested by a pronounced nonlinear dependence of
magnetic flux density on the field strength, more «easy»
magnetization in the direction of the H, axis, and
significant mismatch between vectors B and H in almost
the entire range of field changes.
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Fig. 4. Hodographs of the change of vectors B and H
of a nonlinear anisotropic medium

Figures 5,a,b show the magnetization characteristics
for the polar coordinate system (H, o), which are obtained
by recalculating characteristics presented in Fig. 3,a,b. As
in Fig. 3, the symbols «e» mark the nodes of the
«longitudinal» magnetization characteristics with known
magnetic flux density values at H =0:200:1200 A/m,
0=0:7/12:7/2, and the symbols «#*» correspond to the
calculated values obtained using the expression (15) for
nodes of the «transverse» magnetization characteristics
B L (H , )

BT

1.6
12 b——dh A B

08

0.4

300 fommmm A T TN A

——m e m—d =]

200 |-~

100 e

W
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(=]
=~
w
(=

Fig. 5. «Longitudinal» — @ and «transverse» — b characteristics
of magnetization of an anisotropic medium obtained
by recalculation of characteristics in Fig. 3

The calculation algorithm for the given characteristics
B, (H,a) of the magnetization in the orthogonal direction

B, (H, o) and the differential magnetic permeability tensor

uq(H) remains almost the same as in the case of Cartesian
coordinates  described above: according to the
characteristics B, (H,a), we first determine the three

components of the tensor uy(H): ptany = 0B/ O H, pan. =
1 1
= L OB/0a = ps = E@(H-Bl)/aH. Then, by

integration according to expression (15), we find the
values H-B,|(H,a) for all H = const and, finally, the

. 1
values of the missing component g g,, = EGB | /oa.

The validity of the obtained results is confirmed by
numerical calculations. For previously accepted values of
the magnetic field strength vector H" = (450, 600) A/m =
=(H, a) = (750 A/m, 39.06 °) and H® = (1120, 375) A/m =
= (1181 A/m, 8.758°) calculated values of the
corresponding magnetic flux density vectors B (V' =
= (B, B)) = (1.574, 0.392) T and B ® = (1.666, 0.283) T.
Exact values of magnetic flux density vectors obtained
using analytical formulas from [8]: B " = (1.573, 0.394) T,
B%"=(1.666, 0.286) T.

In conclusion, we note that the integrand in the
integral (1) characterizes the change in the density of the
co-energy of the magnetic field spent on the cyclic
magnetization of the medium. The results obtained can
easily be transferred to a similar integral for the energy
density HdAB, the use of which leads to the vector
dependencies H(B), namely H,(B,, B,) and H,(B;, B,) or
H(B, a) and H,(B, a) depending on the selected
coordinate system.

Examples of the use of the results obtained in
relation to anisotropic electrical steels will be the subject
of special consideration.

Conclusions.

1. The task of constructing the correct vector material
equations for nonlinear anisotropic soft magnetic
materials remains one of the main reserves for increasing
the accuracy of mathematical models in solving
magnetostatic problems in the field formulation.

2. An effective direction for solving this problem,
which has been actively developing in recent years, is to
use the energy approach to constructing the vector
characteristics of  magnetization. ~However, the
impossibility of directly measuring energy potentials, the
complexity of the analytical description and ensuring
accuracy with double differentiation to determine the
differential magnetic permeability tensor make the task of
constructing them quite time-consuming.

3. An alternative technique of constructing the vector
characteristics of magnetization is to use the reciprocity
principle, which is valid for media with reversible
magnetization processes. Its main advantage is the ability
to directly recalculate the magnetization characteristics in
one of the directions according to the specified
magnetization characteristics in the orthogonal direction
without calculating the energy potential.
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4. The asymptotic expressions for the reciprocity
principle established in this paper, which are universal in
character for arbitrary magnetic media in the hysteresis-
free approximation, open up additional possibilities for
optimizing computational processes and increasing the
accuracy of numerical methods for solving magnetostatic
problems in the field formulation.
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EXPERIMENTAL INVESTIGATION OF THE CURRENT DISTRIBUTION ON THE
SHEET BLANK SURFACE IN LINEAR TOOLS OF MAGNETIC-PULSED ATTRACTION

Purpose. The purpose of the present work consists in the characteristics experimental determination of the pulsed current
transverse distribution on the surface of a sheet non-magnetic metal between the point contacts of the power source with different
geometry of their connection under operating frequencies variation. Methodology. The measurements were carried out using
methods based on the known positions of electromagnetism. The simulating low-voltage equipment was used, as well as high-
voltage power sources with a high level of the stored energy. Numerical processing of the measurement results was carried out
using standard programs from the «Wolfram Mathematica» package. Results. The space-temporal shapes of the pulsed current
density transverse distribution on the surface of the sheet blank were obtained and analyzed. It is established that the degree of
transverse current concentration in sheet metal relative to the center of the system in the operating frequency range of ~ 1.8...22
kHz depends very little on its temporal characteristics. It was found that the level of the transverse current concentration in the
conditionally allocated band connecting the contacts of connection depends significantly on the ratio of the width of this band
and the transverse dimensions of the contact connection. Moreover, the smallest current is concentrated in a strip whose width is
much less than the distance between the contacts (<11...16 %). Originality. For the first time, the numerical estimates degree of
the current transverse concentration are obtained and the dependence of this parameter on the temporal characteristics of the
current, as well as on the method of connecting the power source contacts, is established. Practical value. The research results
will allow creating the new more efficient linear tools of magnetic-pulsed attraction of sheet metals, based on the force interaction
of conductors with unidirectional currents. References 10, tables 1, figures 7.

Key words: measurement of the current space-temporal distribution, sheet metal, linear tool, magnetic-pulsed attraction,
Rogowski coil.

Memoro pobomu € ekcnepumenmanvHe U3HAYEHHA XAPAKMEPUCIMUK HONEPEUHO20 PO3NOOITY WiNbHOCHI IMRYIbCHUX CIPYMIE
Pi3HOT yacmomu Ha ROGEPXHI TUCMOGO20 HEMAZHIMNO20 MEMAY MiXC MOUYKOGUMU KOHMAKMAMU 0Mcepena nOmyxicHocmi npu
NnON0MCeHHAX eNleKmpomaznemusmy. Bukopucmosysanoca moodenvne nu3vkoeonvmue 001A0HAHHA, A MAKOHC BUCOKOGOIbMHI
Odcepena NOMYMHCHOCMI 3 GUCOKUM pienem eHepzil, w0 3anacacmocia. Yucenvna o00podka pe3yromamie euUMIpIOsans
npoeoounaca 3a 00nomozol0 cmanoapmuux npozpam 3 naxemy «Wolfram Mathematica». Pesynomamu. Ompumano i
nPOAHAnizo8ano nPocmMopoeo-4acosi opmu nonepeunozo po3noodily wiinbHOCmi IMRYIbCHO20 CIMPYMY HA NO8EPXHI NUCM OG0T
3azomoexu. Haykoea noeusna. Bnepwe ompumano uucenvni ouiHKu cmyneHs nonepeunoi Kouuewmpauyii cmpymy i
6CMANHO0GICHO 3A1EMHCHICING 0AHO20 RAPAMEmpPY 6I0 UACOBUX XAPAKMEPUCMUK CIMPYMY, d MAKOMC 6i0 CROCOOY RIOKNIOUEeHH:A
Konmaxkmie 0xcepena nomymycnocmi. Ilpakmuune 3nauenns. Pezynomamu 0ocniosyncenv 003680a:110ms cmeoprosamu Ho6i Oinbu
epekmueni niHIAHI IHCMPYMEHMU MAZHIMHO-IMNYILCHO20 NPUMAZAHHA JUCHIOBUX MEMmAnie, Wi0 3ACHOGAHI HA CUNOGI
63A€MO00iT nPoGIOHUKIE 3 00HOCHpAMOsanumu cmpymamu. bion. 10, Tabmn. 1, puc. 7.

Knrouosi cnosa: BUMiproBaHHSI IPOCTOPOBO-4AaCOBOI0 PO3MOiJIy CTPYMIB, JIMCTOBHIA MeTaJl, JiHiliHUMIl iHCTPYMeHT, MarHiTHo-
iMmynbcHe mpuTAranHs, nosic Poroscekoro.

Llenvio pabomel ssnaemca IKcnepumMeHmManNbHoe onpeoeneHue XapaKmepucmuxK NONepeunozo pacnpeoenenHus RiIOmMHOCHIU
UMRYIbCHBIX MOKO6 DPA3HOIl 4ACMOMbl HA NOGEPXHOCHMU JIUCHIO8020 HEMAZHUMHOZ0 MEMAala Mexcoy moyeuHsiMu
KOHMAKmamu ucmouHuKa MOWHOCIU RPU PA3IUYHOU 2eomempuu ux nooxkuouenus. Memoouxa. Himepenus npoeoounucs ¢
HOMOWbIO MeMO0O006, OCHOBAHHBIX HA U36ECHHBIX NONOMHCEHUAX INeKkmpomaznemusma. Hcnonvzoeanocy mooenvHoe
HU3K08OIbIMHOE 000py00sanue, @ MaKHce 8bICOKOBONbMNbIE UCHIOYHUKY MOWHOCIU C 6bICOKUM YPOGHEM 3anacaemoii Inepzuu.
Yucnennasa o6pabomka pe3ynbmamos usmepenuii nPoeooUIAcs ¢ NOMOUWbI0 CMAHOAPMHBIX npozpamm u3 naxema «Wolfram
Mathematicay. Pesynomamor. Ilonyuenst u npoananusupoéamnsi nPOCMPAHCHIGEHHO-6PEMENHble  (OPMBL  NONEPEUHO20
pacnpedenenus NIOMHOCIMU UMRYIbCHO20 MOKA HA NOGEPXHOCMU Aucmoeol 3azomoseku. Hayunaa noeusna. Bnepgvie
RnOLyueHbl YUuCIeHHble OUCHKU CIenenu NOnepeuHoil KOHYeHMPayuu moKa U yCImanoeiena 3a6ucumocms 0aHHO20 napamempa
OM  6PEMEHHBIX XAPAKMEPUCIMUK MOKdA, a4 MAKyce Om CROCo0a NOOKNIOUEeHUA KOHMAKMO8 UCHMOYHUKA MOUWIHOCHIU.
Ilpakmuueckoe 3nauenue. Pezynomamer uccie0oséanuii no3eonsm co3oasams Hoewvle 0Oonee IPdexkmuenvie nuneiinvle
UHCIMPYMEHMbl MAZHUMHO-UMNYILCHO20 RPUMANCEHUA TUCIMOBLIX MEMANI06, OCHOGAHHbIE HA CUN0GOM 63AUMOOelcImeun
HPOBOOHUKO6 ¢ 00HOHanpasaeHHbimMu mokamu. bubin. 10, Tadn. 1, puc. 7.

Kniouesvie cnosa: u3MepeHHe NPOCTPAHCTBEHHO-BPEMEHHOIO paclipelesieHHs] TOKOB, JIHCTOBOW MeTaJll, JIMHEHHbII
HHCTPYMEHT, MATHUTHO-MMILYJIbLCHOE NPUTSIZKeHHUe, osic Porosckoro.

Introduction. The technique of high pulsed currents and the corresponding equipment do not allow, for
and their magnetic fields is increasingly used in modern  example, the molding of products from many aluminum-
industrial technologies for metal forming [1]. This fact is based alloys. An obstacle to the successful
due to the appearance of new alloys with high strength  implementation of traditional technology is the
characteristics and low density. As follows from destruction of the formed samples, since the required
production practice, the established traditional schemes
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forces significantly exceed the yield strength of their
materials. The use of magnetic pulse metal processing
(MPMP) methods solves this problem, since with a short-
term force action the allowable relative deformations
increase significantly [1, 2]. Tools of technologies of this
type make it possible to practically realize efficient
stamping of products from flat sheet conductors.
Obviously, the amplitudes of the excited electrodynamic
forces substantially depend on the spatio-temporal
distribution of currents flowing in the metal of the object
being processed [1]. This fact determines the relevance of
the research topic.

A brief review of the literature. Separate attempts
at practical testing of linear tools of magnetic-pulsed
attraction of specified sections of sheet metals to remove
dents in car body covers were first presented by the
authors of publications [2, 3]. Continuation of work in
this direction is described in research publication [4-6].
Here, for the first time, the theoretical foundations of the
effectiveness of tools of this type [4] and technical
solutions protected by patents for their design [5] were
laid. The authors of [6] performed numerical estimates of
the characteristics of magnetic-pulse attraction of metals
with low electrical conductivity.

For clarity of the further discussion, we should dwell
on the physics of processes in linear tools of magnetic-
pulsed attraction, the principle of which is based on the
force interaction of conductors with unidirectional
currents [7]. Structurally, instruments of this type contain
two geometrically parallel conductors connected to the
discharge circuit of a high-voltage power source. One of
the conductors is the main current lead (an analogue of
the inductor in magnetic pulse processing of metals
[1, 4]), the second one is the section of sheet metal to be
deformed. According to Ampere law, electrodynamic
attraction forces arise between parallel conductors with
unidirectional currents [7]. With hard mechanical fixation
of the main current lead, the dent metal will be attracted
to its working surface [2, 3].

A distinctive feature of the presented instruments of
attraction is the presence of contact electrical connection
of the sheet metal section to be deformed directly to the
discharge circuit of a high-voltage power source. In this
regard, the issue of the transverse distribution of currents
flowing between the contacts of the connection on the
surface of the object of power exposure is of particular
importance.

The first quantitative estimates of the characteristics
of the current density distribution function on the surface
of a sheet metal sample between the connection contacts
of a high-voltage power source were described in the
author's patents [5]. The results of studies of similar
issues aimed at creating effective tools for progressive
magnetic-pulse technologies for the force processing of
metals with different electrophysical characteristics are
also presented in [8, 9].

In general, an analysis of well-known publications
shows that the results of all previous works require further
development.

We concretize the research task. So, the main
indicator determining the effectiveness of the force
interaction of parallel currents (one in the main current
lead, the second on in the metal with a dent) is the degree
of their «spreading» in the transverse direction.
Obviously, if «spreading» is absent, there is a maximum
force of attraction. Otherwise, its integral value decreases.
In this regard, the solution of the problem of assessing the
characteristics of the spatio-temporal distribution of
currents in conductors is necessary to determine, first of
all, the capabilities of the method proper, based on the
force interaction of magnetic fields of unidirectional
parallel currents.

The solution to this problem is possible by
experimental evaluation using two different approaches.
The first one involves the direct measurement of the
surface distribution of the linear current density flowing
between the contacts of the connected source. The second
one is the measurement of currents flowing in the selected
zones of the transverse distribution. The totality of the
results of the first and second experimental approaches
allows to establish the level of reliability of theoretical
estimates.

The goal of the work is the experimental
determination of the characteristics of the transverse
distribution of the density of pulsed currents of different
frequencies on the surface of a sheet of non-magnetic
metal between the point contacts of a power source with
different connection geometry.

Note that the methodology for conducting these
experiments, measurement methods, and numerical
processing of the obtained results using the Wolfram
Mathematica standard software package were performed
in accordance with the methodology and calculation
algorithms described in [2, 3, 7, 10].

The equipment and the object of study are shown
in Fig. 1:

1. The power source is a low voltage current pulse
generator.

2. Digital oscilloscope — PV6501.

3. The matching device is of cylindrical type,
providing a decrease in the operating frequencies of the
exciting current to values of ~ 1.5...2 kHz.

4. The object of study is a sample of sheet non-
magnetic steel ~ (150x150)-10"* m, thickness ~ 2--10> m.

The transverse distribution of the linear current
density was measured in the central part of the sheet metal
by varying the operating frequencies of the flowing
current and various distances between the source
connection contacts.

Option No. 1, high-frequency signal. The operating
frequency in pulse is ~ 20 kHz. The distance between the
contacts is 2H=0.1 m and 2H = 0.02 m.

Option No. 2, low-frequency signal. The operating
frequency in pulse is ~ 1.5...2 kHz. The distance between
the contacts is 2H = 0.1 m and 2H = 0.02 m. The diameter
of the connection contacts is ~ & 0.005 m.

The measurement results are oscillograms of current
pulses (Fig. 2).
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Fig. 1. Experimental equipment and the object of study:
a — complex for modelling of electromagnetic processes in
MPMP: 1 — low-voltage current pulse generator,
2 — oscilloscope, 3 — measuring probes, 4 — sample of sheet non-
magnetic steel; b — steel sample as an object of study in the
adopted experimental scheme

The first thing that should be noted as a feature in
the implementation of the experiment is a change in the
temporal shape of the current pulse with a decrease in
the operating frequency (~ 1.8 kHz, Fig. 2,¢) in
comparison with the signal frequency directly from the
source (~ 21.1 kHz, Fig. 2,a). This circumstance is due
to the influence of the matching device, which, in fact,
is a pulse transformer with a primary multi-turn wire
winding and a secondary single-turn winding in the
form of a thin-walled aluminum cylinder with a
longitudinal section. The current induced in a thin-
walled metal, as shown by the authors [4], has the form
of the time derivative of the current in the primary
winding, which is actually illustrated by the
oscillograms in Fig. 2,a and Fig. 2,c.

We add that the measurement of the current supplied
to the contacts was carried out by voltage oscillography
on a low-inductance ohmic shunt connected in series in
the source circuit with a load in the form of a sheet metal
sample. Here there was an active, that is, directly
proportional, connection between the voltage and the
flowing current.
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5 /
\

-35.440uS Vp-p=2500Y “dc = 4380 mY Fin =
a
200 D 20 uS/Div Trigy. 50,00 v )
AR 2  O PO DOO O
]
=36, 440 us Vp-p = 2876 mY Wdc=1,078 mY Fin = 65,0429 KHz
b
100 mv/Div 200 uS/Div Trig. 40,63 mv/ )
B, \ JMM____'__W . al
-200,00u8 Vp-p-2938mV Ve~ 1534mV  Fin-60,44288KHz
c

Fig. 2. Oscillograms of current pulses in the experiment:
a — signal supplied to the contacts, frequency ~ 21.1 kHz;
b — signal taken from electrical terminals, frequency ~ 21.1 kHz;
¢ — signal supplied to the contacts, frequency ~ 1.8 kHz

Transverse distribution of linear current density.
The measured signal was taken from the electrical
terminals soldered into the sheet metal according to the
geometry in Fig. 2,b. The results of measurements at
various points were normalized to the central maximum.
The final experimental data are presented in relative units
(applicate axis) and are presented as graphical
dependencies along the axial line between the source
connection contacts (abscissa axis). The absolute abscissa
coordinate — «X» is normalized to the distance between
the source connection contacts, the relative abscissa
coordinate — xo = (x / 2H) (Fig. 3-6).

Option No. 1, high-frequency signal, f=21.1 kHz.

48 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.2



U.ﬂi

=

i)

L]

=
o

1 -0B -08 -D4 =02 o oz ©4 08 0
i

Fig. 3. Linear current density distribution
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Fig. 4. Linear current density distribution
in relative units (normalization to maximum)
atf=21.1kHz,2H=0.02 m

Option No. 2, low-frequency signal, f= 1.8 kHz.
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Fig. 5. Linear current density distribution
in relative units (normalization to maximum)
atf=18kHz,2H=0.1m
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Fig. 6. Linear current density distribution
in relative units (normalization to maximum)
atf=1.8kHz,2H=0.02 m

Graphic  illustrations of the investigated
electromagnetic processes should be supplemented by
numerical estimates of the degree of current concentration
in the transverse dimension. We denote this indicator by 7

and define it as the ratio of the corresponding areas of
curvilinear trapezoids (certain integrals)

n= St 100%, (1)
St

where S; is the area of the curved trapezoid with the base

equal to / ( is the length of the selected zone where the

current concentration is determined), S; is the area of the

curved trapezoid with the largest base L = 2H.

The calculation results are summarized in Table 1.

Table 1
Degree of current concentration in the selected zone
Process Frequency Frequency
characte- f=21kHz f=1.8kHz
ristics
(5] (5] Q Q
= = =) =]
g g g g
No. =T =T o S o &
2d 24 24 g
. S — < S — <
Qo q Q . 5] . o .
owen \ | 25 | 25| 2° | 27
a a A A
contacts
11 2H=01m (n=11%|n=65%|n=12%|n=56%
2 12H=002m | n=9% | n=71%| n=8% |n=63%

A dedicated zone is a section whose center coincides
with the reference point on the abscissa axis in the graph
of the transverse distribution of the linear current density.

The generalization of the data given in Table 1
shows that in the studied system the degree of transverse
concentration of current is determined mainly by the
length of the dedicated zone /. For example, in the zone
with /= 0.1 (2H), which, to a first approximation, is much
less than the distance between the contacts, on average
and regardless of the frequency, ~ 10% of the flowing
current is concentrated. In the zone with / = 1.0 (2H)
equal to the distance between the contacts, again, on
average and regardless of the frequency, ~ 60...65% of the
flowing current is concentrated, 30...35% of its integral
value flows outside this zone.

In general, the analysis of the results of
measurements of the transverse distribution of current
density revealed the following patterns:

1. Regardless of the temporal parameters of
electromagnetic processes, the distance between the
contacts has a significant effect on the shape of the
transverse distribution of the linear current density
flowing between them.

2. As the distance decreases, the distribution
becomes more «gentle» (closer to «rectangulary), the
maximum value in the center is not pronounced.

3. With an increase in the distance between the
contacts, the distribution takes on a «triangular» shape
with a pronounced central maximum.

4. When lowering the frequency of the signal in the
pulse (regardless of the distance between the contacts of
the power supply connection), there is a more intense
current spreading across the width of the sheet sample.
This fact can be explained by comparing the current
distribution over the cross section of the conductor in two
limiting physical idealizations. In the case of the skin
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effect (ultrahigh frequencies), the current tends to stretch
out in a line between the contacts. For direct current
(ultra-low frequencies) there is a uniform distribution
over the entire volume of the conductor.

5. The degree of concentration of the flowing current
relative to the center of the system weakly depends on its
temporal characteristics and is determined mainly by the
transverse dimensions of the zone where its concentration
is considered. Out of the zone with a length equal to the
distance between the source connection contacts, about a
third of the total current coming into the system flows.

We supplement the obtained results with
measurements of the integrated characteristics of current
distribution under conditions of connecting a real power
source — a high-voltage magnetic-pulse installation.

Model measurements of the linear current density on
the surface of the sheet sample illustrated the functional
relationships of the degree of concentration of the flowing
current and the size of the zone on the transverse axis
between the contacts. However, the final quantitative
estimates obtained by numerical processing of the results
of model experiments require confirmation in real-life
conditions of the operation of the tool of magnetic-pulse
attraction, when the working currents are tens of
thousands of Amperes.

Measuring complex and its features:

1. The measurements were carried out using a
Rogowski coil, covering a conductor (sheet sample) with
a measured current.

2. The main characteristic of the Rogowski coil is its
so-called constant (allows to recalculate the EMF induced
in the turns of the coil into a real current flowing through
the conductor) — it was G = 13 kA/V.

3. Through the integrating chain (integrator), the
Rogowski coil is connected to a pulsed oscilloscope.
Schematically, the measurements are illustrated by the
graphics in Fig. 7.

4. According to the oscillograms, the EMF was
measured in the Rogowski coil, after which the current in
the conductor was determined using the coil’s constant.

To integrator

Oscilloscope ®/ ; ©) > To integrator
] -
1 WMetal
Integrator Isheet —» ()
!with dent) —>

\Vj
_ Dent - @r—To integrator

Metal \ —
sheet — (1)
Conductor with dent —

with current

Rogowski coil

a b
Fig. 7. Schemes for measurement of currents in the experiment:
a — current measurement in an arbitrary conductor using the
Rogowski coil; b — measurement of currents in sheet metal
with a dent

The experiments were conducted on the basis of the
power equipment of the Department of Engineering
Electrophysics of National Technical University «Kharkiv

Polytechnic Institute» (NTU «KhPI») under the
agreement on scientific and technical cooperation
between the Department of Physics of Kharkiv National
Automobile and Highway University and the Department
of Engineering Electrophysics of NTU «KhPI».

Measurements. Results:

1. The measurements were carried out in the
operating mode of a magnetic pulse installation with
stored energy of 10 kJ — MIU-10 (developed by NTU
«KhPI») with working voltage on a capacitive storage
U = 5.5 kV and operating frequency of the current in the
pulse of ~ 6.75 kHz.

2. The distance between the contacts of the power
source connection to the sheet sample was ~ 0.1 m.

3. The sheet sample in the transverse direction is
divided into sections of equal width: 1 — the whole
sample, 2 — sections outside the dent (~ 1/3 of the sample
width), 3 — section with the dent (~ 1/3 of the sample
width).

4. Currents in sheet metal (in sections) — I, I, I
were measured using the Rogowski coil according to the
diagram in Fig. 7,a.

Measurement results. According to the dedicated
zones on sheet metal — I} = 32.5 kA, I, = 14.3 kA,
I; =7.8kA.

Total current in a sheet sample:

— summation of measurement results:
Licae =25+ I,=36.4 kA,
— direct measurement:
I meas = 32.5 KA.

The reliability level of the measurement results,
determined by the discrepancy between the calculation
and measurement data (/;_cac and 7;.peqs), does not exceed
~ 12%, which is quite acceptable for the practice of
MPMP [1, 4].

The ratio of currents in the dent and in the blank
(concentration index): n = I3/I; = 7.8/32.5 =24 %.

Note that a similar value in model experiments,
averaged over frequencies, does not exceed 30 %.

In general, measurements of current distribution on
the surface of a sheet sample, carried out under real
conditions of connection to a high-voltage power source,
did not reveal significant deviations in the assessment of
the degree of concentration of the flowing current as a
function of the dedicated size of the zone along the
transverse axis between the contacts from the results of
model experiments.

Conclusions.

1.1t is found that the degree of transverse
concentration of current in sheet metal relative to the
center of the system in the range of operating frequencies
~ 1.8..22 kHz very weakly depends on its temporal
characteristics.

2.1t is substantiated that the level of the transverse
concentration of current in a conventionally allocated
strip connecting the connection contacts substantially
depends on the ratio of the width of this strip and the
transverse dimensions of the contact connection. The
smallest current is concentrated in a strip whose width is
much less than the distance between the contacts
(£11...16 %).
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3.1t is shown that when the distance between the
contacts connecting the source decreases, the degree of
concentration of the transverse current flow increases.
With a sufficiently small distance (approximately equal to
the width of the actual contacts), the concentration level
can reach values of ~ 65...80 %.

4.For the first time, experimentally substantiated
results of a numerical estimation of the degree of
transverse concentration of current on the surface of a
sheet blank in linear tools of magnetic pulse attraction are
obtained, the dependence of this parameter on the
temporal characteristics of the current, as well as on the
method of connecting the contacts of the power source is
determined, which allows to create new, more efficient
linear tools of magnetic-pulse attraction of sheet metals,
based on the force interaction of conductors with
unidirectional currents.
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A METHOD OF WAVELET ANALYSIS OF TIME SERIES OF PARAMETERS OF
DIELECTRIC ABSORPTION OF ELECTRICAL INSULATING STRUCTURES

Introduction. In the objects of control there are always a number of interfaces, for example, solid insulation — electrode. On
contacting surfaces, free surface charges are transferred. Surface conductivity leads to fluctuations in the measured values of the
capacitance and the tangent of the dielectric loss angle of solid insulation, the state of which is determined. The drain off of the
surface charge does not lead to a decrease in the scatter of the measured dielectric absorption parameters. One of the main
reasons for the significant time spread of the dielectric absorption parameters, and to a large extent (three orders of magnitude)
of the dielectric loss tangent are tribo charges caused by triboelectrification of cable structural elements. Tribo charges cause
internal noise in electrical insulating structures, masking processes in the polymer insulation itself. Purpose. Substantiation of a
method for analyzing the time series of dielectric absorption parameters, which provides increased accuracy of control and
diagnostics of solid polymer insulation of electrical insulation structures based on filtering experimental data using wavelet
transform. Methodology. The inefficiency of filtering the spectra of time series using a low filter based on the direct Fourier
transform is shown. Multilevel wavelet decomposition of the time series of parameters is presented, and the efficiency of applying
wavelet transforms to identify high-frequency and low-frequency components in the measured values. Practical value. The
method of analyzing the time series of dielectric absorption parameters using the wavelet transform, proposed for the first time,
makes it possible to increase the accuracy of monitoring and diagnostics of solid polymer insulation both at the manufacturing
stage and in the operation of electrical insulating structures. This method is the basis for creating a database of control results for
assessing the state of solid polymer insulation of electrical insulation structures, in particular, power and information cables.
References 17, figures 8.

Key words: dielectric absorption parameters, capacitance, dielectric loss tangent, spectrum of time series, low-pass filter,
decomposition levels, approximation and detail, wavelet transform.

Bcmanoeneno ennue nosepxmnegux i mpioozapaooe na pezyiomamu KOHMPOIO €MHOCHI | manzeHca Kyma Oie1eKmpuiHux
empam eKpaHoeanux i HeeKPAHoeanux Kaodenie 3 nonimepnoio izonayicero. llokazana neegpekmuenicmey inompayii cnexmpie
uacoeux padie 3a O00NOMO2010 Qinbmpa HU3LKUX YACMOM HA OCHOGI npamozo nepemeopenna @yp'e. Ha npuxnadi
HeeKpanoeano20 Kabenlo npeocmaesieno 0Oazamopisnese eeilgiem pO3KIAOAHHA YACOBUX pAOdie napamempie i nokazama
ehekmugnicms 3acmocyeanns 6eiigiem nepemeopenHs 0 GUAGNEHHA GUCOKOUACMOMNUX | HU3LKOYACHOMHUX KOMROHEHM Y
eumipanux 3navennax. OOIPYHMOGAHO ONMUMANbHUIL DPIGEHb PO3KAAOAHHA napamempie OieleKmpuyunoi aodocopouii
HeeKpaHoeamnozo i eKpanoeanozo Kavenie 3a donomozoio eeiienema /Joouwi 12 nopaoky. /Josedeno egpexkmuenicms memooy
geiigniem aumanizy uacoeux paodie napamempie OieneKmpuunoi adcopoyii uio00 nidsuwieHHs MOYHOCMI KOHmMPOJ0 ma
OdlazHocmuKu meepooi noimepuoi izonauii enekmpoizonayitinux koncmpyxuii. bion. 17, puc. 8.

Kniouosi crosa: napameTpu Jie1eKTpUYHOi adcopouii, EMHICTb, TAHI€HC KYTA JieJIeKTPMYHUX BTPAT, CIIEKTP YaCOBUX PAAiB,
(ibTP HU3BKHUX YACTOT, PiBHI PO3KJIaIaHHS, ANMPOKCUMAILifl TA AeTali3alisl, BelBJIeT NepeTBOPEHHS.

Ycmanoeneno enuanue noeepxnocmmubix u  mpuoo3apadoe Ha pe3yibmamvl KOHMPONA eMKOCMU U MAHZeHCA y2ia
OUINNeKMPUUeCKUX nomeps IKPAHUPOGAHHBLIX U HEIKPAHUPOGAHHLIX Kabeneil ¢ nonumepnoi uzonayuei. Ilokazana
Heapexkmusnocms Gurbmpayuu cnekmpos 6pPeMeHHbIX PAOOE C NOMOUbIO PuUAbMPA HUSKUX HACHOM HA OCHOBE NPAMO20
npeoopasosanun @Pypve. Ha npumepe neIKpanupogannozo rabdens npedcmagieHo MHO20YPOBHEE0e Gellélem pasnodiceHue
6PDEMEHHBIX PAO0E RAPAMEMPOE U NOKA3AHA IPGEeKmusHocCmy npumeHeHus eeilgiem npeodpa’0eéanus 014 6blAGNeHUA
GbICOKOUACMOMHBIX U HU3KOUACMOMHBIX KOMNOHEHmM 8 U3BMEPEeHHbIX 3Hauenusax. O00CHOGAH ONMUMATILHOBLIL YPOGEHb
PasnodceHus napamempos OuINeKmpuieckoi. adcopoyuu HeIKPAHUPOEaHHO20 U IKPAHUPOCAHHO20 Kabeneil ¢ NOMOWbIO
eeiienema Jloouwmu 12 nopaoka. Ilokasana ppexmusnocmo memooa eiignem aHANU3A GPEMEHHBIX PAOOE RAPAMENPOS
OulrieKmpuueckoil abcopoyuu, odecneuugaruiezo nOGvluieHue MOYHOCMU KOHMPONA U OUAZHOCMUKU MEEPOOil NOIUMEPHOU
U3OIAUUU ITIEKMPOUONAYUOHHBIX KOHCmpyKyuil. bubn. 17, puc. 8.

Kniouesvie crnosa: mapameTpsl AMIJIeKTpHYecKoi adcopOINM, eMKOCTh, TAHTEHC YIriia AMIJIEKTPHYECKHX INOTepb, CIEKTP

BPEMEHHLIX pP#AI0B, q)ﬂJ'lLTp HU3KHUX YaCTOT, YPOBHM PaA3J0KCHHUHA, aNINPOKCHUMaUUsl U JeTaJIu3alus, BeliBiIeT
npeodpa3zoBaHue.
Introduction. Monitoring and diagnostics of the dielectric loss angle of solid insulation, the state of

electrical insulating structures with high-quality solid
polymer insulation according to dielectric absorption
parameters requires equipment with increased sensitivity
and high selectivity of measurements [1-4]. In the objects
of control there are always a number of interfaces, for
example, insulation — electrode, insulation — insulation.
On contacting surfaces, free surface charges are
transferred. Surface conductivity leads to fluctuations in
the measured values of the capacitance and the tangent of

which is determined. Surface conductivity causes its own
internal noise, significantly affecting the control results
[4]. To reduce the effect of surface charges, all current-
carrying parts of the structure are grounded before
measurements. The time required for the surface charge to
drain off is commensurate with the self-discharge time
constant of the insulation [4].
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Problem definition. The drain of the surface charge
does not lead to a decrease in the scatter of the measured
dielectric absorption parameters (Fig. 1). Figure 1 shows
the results of measurements of the electric capacitance
(Fig. 1,a) and the dielectric loss tangent (Fig. 1,b) of a
shielded single-core power high-voltage cable: curves 1
correspond to measurements without draining surface
charges; curves 2 — with a charge drain. The
measurements were performed at frequency of 120 Hz,
for which the effect of free charge carriers on the
measurement results is most pronounced in comparison
with the data obtained at frequency of 1 kHz [4].

-10

4x10
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25 !
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Fig. 1. The effect of drain off of surface charges on
dielectric absorption parameters in the power cable

Obviously, one of the main reasons for the
significant time spread of the dielectric absorption
parameters, and to a large extent (three orders of
magnitude) of the dielectric loss tangent (see Fig. 1,b),
are tribo charges caused by triboelectrification of cable
structural elements [5, 6] which is confirmed by the
results of measurements of the contact potential
difference (Fig. 2) [5-7]. The registration of the contact
potential difference is the base of the diagnostics of
surface properties of polymer solid insulation of
cables [4-7].

Due to the presence of tribo charges, a double
electric layer arises [8], and hence an additional electric
capacitance. The value of the additional capacity is
determined by the electrophysical properties of the solid
insulation, the state of its surface, the presence of
impurities, etc. [8]. Tribo charges cause internal noise in
electrical insulating structures, masking processes in the
polymer insulation itself (see Fig. 3).

Uk,mV 1-75.
100 PvBng-1-75-35 kV
1
50
0
2t

-50 . . .

10 10° 10' 10% 10° ¢ s 10*

Fig. 2. Contact potential difference in the power cable
with cross-linked polyethylene insulation before drain off
(curve 1) and after drain off (curve 2) of surface charges
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Fig. 3. The effect of tribo charges on the results of the control of
polyethylene insulation by the electric capacity (a)
and the dielectric loss tangent (b) in the initial state (curve 1)
and after thermal radiation aging (curve 2) of the power cable

2000 2500 3000t s 3500

On the other hand, during long-term measurements,
slow fluctuations of the results of measurements of the
dielectric absorption parameters, i.e. flicker noise (Fig. 4),
the more noticeable, the longer the observation interval
[4, 6] are manifested. The regularity of such noise is the
increase in amplitude inversely with the frequency
(harmonic number K) (see Fig. 4). There is also thermal
noise (Johnson noise) due to the thermal motion of charge
carriers in the conductors of electrical insulating
structures, resulting in a fluctuating potential difference at
its ends [4].

The goal of the paper is substantiation of a method
for analyzing the time series of dielectric absorption
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parameters, which provides increased accuracy of control
and diagnostics of solid polymer insulation of electrical
insulation structures based on filtering experimental data
using wavelet transform.

Filtering the time series of dielectric absorption
parameters using the Fourier transform. The presence
of noise in the results of measurements of dielectric
absorption parameters predetermines the mathematical
processing of data using the direct and inverse Fourier
transform [9-14].

The direct Fourier transform results in a spectral
function (Fig. 4, 5). The Fourier transform is aimed at
identifying the harmonic components of the time series,
while the time series is decomposed into components in
the form of sines and cosines. Then, a comparison is made
of the studied sample and its response to the harmonic
function by calculating the correlation. If, as a result of
the comparison, it was found that there is a correlation,
this means that the process contains components of the
selected frequency. Then the frequency of the harmonic
function changes, and the comparison procedure is
repeated.

o abs(S), F/Hz
10° (S)

10
10° 10’ 10 10° K
a
abs(S), 1/Hz
10°
2
- 3 : B
| N
10 1 V= I
107
10° 10" 10° 10° K
b

Fig. 4. Spectra of the electric capacitance (a) and the dielectric
loss tangent (b) of the power cable with polyethylene cross-
linked insulation before drain off (curve 1) and after
drain off (curve 2) of surface charges

Figure 5 shows the time series of the dielectric
absorption parameters of twisted pairs of unshielded

(Fig. 5,a) and shielded (Fig. 5,b) cables of category Se.
The spectra of the time series of the capacitance are
presented in Fig. 6,a,c — curves 1 for unshielded (Fig. 6,a)
and shielded (Fig. 6,c) cables, respectively. The spectra of
the time series of the dielectric loss tangent are shown in
Fig. 6,b,d — curves 1 for unshielded (Fig. 6,b) and
shielded (Fig. 6,d) cables, respectively. Filtering the
spectra of the time series of the dielectric absorption
parameters using a low-pass filter of the 8th (curves 2),
the 12th (curves 3) and 24th (curves 4) orders leads to a
decrease in noise in the measurement results, but does not
exclude the flicker component of noise and distorts the
results, especially in the high-frequency region (see
curves 1-4 in Fig. 6).
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Fig. 5. Time series of parameters of dielectric absorption
of twisted pairs of unshielded (a) and shielded () cables
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Accurate restoration of the time series of dielectric
absorption parameters after the direct and inverse Fourier
transforms is practically impossible, in particular due to
the appearance of the Gibbs effect — spreading of the
spectrum [11-13]. The reason for the spreading of the
spectrum is the lack of time localization of the sine and
cosine functions used in the Fourier series.

To improve localization in time, for example, the
window Fourier transform method is used. As the window
functions, the Hanning, Blackman, Bartlett-Hann,
Gaussian functions (S-transform or Stockwell transform)
are widely used [11-13]. But it is not possible to achieve
at the same time high frequency and time resolution due
to the Heisenberg uncertainty principle.
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Fig. 6. On the efficiency of measured parameters filtration based
on the direct Fourier transform

Approximation and detailing of time series of
dielectric absorption parameters using wavelet
transform. Considering that at certain points in time, the
measured parameters (see Fig. 1, Fig. 3, 4) change
stepwise, which leads to poor approximation by
trigonometric functions, it becomes necessary to use other
transforms, for example, wavelet transform [14, 15].

Figure 7 shows the process of a multi-level wavelet
decomposition of time series of a capacitance (Fig. 7,a,b
for 4-level and 6-level decomposition, respectively) and
the dielectric loss tangent (Fig. 7,c,d for 4-level and 6-
level decomposition, respectively) of unshielded cable
based on twisted pairs (Fig. 5,a).

Such a decomposition process is a multiple
alternation of subband filtering and a decrease in the
number of samples. A halving of the number of samples
means a halving of the quantization frequency, that is, a
halving of the frequency scale (see Fig. 7). This is a
common requirement for filters used in wavelet
decomposition. On the left, approximations of time series
(low-frequency components) are shown. On the right are
the details (high-frequency). In MATLAB, a vector with
approximation coefficients is denoted by cA;, and a vector
with detail coefficient is denoted by c¢D; [13]. The first
part of the output vector is a set of half-sums of paired
samples of time series and is a coarsened version of the
original time series, which are “thinned out” twice in
frequency, i.e. this is an approximation of the original
time series. The second part is the half-differences of
paired samples and is a set of complementary (detailing)
information that is necessary to restore the original time
series, i.e. detailing.

When restoring time series, first in the sequence of
approximating and detailing coefficients zero elements
are added, and then for each consequence its own filter is
used to reconstruct the measured values.

Wavelet analysis of time series of dielectric
absorption parameters of electrical insulating
structures. The detection of local features or the
allocation of individual sections in the experimental data
is necessary at the stage of analysis. The wavelet
transform provides extended information about the
measurement results, which is achieved by filtering the
initial data from random interferences, noise, outliers,
non-linear distortions (see Fig. 7).

For a complete reconstruction of the time series of
dielectric  absorption parameters, only orthogonal
wavelets with a compact carrier can be applied, for
example, Daubechies family wavelets [16]. The
advantage of this type of wavelets over others is that their
use does not introduce additional redundancy in the initial
data, and time series can be completely restored using
quadrature mirror filters.

This type of wavelets is calculated using iterative
expressions, and the form depends on the degree of the
polynomial and the number of calculated coefficients
[14, 15].
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Fig. 7. Multilevel expansion using the Daubechies wavelet of
the 12th orders of the time series of dielectric absorption
parameters

At high wavelet orders, the filter granularity
increases, thereby filtering quality increases due to a
steeper amplitude-frequency characteristic, but the
computational volume at the transform also increases.

With a decrease in the order (window width) of the
wavelet, the transform selects more and more high-
frequency components, but the amplitude-frequency
characteristic is more gentle (compare Fig. 7,c and
Fig. 7,d).

Figure 8 shows the results of filtering the time series
of the dielectric absorption parameters of twisted pairs of
unshielded (Fig. 8,a,b) and shielded (Fig. 8,c,d) cables
using a 12-order Daubechies wavelet with different levels
of decomposition. Here, each level of decomposition is a
filter that covers a certain range, regardless of the type of
data being analyzed.

For an unshielded cable, the time series of the
capacitance are presented in Fig. 8; of the dielectric loss
tangent — in Fig. 8,b. The curves correspond to: 1 — initial
data; 2 — decomposition using the Daubechies wavelet of
the 12th order with decomposition level of 4; 3 —
decomposition level is 10; 4 — decomposition level is 14.

For a shielded cable, the time series of the
capacitance are shown in Fig. 8,c; of the dielectric loss
tangent — in Fig. 8,d. The curves correspond to: 1 — initial
data; 2 — decomposition using the Daubechies wavelet of
the 12th order with decomposition level of 4;
3 — decomposition level is 8.

The presence of the shield causes less noise when
measuring the dielectric absorption parameters of the
shielded cable and, of course, with a lower value of the
decomposition level, more efficient filtering is observed
compared to unshielded cable (compare curves 4 and 2 in
Fig. 8,a,b and Fig. 8,c,d, respectively).

The reconstructed time series of the dielectric
absorption parameters of an unshielded cable (see
Fig. 8,a,b) at a decomposition level of 14 are consistent
with the average capacitances of 4.909-10° F and the
dielectric loss tangent of 0.001433 [17].

Conclusions.

Based on long-term measurements, the effect of
surface and tribo charges on the results of monitoring the
capacitance and the tangent of the dielectric loss angle of
power and information cables with polyethylene
insulation is established. The scatter of the measured
values of the dielectric loss tangent due to the influence of
tribo charges can reach three (for newly manufactured) —
one (aged in operation ones) orders, which makes it
difficult to control the state of polymer insulation.

The inefficiency of filtering the spectra of time
series using a low-pass filter based on the direct Fourier
transform is shown. Significant distortion of the results in
the high-frequency region, especially when using high-
order filters, has been established.

Using an unshielded cable as an example, a
multilevel wavelet expansion of the time series of
parameters is presented. The efficiency of applying the
wavelet transform to identify high-frequency and low-
frequency components in the measured values is shown.
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Fig. 8. On the selection of the optimal level of decomposition of
the measured values of the dielectric absorption parameters of
unshielded (a,b) and shielded (c,d) cables using a 12-order
Daubechies wavelet

The optimal level of decomposition of the measured
values of the dielectric absorption parameters of twisted-
pair cable of unshielded and shielded cables using the 12-
order Daubechies wavelet is substantiated.

The first proposed method for analyzing the time
series of dielectric absorption parameters using wavelet
transform allows to increase the accuracy of monitoring
and diagnostics of solid polymer insulation, both at the
manufacturing stage and in the operation of electrical
insulating structures. This method is the basis for creating
a database of control results for assessing the state of solid
polymer insulation of electrical insulation structures, in
particular, power and information cables.
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DETERMINATION OF THE EFFECTIVE PERMITTIVITY OF A HETEROGENEOUS
MATERIAL

Purpose. To develop a two-dimensional numerical-field model for determining the effective permittivity of a multicomponent
material represented by a system of homogeneous volumes with known physical characteristics. Methodology. The model is
based on the solution by the finite element method of an electrostatic problem with the subsequent determination of the energy
contained in the volume under consideration. Than we have compared this result with the energy of a flat capacitor with a
rectangular cross-section of the plates and determined the effective permittivity of test material. We also have used Rayleigh,
Odelevsky and Lichtenecker models and the model with a perpendicular arrangement of layers relative to the main electric
flux. Results. Based on the developed field model, the effective permittivities for dry, wet and transformer oil-soaked insulating
papers of various grades, including taking into account ash, are determined. We have proved that a macroscopically
homogeneous multicomponent material is well approximated by uniformly spaced cylindrical volumes with a substance of
different nature in a matrix of another substance. We have showed a significant error of the layer model and the Rayleigh
model relative to the proposed model. We have showed the equivalence of models with the location of inclusions in the nodes
of a rectangular and parallelogram mesh. Originality. For the first time we have proposed wet paper models with an
asymmetric arrangement of a cylindrical volume of water with a circular and segment cross-section in a cylindrical pore. For
the first time we have proposed models of insulating paper with evenly spaced cylindrical inclusions of different volumes.
Practical value. The proposed model allows to calculate the effective permittivity of an inhomogeneous material with a given
accuracy without restricting the shape of the components. Based on the proposed field model, it is possible to determine the
Lichtenecker index, which allows to calculate the effective permittivity for any ratio of the volumes of the components of a
heterogeneous material. References 10, tables 3, figures 4.

Key words: effective permittivity, electrostatic field, energy, finite element method, cylindrical volumes.

O0rpyHmosano 3acmocysants memooy, 3acH06AH020 HA YUCEILHOMY PO3PAXYHKY e1eKMPOCHAMUYHO20 NOAA 0N GU3HAYUEHHSA
ehexmuenoi dienekmpuunoi NPOHUKHOCII 2emePOo2eHH020 Mamepiany, AKUl 3aMIHACMbCA CUCIEMOI0 0OHOPIOHUX 00°cmie 3
gidomumu izuunumu xapaxmepucmuxamu. /[na cyxoco, 60102020 i RPOCOUEHO20 MPAHCHOPMAMOPHUM MACTIOM 301AUTHHUX
nanepieé pi3HUX MAapoK eusHaueHi Oienekmpuuni nponuxnocmi. Pesynomamu po3paxynky 3a 3anponoHoeanumu mMooenamu
3icmaenanuca 3 peyibmamamu, OMPUMAHUMU HA OCHOGL wiapysamoi mooei, moodeneii Penea i Odenescvkozo. 3anpononosani
anpoxcumauyinni 3anexicnocmi Ha 0CHO6I y3azanvhenozo eupasy Jlixmenekkepa 0na 6u3HauyeHHA OieleKMPUYHOL RPOHUKHOCMI
i3onayiitnux nanepis. bioin. 10, Tadmn. 3, puc. 4.

Knrouosi crosa: edpekTUBHA AieIeKTPUYHA NMPOHUKHICTH, €JIEKTPOCTATHYHE I0JIe, eHepris, MeTo] CKiHYeHHHX eJeMeHTIB,
HWITHAPUYHI 00’ €MU.

ObocHnoeano npumenenue memooda, 0CHOBAHHO20 HA YUCIEHHOM pacueme INeKmpPOCMAMUYECKO20 noasa s onpedeneHus
Iphexmusnoii durnekmpuueckoi RPOHUUACMOCMU 2eMEPOZEHHO20 MAMEPUand, KOMopwvli NPeoCmasisiemcs CUCmeMoll
00HOPOOHBIX 00BEMOB ¢ U3BECHIHLIMU (PU3UYECKUMU XapaKmepucmuxkamu. /lna cyxoil, 61a)cHoii U RPONUMAHHOU
MpPanCPHOpMaAmopHbIM MACTIOM UZOTNAYUOHHBIX OYMAZ PA3IUYHBIX MAPOK OnpedesieHsbl OuINeKmpuuecKue npoHuUaemocmu.
Pe3ynomamul pacuema no npPeoioHCeHHbIM MOOENAM COROCMAGNAIUCL C pPe3yabmamamu, ROJYUEeHHbIMU HA OCHOge
cnoucmoit mooenu, mooeneii Pinea u Oodeneeckozo. Ilpednoscenvt annpokcumayuoHHvle 3A6UCUMOCHU HA OCHOGE
0000wennozo eviparxcenusn Jluxmenekkepa 0nsa onpeodeneHus OUINEKMPUUECKOU RPOHUUAEMOCIU U3OJAUUOHHBIX Oymaz.
bu6mn. 10, Tabn. 3, puc. 4.

Kniouesvle cnosa: 3(pdekTUBHA TUIIEKTPHYECKAs MPOHUIIAEMOCTD, JIEKTPOCTATHYECKOE T0J1€e, YHEPTHs, METO] KOHEUYHBIX
3J1eMeHTOB, HUWJIHHAPHYECKHE 00bEeMBI.

Introduction. In the manufacture of electrical formulas of Wiener, Rayleigh, Maxwell, generalized
machines, apparatus and power capacitors, various Lichtenecker formula for flat, cylindrical, spherical and
insulating materials are used, such as multicomponent granular inclusions [1, 2], as well as the Odelevsky
(varnished fabrics and varnished paper, electrical formula for statistical mixtures can be used:

insulating tapes, laminated plastics, electrical ceramics), (g 4 kyle _ (51 i k)—l 4 +(,92 i k)—l Vs (1)
and almost uniform ones, such as mica and cellulose “4 ’
papers. The latter, however, contain a large number of (geq —-& )/(ge q +gz):(g2 —& Ny + e )_leVZ_ L

cavities that can be filled with atmospheric air and

moisture or an impregnating dielectric. Therefore, the feq =4 [+Gnler-a) ey +2a-hle-a) ) G)

permittivity, conductivity and breakdown voltage of n

insulating materials is a complex function of the presence Eeqls = Z Vieis “)
and placement of certain components in the volume of the J=1

dielectric. In this paper, we consider the effect of the \/27

composition of an insulating material on its effective Eoq = At\A"+e162/2, ®)
permittivity. where ¢y, &, are the permittivities of the components of the

Literature review. To calculate the effective material; Vs, V), V, are the total volume and volumes of
permittivity (EP) e, of two-component materials, the

© 0.0. Palchykov
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the components of the material, respectively; k is the
Wiener coefficient, 0 < k < oo; n is the number of
components of the material; m is the Lichtenecker index,
—1 <m < 1; 4 is the Odelevsky parameter

A=[B11Vs =1)e; + (V5 1 Vs —1)g, ]/ 4.

The use of formulas (1), (4) is difficult due to the
unknown coefficients & and m. Formulas (2), (3) and (5)
are derived on the basis of certain assumptions, the
violation of which can lead to a significant error.

To determine the EP of impregnated paper, in [3] it
is proposed to use a model of series-connected layers,
which is a rather rough approximation.

In [4-6], using the double and triple-periodic
Rayleigh model, effective material parameters are
calculated based on the solution of the static field problem
by the method of summing multipole interactions. The
field models in these works for reducing infinite sums of
interactions to their finite sum are limited only by the
nearest neighbors with respect to the chosen inclusion.

Calculation of the EP can be based on the
polarization mechanism [7]. This approach is mainly
applied only for pure substances with consideration of
processes at the ionic and molecular levels. In [8], based
on field models, the electrophysical properties of a
cement-based composite were explained.

Therefore, a sufficiently accurate determination of
the averaged characteristics of the material is based on the
solution of the corresponding field model of the system of
solid substances located in the volume of the material in
accordance with the technology of its manufacture.

The goal of the work is the development of a two-
dimensional numerical-field model for determining the
EP of a multicomponent material represented by a system
of homogeneous volumes with known physical
characteristics.

Object of study. A rectangular parallelepiped made
of capacitor paper with the following dimensions: length
[ =100 pm; width » = 200 pum; height 2 = 14 um for
papers KOH 0,8; KOH 2; MKOH 1 or height # = 12 um
for paper CKOH 3,5. Humidity, composition and density
of the selected paper grades correspond to [9].

Mathematical model. The main physical properties
of the materials needed to build mathematical models for
determining the EP of a particular paper are given in
Table 1. The temperature of the insulating paper is taken
60 °C.

Table 1
Physical properties of dielectric materials
Name Dlzgr)l/s;;y ’ &0 a, 1/°C
Cellulose 1530 6.5 0.5:107
Air 1,06 1.00058 | —1.5-10°
Water 983 80.2 —4.02:107
Transformer oil 856 225 —-0.5-107

The permittivity of the material at an arbitrary
temperature ¢ is determined as

& = eyl +alt-20)). (6)

The veracity of expression (6) is confirmed by the

graphical dependencies shown in Fig. 1 for dry air and

water, recommendations in [3] for cellulose and the linear

dependence of the permittivity of transformer oil on
temperature within 20...90 °C. The assumption of the
absence of thermal aging of the material also applies.

£ £
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\ 70 \
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Fig. 1. Dependence of the permittivity
of dry air (a) and water (b) on temperature

100t,°C

Real insulating paper is presented as cellulose with
cylindrical pores uniformly spaced in its volume. Cross
sections of pores are in planes perpendicular to the length
of the volume under consideration. Depending on the
model formulation, air, air and water, transformer oil may
be in the pores.

The volumes of cellulose and pores are found by
solving the system of equations:

Vppp(l_y):chc +VapPas
Vwpw =Vpppys
Vp =V, +V, +Vy,

where V,, V;, V, and V,, are the volumes of paper,
cellulose, air and water, respectively; pp, p., pa and py, are
the densities of paper, cellulose, air and water,
respectively; y is the relative mass content of water in the
insulating paper [9].

The electric field in cross section relative to the
length of the considered volume of insulating paper is
described by the following differential equations [10]:

Vip=-p;
E=-Vo; (7
D=¢E,

where ¢ is the scalar electrostatic potential; p is the
volume charge density of the domain; E is the electric
field vector; D is the electric induction vector.

At the interface, the following conditions are
satisfied [10]:

{“12 x[Vor -V, ]=0;
n, (Ve —&Ve,)=0;

P = P2 ®)
o 0P 6 42! —0,
8n12 anlz

where n;, is the normal from the first to the second
medium; o is the surface charge at the interface between
two media.

Equation (7) in a piecewise homogeneous dielectric
medium is reduced in each homogeneous region to the
Laplace equation, and the permittivities of the regions is
included in the solution of the problem only by means of
conditions (8).
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The second equation of condition (8) at the interfaces
between two dielectrics, as well as a dielectric and a
conductor, respectively, takes the form:

] o —gzaﬂ=0; &) o =0
ony, ony, ony,

On the upper and lower planes perpendicular to the
height of the volume under consideration, Dirichlet
conditions respectively @41 = 1.9 V; ¢4 = —1.9 V are set.
The solution domain is limited to a cylindrical surface
with a radius of 200 um, a length of 100 pm, and zero
potential on its surface.

After the numerical calculation of the electric field
the energy enclosed in the volume of insulating paper is
found

W= I%E -Ddv = %JAE(V(D)ZdV,
V V
where V' is the volume over which the integration is
performed; v is the elementary volume.
By comparing the calculated energy with the energy
of a flat capacitor, we find the EP
2Wh

o .
U o -o0 P

The numerical calculation of the electrostatic field
by the finite element method is implemented in the
FEMM code.

The main assumptions of the model: dielectric
materials do not have conductivity; there are no charges at
their interfaces; space charges in dielectric materials are

&,

absent, and their volumes do not change under the
influence of an electrostatic field; ideal conductors with
infinitesimal height are sources of an electrostatic field.

The significant width of the investigated dielectric is
explained by the desire to reduce the edge effect. The
model was tested by comparing capacitor capacities with
sizes 100x200x14 um and the same thickness of cellulose
and air obtained on the basis of the equations of the
electrostatic field by the finite element method and on the
basis of the analytical expression without taking into
account the edge effect. The error in this case was 0.23 %.

The results of the study. To calculate the EP of dry
and transformer oil-soaked insulating papers, we used
models of uniformly distributed cylindrical volumes filled
with air and transformer oil, respectively, in cellulose
matrices.

To calculate the EP of wet paper, a model of
uniformly distributed cylindrical volumes filled with air
and water was proposed, and in this total volume the
volume of water was represented as cylindrical with a
circular cross section in a cellulose matrix. When
determining the volume content of a particular
component, the author was based on the structure of wet
paper (that is, paper with normal water content [9]),
therefore, the pore volume (the sum of the volume of air
and water for wet paper) in the models of dry and
impregnated paper did not change. The calculated EPs
for the indicated models, as well as for the layered
model, Rayleigh and Odelevsky models are given in
Table 2.

Table 2
Simulation results
Proposed model Layer model Ril}ggifh O(jrell)e(;/eslky Aggggﬁggﬁggn
Paper grade
Number of| Number of Number of
pores model nodes “a  Imodel nodes| feq beq beq
dry paper
Paper KOH 0,8 248 662632 3.052 4607 1.682 4.500 2.860 3.052
Paper KOH 2 248 702562 4.370 4749 2.543 5.300 4.456 4.507
Paper MKOH 1 248 693639 3.674 4920 2.048 4.895 3.667 3.783
Paper CKOH 3,5 248 750148 4.966 4872 3.150 5.665 5.114 5.123
wet paper
Paper KOH 0,8 248 4462060 3.403 5566 1.912 - - 2.740
Paper KOH 2 248 4877348 5.185 5652 3.503 - - 5.185
Paper MKOH 1 248 4744585 4.130 5509 2.448 - - 3.634
Paper CKOH 3,5 248 3782978 6.262 6711 5.095 - - 6.808
impregnated paper

Paper KOH 0,8 248 662632 3.949 4607 3.233 4.789 3914 3.949
Paper KOH 2 248 702562 5.000 4749 4212 5.525 5.068 5.06
Paper MKOH 1 248 693639 4.453 4920 3.686 5.155 4.503 4516
Paper CKOH 3,5 248 750148 5.448 4872 4.755 5.835 5.540 5.525

The decrease in the EP values according to the
layered model relative to the proposed one is explained by

the need for the entire electric flux to pass through the
region with low dielectric constant. The Rayleigh model
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also cannot claim to be a good description of the change in
the EP when the volumes and properties of the components
of the material change and gives overestimated values. The
Odelevsky model determines the EP with an accuracy of —
2.98...6.3 % and -1.7..0.9 % for dry and impregnated
paper, respectively. On the basis of field models and the
generalized  Lichtenecker  formula,  approximation
dependences are proposed for calculating the EP of
insulating papers. The approximation dependences indexes
for dry, wet and transformer oil-soaked papers amounted to
0.495; —0.283 and 0.391, respectively. The EPs calculated
by this method are given in Table 2.

The effect of the number of inclusions on the EP
value of KOH 2 dry paper is shown in Fig. 2, from which
it can be seen that with an increase in the number of
uniformly distributed volumes of inclusions, the accuracy
of the model increases until it begins to be limited by the
accuracy of displaying the boundaries of these volumes.

Consequently, the proposed models for the specified
in Table 2 numbers of pores accurately enough allow to
determine the EP.

In addition to the above wet paper models, models with
a cylindrical volume of water and a sector section, as well as
with a cylindrical volume of water, in the cavity of which a
cylindrical air volume is coaxially located are considered.

4.4

7

4.2 /

41

/

39

100 150 200 250 300 NV

Fig. 2. Dependence of the permittivity on the number of pores
of the model of dry paper grade KOH 2

The maximum discrepancy between the EPs
calculated for models with a circular and sector section
of the water volume was 2.9 %, therefore, these models
are equivalent. Examples of the distribution of the
electrostatic field in these models are shown in Fig. 3, 4.
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Fig. 3. Distribution of the electrostatic field in the model of wet paper brand KOH 2 with a circular cross section of the volume
of water
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Fig. 4. Distribution of the electrostatic field in the model of wet paper brand KOH 2 with a sector cross-section of the volume
of water

As can be seen from Fig. 3, 4, with almost identical
EPs, the electric field strength modulus in the air in the
first model is greater than in the second one. The EP
values determined for models with a hollow cylindrical
volume of water are 1.36...1.8 times greater than for a
model with a cylindrical volume of circular cross section,
which is explained by the formation of a path with an
increased permittivity. This model was discarded due to

the presence of a local extremum of the EP value when
changing paper grades.

For the KOH 2 dry paper model and pore number
100, the effect of the location of pores at the nodes of a
rectangular and parallelogram mesh on the final result
was studied. The maximum discrepancy was 0.8 %.

It is known that CKOH paper is characterized by a
significant, up to 1 %, ash content. In the manufacture of
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paper calcium sulfate can be considered as ash. The
calculated values of the EP of CKOH insulating paper,
taking into account ash, are given in Table 3. The error of
not accounting of ash was 0.8...1.3 %.

Table 3
CKOH 3,5 paper simulation results
with ash inclusions 1 %
Number of .Number of Number of
Paper type inclusions of Eeq

pores ash model nodes
Dry 248 49 843735 4.925
Wet 248 49 3997067 [6.182
Impregnated| 248 49 843735 |5.415

Conclusions.

1. The principal possibility of describing the

permittivity of a mixture of components on the basis of
field models with the known permittivity of each
component, their volumetric content and the features of
their location is shown. Field models have been
developed for determining the EP of dry, wet, and
transformer oil-soaked insulating papers.

2. The adequacy of the developed models is confirmed
by the following: with an increase in the number of
cylindrical volumes inside the matrix, the EP
asymptotically tends to a certain finite value.

3. The layered model and the Rayleigh model give,
respectively, underestimated and overestimated values of
the EP relative to the proposed field model. These
alternative models suitably describe only a mixture of
components with close permittivities.

4. Approximate dependencies of the behavior of the EP
of component mixtures with a change in their volume
content, constructed on the basis of the generalized
Lichtenecker model and the proposed field models, have
comparable accuracy with the Odelevsky model for two-
component materials and a 2-fold reduced error relative to
the layered model for three-component materials.

5. Models with the arrangement of cylindrical volumes
in the nodes of a rectangular and parallelogram mesh give
the same result when calculating the EP of a
macroscopically homogeneous heterogeneous material.
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REGULATORY CHARACTERISTICS OF THE STEP-DOWN SWITCHING
REGULATOR WHICH CHARGES THE BATTERY FROM THE SOLAR BATTERY

Problem. An important element of autonomous power sources, built on the basis of solar batteries, is a battery, operating in a
buffer mode. To extend the period of its use, it is necessary to ensure the appropriate modes of its charging and discharging, by
regulating the charging and discharge currents. To ensure that maximum power can be transferred to the load in various
operating modes, a matching switching regulator is included between the solar battery and the load. In the case of its application,
it becomes possible to simultaneously regulate the charging current of the battery. For the most effective regulation of this
current, it is necessary to know the regulatory characteristics of the regulator. Goal. The aim of the work is to determine and
analyze the regulatory characteristics of the switching voltage regulator step-down type, which charges the battery from the solar
battery. Methodology. Using the theory of switching voltage regulators, a relationship between the output characteristic of the
source and the regulatory characteristic of the regulator are established. The graphs of the regulatory characteristics are carried
out by the graphoanalytical method. Results. The dependence of the output current of the solar battery, from well as the current
of the charged battery, on the relative time of the closed state of the key of the switching regulator are analyzes. A technique for
constructing the regulatory characteristics of a switching regulator for a given type of output characteristic of a power source and
operating voltage of a battery is proposed. For typical output characteristics of the solar battery, graphs of the regulatory
characteristics of the switching regulator for various levels of illumination of the solar battery are constructed. When
constructing the regulatory characteristics, the possibility of an intermittent current mode in the inductance of the switching
regulator is taken into account. Originality. The results obtained make it possible to take into account the influence of the
internal resistance of the power supply, in particular, substantially nonlinear, on the regulatory characteristics of the switching
regulator. Practical value. The proposed technique can be used to determine the regulatory characteristics of other types of
regulators, the power source of which has a non-linear output characteristic. Using the obtained regulatory characteristics, it is
possible to determine the conditions under which maximum power will be transmitted from the solar battery to the battery. These
characteristics can be used in the elaboration of solar battery charge controllers. References 8, figures 4.

Key words: switching regulator, regulatory characteristic, solar battery, battery, internal resistance.

Po3enanymo nioxoou 00 6u3HAUeHHA PezyNI0GANbHUX XAPAKMEPUCMUK IMRYTbCHOZ0 PeYaamopa HaAnpyzu ROHUNCYEATIbHOZO0
muny, 0xcepenom HcueieHHA AKO20 € COHAYUHA Oamapes, a HAGAHMAdCEHHAM — akymynamop. Ilpoananizoeano 3anescnicmeo
DPezyniosanbHuUX XapakmepucmuK pezyiamopa 6i0 muny 6GuXiOHOl Xapakmepucmuku O0xycependa eneKmpodcueieHna 3
ypaxyeanuam  Heainilinocmi 11020 GHYMPIWIHL020 ONOpPY. 3ANPONOHOBAHO MEMOOUKY GU3HAYEHHA  Pezynio6anbHOl
XAPAKmepucmuKky pezyiamopa O0nsa 3a0aH020 6udy 6UXIiOHOI XApaKmepucmuku o0xcepend, 3 YpPaXy8auHAM MOMNCAUGOCHI
GUHUKHEHHS PeNCUMY Nepepusuacmoz0 cmpymy 6 io2o inoykmuenocmi. Po3pooneno pexomenoauyii wo00o 3abe3neuenus
MOHCTUBOCHI NEPEOABAHHI MAKCUMATILHO MONCIUGOT ROMYHCHOCHI 810 cOHAUHOT Oamapei 00 akymynamopa. bion. 8, puc. 4.

Kniouogi cnosa: iminyibCHUI peryJsiTop, pery/1l0BajbHa XapaKTepUCTHKA, COHSIYHA 0aTapesi, aKyMyJIsITOP, BHYTpillIHiii omip.

Paccmompenst noodxodsl K onpedeneHuio pezyiupoGOUHbIX XAPAKMEPUCMUK UMRYILCHOZ0 Peyiamopa HANPANCEHUs
HOHUMCAIOW|€20 MUNA, UCIMOYHUKOM RUMAHUA KOMOPO20 AGNAEMCA CONAHEUHAs Oamapesn, a4 HAZPY3KOU — AKKYMYIAMOP.
Ilpoananu3uposana 3a6ucumocmsy pezyaupoGOUHbIX XAPAKMEPUCIMUK PeYIamopa Om MUna 6bIXOOHOU XapaKmepucmuKu
UCMOYHUKA INNEKMPONUMAHUA C YYEemOM HeNUHEUHOCMU €20 6HympeHHe20 conpomusnenus. Ilpednoxcena memoouka
onpedenenus pezyiupoeoyHoil XapaKmepucmuKu pezyiamopa 0asa 3a0aHH020 6U0a 8bIX0OHOU XapaKmepucmuKy UCMoYHuKd, ¢
Yuemom 603MONCHOCHU B03HUKHOBEHUS PEXNCUMA NPEPLIGUCINOZ0 MOKA 6 e20 unoykmuenocmu. Paspabomanvl pexomenoayuu
no obecneuenuio 603MOICHOCHU NePeda l MAKCUMATLHO 603MONCHOU MOU{HOCINU OM COJIHEYHOU famapeu K aKKyMyasamopy.
Bubm. 8, puc. 4.

Knioueebie cnoéa: WMMIIYJIbCHBIH pPeryJsiTop, peryJiHpOBOYHAsl XAPaKTEePHCTHKA, COJHe4Has OaTapesi, aKKyMYJsTOp,
BHYTpPeHHee CONPOTHBJIEHHE.

Introduction. The scope of non-traditional and
renewable sources of electricity is expanding every year.
The peculiarity of such sources is the dependence of the
amount of electricity produced by them on external
conditions. Therefore, using similar sources, intermediate
storage energy is used. As a storage device, batteries are
often used [1, 2]. Rechargeable batteries have a limited
life, which depends on the provision of appropriate
charging and discharging modes [3, 4]. Battery life can be
extended, if not rechargeable, as well as do not permit its
deep discharge. In the process of charging the battery, it is
desirable to be able to regulate the charge current
according to a certain law [1, 2]. To provide these
functions special devices — battery charge controllers are
used [1, 4]. One of the components of such devices is the

battery charge current regulator. As such a regulator it is
advisable to use voltage switching regulators (SRs)
[1, 5, 6]. As is known [7] in the case of operation of such
a regulator on the battery, it will operate in the mode of
regulation of the output current. In connection with this,
such a regulator can be used to regulate the charging
current of the battery. If necessary, maximum power
output from the source can be provided.

The most important characteristic of any regulator is
its regulatory characteristic. In the case of power from
traditional electricity sources, it is often assumed that the
load resistance is much greater than the internal resistance
of the source. Therefore, when determining the regulatory
characteristics, it is not taken into account, considering it
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to be zero [8]. Non-traditional and renewable energy
sources often have limited power. Their internal
resistance and load resistance are of one order of
magnitude. In such cases, the internal resistance of the
source will significantly affect the regulatory
characteristics and must be taken into account.

In [7] the regulatory characteristics of a SR
operation on the battery for cases where the power source
is traditional and its internal resistance is close to linear
are analyzed. However, the internal resistance of non-
traditional and renewable electricity sources is often
substantially non-linear. When using SR as a battery
charging current regulator, it is important to know its
regulatory characteristics.

The goal of the work is to develop a method for
determining the regulatory characteristics of the switching
voltage regulators for the case where the internal
resistance of the power source is substantially nonlinear
and the battery is connected at the output. Let's analyze
the regulatory characteristics of the SR step-down type for
the case when the power source is a solar battery (SB) and
the battery is connected at its output.

The method of determining the regulatory
characteristics. If the DC step-down SR (Fig. 1) operates
in the continuous inductance L current mode, the average
values of its input and output voltage are connected by the
relation [8]

Upur =Uint *, (1)
where r* = t,, / T is the relative time of the lock state of
the switch S.

In the case where the internal resistance of the
battery is much less than the internal resistance of the
power source, it can be assumed that the output voltage of
the SR coincides with the voltage of the battery, i.e.
Upie = E,.

Under these conditions, the input voltage of the SR
will depend on the relative time ¢*

Uy, =U,, "= E, /1% @)
L
£ o pa A

:éki AVD p—

m

Cf) u(F)

» TEL LYY

Fig. 1. Step-down switching regulator that charges the battery
from the solar battery

If the input voltage source is considered perfect
(Ui, = E; r = 0), steady-state operation mode of the SR
will be possible only at a fixed value £*

*=E,|E, 3)

and the output current of the SR is uncertain and depends
on the previous mode of operation of the SR.

For t* > E, / E the output current will increase
indefinitely, and for t* < E,, / E the SR goes into the mode
of intermittent current of the inductance L.

In real power supply sources that have a certain
internal resistance r, the output voltage does not remain
constant and varies according to their load characteristics.

In such cases, the system will be in equilibrium at a given
t* only at a certain value of the current / consumed from
the source.

Linear internal resistance of the source. Let the
internal resistance » of the source E be linear. Then its
output voltage will be determined by the known
relationship [8]

U=U;,=E-1I-r. 4

Therefore, the average value of current consumed
from source E can be determined by equating (2) and (4)

E-I-r=E,/t*,
wherefrom
% P
_E E, /t _Et *Ea' 5)
r r-t

If the capacitor C is absent (C = 0) at the SR input, a
pulsed current will be consumed from the source E, the
average value of which at the interval t* will coincide
with the average value at the period of the charging
current of the battery [, = I;. Therefore, in this case, the
regulatory characteristic for the battery charging current
will look like

1

E-t*-E,

Iy=—t. ©)
However, if a capacitor C of sufficient capacitance
(C = 0) is placed at the input of the SR, the output current
of source I becomes continuous. In such cases, the
average values of the currents / and /, will be related by

the relationship [7]
I,=1/t*. (7

Therefore, in the presence of capacitor C, the

regulatory characteristic of the SR (Fig. 1) will look like
E-t*-E,
lo=——3" ®)

The obtained regulatory characteristics (6) and (8)
coincide with the characteristics obtained in [8] otherwise
by other considerations.

Nonlinear internal resistance of the source. The
solar battery, as a power source, is characterized by a
substantially nonlinear internal resistance. Its output
voltage will depend on the external conditions as well as
on the output current. In the presence of an E, battery at
the output of the SR operation in the of continuous-
current mode of the reactor L, the condition of
equilibrium must necessarily be satisfied

Ugg=E, /. 9)
The voltage value of the selected battery E, will

determine the minimum possible voltage at which it is
still possible to transfer energy from the SB to the battery
Usgmin = Eq4 - (10)
According to (9), the SR in this mode of operation
will operate with ¢* = 1. In case of decrease in t* < 1, the
output voltage of the SB must increase, which, under the
existing external conditions, may result from a decrease in
its output current. Therefore, in the case of a given
illumination of the SB F, the maximum current will be
taken away from it provided that ¢* = 1. If * < 1
decreases, the output voltage of the SB will increase and
the output current will decrease. At a certain value of

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.2 65



t* = tr*nin the output current of the SB becomes zero, and

output voltage becomes the idle voltage U,. Since
condition (9) is required for the system under
consideration, it is possible to determine a minimum

relative switch-locking time t;ﬁn that will correspond to

the SB operation in the idle mode at maximum
illumination

* *
min :Ea/Uocmax =E,. (1)
We draw the voltage of the selected battery E Z on

the voltage axis of the typical normalized output
characteristics of the SB (Fig. 2). This voltage will
determine the minimum possible voltage at the output of
the SB. According to the presented characteristics, the
maximum possible output voltage of the SB corresponds
to the voltage of the SB in the idle mode with maximum
illumination F. For the selected battery with voltage E,,

from (11) we determine the relative time tfnin that will

correspond to the specified mode of operation. If, now,

parallel to the voltage axis, the axis of relative time ¢* is
drown and to point on it the obtained values t:nax =1

corresponding to the voltage Usgmin = E,, and t:nin, and

corresponding to the voltage of the SB U, max, We obtain
the dependence of the output current of the SB on the
relative time of the closed state of the switch #*.
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Fig. 2. Typical normalized output characteristics of the SB

It is obvious that in these graphs the directions of
growth of the parameters #* Ta U* are opposite.
For greater clarity and ease of use, in Fig. 3 for the

case E Z =0,4 the same graphs are constructed with the

conventional axis direction of the coordinate system.
Figure 3,a presents the dependence of the average
value of the SB current on the relative time ¢* and

Fig. 3,b shows the regulatory characteristics 7, : = fit%)

for the absence (C = 0) and the presence (C # 0) of the
capacitor C at the output of the SB.

If the capacitor C is absent (C = 0), the SB will
operate in the pulsed mode in which the average value of
the current of the SB at the interval t* coincides with the
average value of the charging current of the battery /, at
the period T. Therefore, for this mode the regulatory
characteristics for the current of the SB 7 (Fig. 3,a) and
the charging current of the battery /, (Fig. 3,b) will

coincide. However, in this operation mode, the maximum
possible amount of electricity cannot be drawn from the
SB. Therefore, it is not appropriate to use this mode of
operation to charge batteries from the SB.
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Fig. 3. Regulatory characteristics: a) of the current of the solar
battery; b) of the battery charging current

If a capacitor C of sufficiently large capacitance
(C #0) is placed at the output of the SB, the current of the
SB becomes continuous and its average value is related to
the average value of the battery charging current by the
relationship (7). Under such conditions, the maximum
possible power will be transmitted from the SB operating
at the maximum power point (MP) to the E, battery
(Fig. 3,b).

If t* < tz,fp decreases, the charging current of the

battery I, will drop rapidly and at t* = t:nin it should be
zero. However, in the real world, at a certain value of
t* = t:, > tr*nin, the SR goes into the intermittent-current
reactor L mode, in which with decreasing ¢* in the range

(t:,...O), the average charging current of the battery /,
will gradually drop from the initial value / ZC, =] : (t:,,) to

zero. To determine the numerical values of tz,, we can
use the methodology discussed in [7]. For example, in the
case of E: =0,4at the maximum illumination F},
depending on the inductance of the reactor L, the
numerical value of t:, lies in the range (0.406 ... 0.41).
Figure 4 is a graph of the regulatory characteristic
*
1

a

= f(t*) taking into account the possibility of the mode

of intermittent current of the reactor L. The regulatory
characteristics for other (smaller) levels of illumination ¥
will have the similar character.
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Fig. 4. Regulatory characteristic of the battery charging current
taking into account the occurrence of the mode of intermittent
current of inductance L

The analysis of the obtained
characteristics shows the following:

1) in case of charging of the battery from the SB
with the use of the step-down voltage SR, in order to
allow the maximum amount of energy to be drawn from
the SB, a capacitor C of a sufficiently large capacitance
must be installed at its output;

2) the regulatory characteristics for the battery

charging current are substantially nonlinear;

regulatory

3) with a change in ¢* in the range from t;,[p to 0,

the charging current of the battery /, decreases rapidly,
and in a large part of this range the SR will operate in the
mode of intermittent current of the reactor L;

4) with a change in ¢* in the range from t;‘k/lp to 1,

the current 7, will decrease more smoothly. The SR will
operate in continuous current mode of the reactor L.
However, in this case the range of current regulation is
limited.

Conclusions. A  developed technique for
determining the regulatory characteristics of switching
voltage regulators for the case when the power source is a
solar battery and the battery connected at the output can
be used for other types of renewable and non-traditional
sources with nonlinear internal resistance.
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OPTIMAL FREQUENCY CONTROL IN MICROGRID SYSTEM USING FRACTIONAL
ORDER PID CONTROLLER USING KRILL HERD ALGORITHM

Abstract. This paper investigates the use of fractional order Proportional, Integral and Derivative (FOPID) controllers for the
firequency and power regulation in a microgrid power system. The proposed microgrid system composes of renewable energy
resources such as solar and wind generators, diesel engine generators as a secondary source to support the principle generators,
and along with different energy storage devices like fuel cell, battery and flywheel. Due to the intermittent nature of integrated
renewable energy like wind turbine and photovoltaic generators, which depend on the weather conditions and climate change this
affects the microgrid stability by considered fluctuation in frequency and power deviations which can be improved using the
selected controller. The fractional-order controller has five parameters in comparison with the classical PID controller, and that
makes it more flexible and robust against the microgrid perturbation. The Fractional Order PID controller parameters are
optimized using a new optimization technique called Krill Herd which selected as a suitable optimization method in comparison
with other techniques like Particle Swarm Optimization. The results show better performance of this system using the fractional
order PID controller-based Krill Herd algorithm by eliminates the fluctuations in frequency and power deviation in comparison
with the classical PID controller. The obtained results are compared with the fractional order PID controller optimized using
Particle Swarm Optimization. The proposed system is simulated under nominal conditions and using the disconnecting of storage
devices like battery and Flywheel system in order to test the robustness of the proposed methods and the obtained results are
compared. References 18, figures 8.

Key words: microgrid, frequency control, FOPID controller, Krill Herd, particle swarm optimization.

Anomauia. Y cmammi 00cnioxnceHo 6UKOPUCIMAHHA pPeZynAmopie NPOnopyiiinozo, iHmezpaivHozo ma noxionozo 0po606ozo
nopaoxky (FOPID) ona pezyniosanna wacmomu ma ROMYICHOCHMI 6 eneKmpomepedrici. 3anponoHoeana mikpomepeiicesa
cucmema cKn1ao0acmycsa 3 NOHOGAI0B6AHUX 0dicepel eHep2il, maKux AK COHAYHI ma 6impozenepamopu, OU3eabHUX 2eHepamopie
AK 6MOPUHHO20 Odxcepend OnA RIOMPUMKU OCHOBHUX 2eHepAmopie, @ mMaxoxyc 3 Pi3HUX RPUCMPOI6 014 HAKORUUYBAHHA
eHepeii, maxkux AK nanuena Oamapes, axymyasmop i maxoeuk. Uepes nepepueuacmy npupody inmezposamnoi
6i0H061106a1bHOT eHepeil, HanpuKnNaod, impozenepamopie ma QomoereKmpuiHuUX 2eHepamopis, AKi 3anexicams 6i0 nO20OHUX
yM06 ma 3Minu Kaimamy, ye 6naueac HA CMAdiIbHICMb MIKpOMepedci, 8pAxX08yOYU KOJIUGAHHA YACHOMU MA Gi0XUNEHHA
nOmMy’CHOCHI, AKI MOMCHA ROJINUWIUMU 3a 00ROMO2010 8Ubpanozo konmponepa. Konmponep 0po60602o nopaoxky mae n’amo
napamempie nopienano 3 knacuunum PID-konmponepom, wo pooums 11020 6invut ZHyYKUM ma HAOIHUM W00 30ypeHb
mikpomepexci. Ilapamempu PID-konmponepa 0po608020 nopaoKy oORmMUMI308AHi 3a OONOMO2010 HOG0I MemoOuKu
onmumizayii ni0 HA36010 «32PAs KPUNA», AKA 00PAHA AK RIOXOOAUWUI MEeMOO ORMUMI3AYIT ROPIGHAHO 3 IHUWIUMU Memodamu,
MaKumMu AK ORMUMizayia mMemooom porw yacmuHok. Pesynemamu noxazyroms Kpawji nokasnuku poéomu yiei cucmemu 3a
00NOMO2010 ANI2OPUMMY «32DAA KPUAA», 3ACH06an020 ha PID-xonmponepi 0po606020 nopsaoKy, 6ukilouar4u KoJuGaAHHA
yacmomu ma GiOXUJIEHHA NOMYMHCHOCmI nopienano 3 kaacuynum PID-konmponepom. Ompumani pesynvmamu
nopienwwmoca 3 PID-konmponepom 0po606020 nopaoKy, ORMUMI308AHUM 34 OONOMO2010 ORMUMIZAUIT MemOOOM pOio
YACMUHOK. 3anpPOnOHOBAHA CUCHEMA MOOCIIOCMbCA 6 HOMIHANLHOMY DPedcumi podomu ma GUKOPUCHIOGYE GIOKNIOYEHHA
HAKORUYY8ANbHUX NPUCMPOIE, MAKUX AK AKYMYIAMOP MA MAXOBUK, W00 nepesipumu HAIIHICMb 3anPONOHOBAHUX MeMOOie
ma nopienamu ompumani pesynomamu. bion. 18, puc. 8.

Kniouosi cnosa: mikpomepe:ika, pery;aoBanns 4yacroru, FOPID-koHTpoJsiep, MeTo «3rpasi KpUJish», ONTHMI3allisgs MeTO10M POIo
YACTHHOK.

Introduction. The increase in energy demand, the
technologies evolution and the depletion of fossil fuel
lead towards the use of renewable energy generation. As
energy production moving to the renewable,
photovoltaic system and wind generators appear to be
the fastest technologies in the power system. This
attention for saving climate against greenhouse gas
emission has made researchers study various non-polling
sources such as solar and wind system which are
considered the most used renewable energy generation
[1]. All this has given rise to the integration of
renewable energy resources like wind and solar with
distributed energy resources and energy storage systems
such as batteries, flywheels and ultra-capacitor [2]. The
intermittent nature of solar radiations, and wind speed, is
resulted in the dependence of these resources on the
weather conditions at any time [3]. This can result in an
unbalance between electrical load and generation and

sometimes result in unstable operation of the microgrid.
This unbalance improved by the use of storage energy
devices and conventional sources in hybrid power
system based renewable energy generation. These
storage systems store the surplus power from the
renewable energy sources overly the demanded power in
order to rid it later when the generated power is
insufficient to feed the load demand. Many kinds of
research investigate to study of power generation system
based renewable generation systems such as wind and
thermal solar in a hybrid system with a storage system
and diesel generator [4, 5]. The importance of storage
energy systems such as batteries, aqua electrolyser, fuel
cell, ultracapacitor, and super magnetic energy storage
(SMES) lead to analysis and control of various hybrid
system configurations as in [6-9]. However, the use of
conventional sources such as diesel generator and
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energy storage devices control the mismatches in
frequency and power deviations and assure the operation
of the hybrid energy system in isolated areas
independently of the main grid. These fluctuations in
microgrid power and frequency must be controlled due
to the intermittent and stochastic nature of renewable
energy resources.

The control of frequency and power fluctuation is a
big challenge faced by the use of the hybrid system over
the wide domain. Even though many studies interest the
control of hybrid energy systems using deferent strategies
control among this PID controller, Fuzzy logic controller,
and fractional PID controller etc. These studies show the
high robustness of these proposed control schemes and
enhance the performance of the hybrid energy system [6].
The fractional-order controller is widely considered the
best controller for frequency and power fluctuations in the
hybrid power system, in some cases, the FOPID and PID
classic are integrated into hybridizing with other
controllers like fuzzy logic which can give better
performance of the system but with complexity in design
and implementation.

The fractional controller is defined as the generality
of the classical PID controller with the addition of two
parameters in order to give more flexibility to the
robustness of this controller. It has found suitable
applications in microgrid frequency and hybrid energy
systems [5].

In this paper, the fractional PID controller is used to
control the frequency and power deviations for its
robustness shown by the previous studies as in [§]. Many
evolutionary optimization methods have been employed
for tuning the controller parameters and given more
improvement to the control strategies. Among these
methods are widely used the Evolutionary Algorithm
(EA), Genetic Algorithm (GA), and Particle Swarm
Optimization (PSO) and so one [3, 7, 17]. Recently a new
optimization technique called Krill Herd (KH) algorithm
has been invented based on the behaviour of Krill in the
research of food [13]. This technique is used to optimize
the PID controller parameters in [16]. In our study, the
Krill Herd is employed to optimize the two proposed
controller and compared with PSO. The rest of this paper
is summarized as fellow: the microgrid model is presented
in section 2; the controller scheme is presented in section
3; in section 4 optimization technique and objective
function are reported; in section 5 the results are analyzed
and compared. This paper is ended by a conclusion in
section 6 followed by a reference.

Microgrid concept. The proposed microgrid
consists of two renewable energy resources like wind
turbine generators and photovoltaic systems with diesel
engine generator and fuel cell system as secondary
sources along with energy storage systems like batteries
and flywheel for store the surplus of generated power in
order to release them later [1]. For small-signal analysis,
the wind turbine generator (WTG), photovoltaic (PV),
fuel cell (FC), and diesel energy generator (DEG) are
modeled by a transfer function in the first order as showed
in Fig. 1 [5].

Modeling of different generation components.
For small-signal analysis, the dynamics of the WTG,
PV, FC, and DEG can be modeled by the first-order
transfer function. The model has been considered for
analysis and demonstration of frequency behaviour in
different cases [1]

S Kyre  _ AByrg | (1
1+TWTG APW
K AP,
Gpy =—bv_ Ay ?)
1+TPV A¢
K AP,
re = FC_ _ FC : (3)
1+TFC Au
Kpec  _ APprg )
1+TDEG Au
Press
) QL -

Af

Kp+K;s ™+ Kys*

Fig. 1. Schematic of the hybrid system with energy storage
and regeneration compounds

Models of energy storage systems. Energy storage
plays an important role in the hybrid energy system in
order to absorb the surplus power from renewable energy
sources and release to loads if a deficit amount of power.
The battery energy storage system (BESS) is slower to
charge and discharge; its time constant is limited. On the
other hand flywheel energy storage system (FESS) stores
mechanical energy in a rotating flywheel rotor and
retrieves it later as an electrical output. It can supply high
power in a short time. The transfer functions of the BESS
and FESS can be presented by a first-order transfer
function as given next [1, 5, 8]

K
Gppss = —2255—; ®)
1+ TgEss
K
Grpss = —2255—, (©)
1+ Trgss

where Kpgss and Kpggs are the gain constants, Tgss and
Tress are time constants, of BESS and FESS respectively.

Power generation characteristics with loads
power. Small stochastic power fluctuation and large
deterministic drift reckoning for solar power generation,
wind power generation and load demand power can be
modeled as [5]

p_[#14B-(1-Gls)+p
Z

r=r-x, (7
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where ¢ is the stochastic component of the power,
P represents the wind or solar and load powers, £ presents
the mean value of the power, 7 is a constant normalizes
the generated or demand powers (X) constant to
correspondence per unit (p.u.) level, and /7 is time-
dependent switching signal with a gain causes sudden
fluctuation of the average value for stochastic power
[5, 8]. For the wind power generation the parameters
of (7) are

1

~UlLl),n=038, B=10,Gls)=
o~ (L) =08, f=10.6(5) =

and
" =0.24-h(t)-0.04 - h(r —140), (8)

where /(f) is the Heaviside step function.
For the solar power generation the parameters of (7)

are
1
~U(L1),7=0.9, 8=10,G(s)=
p~U(1h =09 f=10.6(5)=——
and
" =0.05-h(t)-0.02- h(r —180), 9)

For the demand load the parameters of (7) are

1 1
~U(1),n=038, f=10,Gl(s)=
@ ()’7 B ’ (S) 3oos+1+1800s+1

and
| [09-10)+0.03-ht-110)+0.03-hr-130)+
I =—| +0.03-h(t—150)—0.15 - h(t —170) +
+0.1-h(t—190)
+0.02A(2).

T (10)

Fractional order PID controller. PID controller is
a specific control loop feedback technic generally used
in the industrial control system [6]. The PID controller
consists to correct the error between a measured process
variable and the desired set point. The PI"D* controller
is defined as a generalization of classical PID controller,
Since these fractional controllers have two parameters
more than the conventional PID controller: the order of
fractional integration A and that of fractional derivative
I, two more specifications can be met, thus can enhance
the performance of the system and could lead to more
robust control performances, more adequate modeling
and adds more flexibility to controller design. We can
control our real-world processes more accurately [7].
The FOPID controller has three parameters similar to
the PID controller along with the two additional
parameters namely; the integral order A, and the
differential order u. The transfer function of FOPID
controller in Laplace domain is given as presented in
Fig. 2 [8, 12]. At Fig. 2 y(¢) is controller output, k, is
proportional constant gain, k; is integration constant
gain, k4 is derivative constant gain, A is order of
integration, u is the order of differentiators.

)

et u(t) |—|G(s) ¥(i)
: L |

Fig. 2. Fractional order PID controller

When taking A = u = 1 the result is the classical PID
controller (Fig. 3).

e A
[
22
a PD PID
1
I
Pl
S
O -

Integral Order
Fig. 3. Expanding from Point to Plane

Due to the presence of stochastic terms in generation
and load, the optimization of the parameters controller
leads to eliminate the frequency and power deviation.

We will design fractional-order PID controllers
using the Krill Herd and display the advantages of the
fractional-order controllers.

Objective function and optimization of FOPID
controller. For the effective functioning of the hybrid
system, the fractional PID controller parameters need to
be determined. For this problem, the objective function
in (11) is used to minimize the frequency deviation (as
well as the control signal ISE (Integral of Squared
Error) is used as a fitness function for the optimization
of controller parameters). The fitness function has been
defined as integration between the T, and T
simulation period, using the sum of square frequency
deviation AF' and the deviation of the control signal

(Au) [5]
Tmax 1
J= j {W-AF2+(I;—:}J~AM2}#, (11)

Tmin

where w represents the Integral of Square Error (ISE) of
frequency deviation and the Integral of Squared Deviation
of Controller Output (ISDCO).

Overview of Krill Herd Algorithm. KH is a novel
optimization technique for resolving the optimization
problem [13]. This technique is inspired by the simulation
of the herding of Krill swarm in the response of specific
biological environment processes. It is characterized by
three main actions described as follows [14, 15]:

1. Movement induced by other krill;
2. Foraging action;
3. Random diffusion.
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In KH, the Lag radian model is used in
d-dimensional decision space as shown in [16]
X

where N; is the motion induced by other Krill; F; is the
foraging motion, and D; is the physical diffusion of the ith
krill.

Krill Herd algorithm [16] is next:

Begin

Step 1: initialization.

Step 2: fitness evaluation.

Step 3: While the termination criteria.

Step 4: end while

Step 5: post-processing the results and visualization
End

Overview of Particle Swarm Optimization. Many
problems have not an exact solution that gives the results
in a reasonable time. For overcoming these problems
some metaheuristics methods offer an approached
solution after much iteration are recently proposed.
Among these methods, the PSO algorithm has a general
principle to be applied in many fields of optimization
problems. PSO is a stochastic optimization algorithm
developed by Eberhart and Kennedy, inspired by the
social behaviour and fish schooling of bird flocking. Each
particle in the swarm is a different possible set of the
unknown parameters of the objective function to be
optimized. The swarm consists of N particles moving
around in a D-dimensional search space. Each particle is
initialized with a random position and a random velocity
[17, 18]. The new velocity can be calculated by the fellow
formula.

Vi =w Vi +Con - (Bpggy =Xy )+
+Cyny '(Gbest _Xi)’

Xig=X;+V;+1, (14)
where V; is the component in the dimension of the particle
velocity in iteration, JX; is the component in the dimension
of the particle position in iteration, C; and C, are constant
weight factors, Py, is the best position achieved so far by
particle, Gy, is the best position found by the neighbours
of particle, and are random factors in between 0 and 1
interval, and w is inertia weight which is started from a
positive initial value (wy) and decreases during the
iterations by

(13)

Wir1=B-Wy.

The algorithms of PSO can be described as follows:

Step 1: Initialize a population of particles with
random positions and velocities on D-dimensions in the
problem space.

Step 2. Evaluation of desired optimization fitness
function in D variables for each particle.

Step 3. Comparison of particle’s fitness evaluated
with its best previous position. If the current value is
better, then set the best previous position equal to the
current value, and p; equals to the current location x; in D
dimensional space.

Step 4. Identifying the particle in the neighbourhood
with the best fitness so far, and assign its index to the
variable g.

Step 5. Change velocity and position of the particle
according to Equation (13) and (14).

Step 6. Return to step 2 until a criterion is met or end
of iterations.

Results and discussions. The proposed configuration
of the microgrid system is executed using
MATLAB/Simulink Sawford under different operating
conditions in various power scales (Fig. 4). Per unit is
considered as the principal unit of all power values.
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Fig. 4. Power generation from wind and solar system

with demand load

Robustness of FOPID using KH and PSO under
nominal conditions. In this subsection, the system is
simulated under the nominal condition with the
application of FOPID optimized using PSO and KH.
A comparison between the two optimization techniques is
represented on Fig. 5, 6.

Af
1 FOPID-KH
2 FOPID-PSO
. |
I A~ .
2
t, s v v
. AP
1 FOPID-KH -
Y 2 FOPID-PSO -
. ; !
1o ]
i ¥ J
L e . J

Fig. 5. Frequency and power deviation using best FOPID
based KH and PSO
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Robustness against Disconnecting of BESS and
FESS using KH based FOPID. The system is simulated
with and without FESS using the FOPID controller which
optimized by KH. The obtained results are compared and
shown the marked effect of the disconnecting flywheel
energy storage system that required adequate control. This
control necessity is achieved by applying FOPID. Fig.7

shows the frequency response of the system under FESS
and BESS disconnecting.
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Fig. 7. Impact of BESS and FESS absence using KH
with best FOPID

Comparison of PID and FOPID. The proposed
system is simulated under nominal conditions using
FOPID and PD controllers based on Krill Herd. A
comparison is achieved between the two controllers and
the results are shown in Fig. 8.

Discussions. The proposed controllers are tuned
using Krill Herd and Particle Swarm Optimization in
object to testing the system robustness. The system is
simulated without the BESS, FESS, and DEG
respectively and the effect of these components is tested
using FOPID based KH and PSO. Then the obtained
results are compared. The previous figures show different
results. The result of the comparison of FOPID and PID is
shown using KH running for 100 iterations. Though, the
optimization method is a convenient technique that can be
applied in this type of optimization issue.

Fig. 8 displays the obtained results of frequency and
power response for FOPID and PID parameters. From
these figures it can be easily observed that frequency
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Fig. 8. Frequency and power variations using KH
based the best FOPID and PID

deviation reaches zero in the face of disturbances in loads
and generation units. These sudden changes in power
generations and loads demand to have an important effect
on frequency and power variations. The main objective of
this letter was to analyze and improve the frequency
control. A remarkable better performance of the system
can be reached using FOPID controllers based on Krill
Herd in comparison with FOPID based PSO. The
obtained results present that KH-FOPID performed better
than KH-PID due to its low-frequency variation and rapid
transient variation. It is also shown that the frequency and
power fluctuations in microgrid using FOPID-KH are
small than with FOPID- PSO.

Conclusions.

This paper addresses the application of a fractional-
order PID controller for microgrid frequency control
using Krill Herd to eliminate the influence of the
mismatches between the generation and loads which
causes high fluctuation of frequency and power in
microgrid system based on renewable energy generation.
Various Microgrid components are modeled by a transfer
function in the first order to simplify the simulation
process. The simulation results showed that the Krill Herd
based FOPID controller scheme is favourable to send
away the frequency and power deviations under
perturbation operation conditions in comparison with
PSO based FOPID controller because the frequency
deviation is small with FOPID-KH (around 0.218) than
for FOPID-PSO (around 0.235) and the power deviation
varies from 1 p.u to —0.5 p.u with FOPID-KH and from
1 p.u to 0.6 p.u with FOPID-PSO which signify the best
performances with FOPID-KH. Furthermore, the
proposed controller is suitable to control the perturbation
string along with renewable energy sources intermittences
and sudden variation in power load. The generated power
from DEG is enhanced using the FOPID-KH than by
FOPID-PSO as shown (P-DEG equal to 0.41 p.u for
FOPID-KH and 0.426 p.u for FOPID-PSO). Form the
presented results it can be easily observed that the Krill

Herd is considered as the best optimization technique in
terms of rapid response, good robustness to tuning the
controller parameters and to improve the proposed system
performance. In conclusion, the selected control strategy
based optimization technique gives high suitability in
microgrid frequency control.

REFERENCES
1. Lee D.-J., Wang L. Small-Signal Stability Analysis of an
Autonomous Hybrid Renewable Energy Power
Generation/Energy Storage System Part I: Time-Domain
Simulations. IEEE Transactions on Energy Conversion, 2008,
vol. 23, no. 1, pp. 311-320. doi: 10.1109/tec.2007.914309.
2. De Souza Ribeiro L.A., Saavedra O.R., De Lima S.L., De
Matos J. Isolated Micro-Grids With Renewable Hybrid
Generation: The Case of Lengbis Island. /EEE Transactions on
Sustainable Energy, 2011, vol. 2, no. 1, pp. 1-11. dei:
10.1109/tste.2010.2073723.
3. Kouba N.EL.Y., Menaa M., Hasni M., Boussahoua B.,
Boudour M. Automatic generation control in interconnected
power System with integration of wind power generation using
PID based on particle swarm optimization. [International
Conference on Renewable FEnergies and Power Quality
(ICREPQ'14), Cordoba (Spain), 8-10 April 2014.
4. Senjyu T., Nakaji T., Uezato K., Funabashi T. A hybrid
power system using alternative energy facilities in isolated
island. IEEE Transactions on Energy Conversion, 2005, vol. 20,
no. 2, pp. 406-414. doi: 10.1109/tec.2004.837275.
5. Pan I, Das S. Kriging based surrogate modeling for
fractional order control of microgrids. /EEE Transactions on
Smart  Grid, 2015, vol. 6, no. 1, pp. 36-44. doi:
10.1109/tsg.2014.2336771.
6. Panl., Das S. Fractional order fuzzy control of hybrid power
system with renewable generation using chaotic PSO. IS4
Transactions, 2016, vol. 62,  pp. 19-29. doi:
10.1016/j.isatra.2015.03.003.
7. Das D.Ch., Roy A.K., Sinha N. Genetic algorithm based PI
controller for frequency control of an autonomous hybrid
generation system. Proceedings of the International
MultiConference of Engineers and Computer Scientists (IMECS
2011),2011, vol. 2, 16-18 March, 2011, Hong Kong.
8. Regad M., Helaimi M., Taleb R., Gabbar H.A., Othman
A.M.Fractional Order PID Control of Hybrid Power System
with Renewable Generation Using Genetic Algorithm. 2079
IEEE 7th International Conference on Smart Energy Grid
Engineering (SEGE), Aug. 2019, Oshawa, ON, Canada, pp.
139-144. doi: 10.1109/sege.2019.8859970.
9. Pandey S.K., Mohanty S.R., Kishor N., Cataldo J.P.S.
Frequency regulation in hybrid power systems using particle
swarm optimization and linear matrix inequalities based robust
controller design. International Journal of Electrical Power &
Energy  Systems, 2014, vol. 63, pp. 887-900. doi:
10.1016/j.ijepes.2014.06.062.
10. Regad M., Helaimi M., Taleb R., Toubal Maamar A.E.
Optimum Synthesis of the PID Controller Parameters for
Frequency Control in Microgrid Based Renewable Generations.
Smart Energy Empowerment in Smart and Resilient Cities,
2019, pp. 546-556. doi: 10.1007/978-3-030-37207-1_58.
11. Wang L., Lee D.-J., Lee W.-J., Chen Z. Analysis of a novel
autonomous marine hybrid power generation/energy storage
system with a high-voltage direct current link. Journal of Power
Sources, 2008, vol. 185, no. 2, pp. 1284-1292. doi:
10.1016/j.jpowsour.2008.08.037.
12. Biswas A., Das S., Abraham A., Dasgupta S. Design of
fractional-order PIADp controllers with an improved differential

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.2 73



evolution. Engineering Applications of Artificial Intelligence,
2009, vol. 22, no. 2, pp- 343-350. doi:
10.1016/j.engappai.2008.06.003.

13. Gandomi A.H., Alavi A.H. Krill herd: A new bio-inspired
optimization algorithm. Communications in Nonlinear Science
and Numerical Simulation, 2012, vol. 17, no. 12, pp. 4831-4845.
doi: 10.1016/j.cnsns.2012.05.010.

14. Gandomi A.H., Talatahari S., Tadbiri F., Alavi A.H. Krill
herd algorithm for optimum design of truss structures.
International Journal of Bio-Inspired Computation, 2013, vol. 5,
no. 5, pp. 281-288. doi: 10.1504/ijbic.2013.057191.

15. Yaghoobi S., Mojallali H. Tuning of a PID controller using
improved chaotic Krill Herd algorithm. Optik, 2016, vol. 127,
no. 11, pp. 4803-4807. doi: 10.1016/j.ijle0.2016.01.055.

16. Alikhani A., Suratgar A.A., Nouri K., Nouredanesh M.,
Salimi S. Optimal PID tuning based on Krill Herd optimization
algorithm. The 3rd International Conference on Control,
Instrumentation, and  Automation, Dec. 2013. doi:
10.1109/icciautom.2013.6912801.

17. Regad M., Helaimi M., Taleb R., Othman A.M., Gabbar
H.A. Frequency Control in Microgrid Power System with
Renewable Power Generation Using PID Controller Based on
Particle Swarm Optimization. Smart Energy Empowerment in
Smart and Resilient Cities, 2019, pp. 3-13. doi: 10.1007/978-3-
030-37207-1_1.

18. Truthayarajan M.W., Baskar S. Evolutionary algorithms
based design of multivariable PID controller. Expert Systems
with Applications, 2009, vol. 36, no. 5, pp. 9159-9167. doi:
10.1016/j.eswa.2008.12.033.

Received 22.01.2020

How to cite this article:

Mohamed Regad', PhD student,

M ’hamed Helaimi', Doctor of Electrical Engineering,
Rachid Talebl, Professor,

Hossam Gabbarz, Professor,

Ahmed Othman®, Doctor of Electrical Engineering,
!Electrical Engineering Department,

Laboratoire Génie Electrique et Energies Renouvelables
(LGEER),

Hassiba Benbouali University, Chlef, Algeria,

e-mail: mohd.regad@gmail.com,
m.helaimi@univ-chlef.dz, rac.taleb@gmail.com

? Faculty of Energy Systems and Nuclear Science,
University of Ontario Institute of Technology (UOIT),
Oshawa, Canada,

e-mail: hossam.Gaber@uoit.ca

3 Electrical Power and Machine Department,

Faculty of Engineering,

Zagazig University, Zagazig, Egypt,

e-mail: ahmed othman80@yahoo.com

Regad M., Helaimi M., Taleb R., Gabbar H., Othman A. Optimal frequency control in microgrid system using
fractional order PID controller using Krill Herd algorithm. Electrical engineering & electromechanics, 2020, no.2, pp.
68-74. doi: 10.20998/2074-272X.2020.2.11.

74 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2020. no.2



0 ONexcangn MaXainosny

liHRexc101216 / /

rmmmm e

fll

mu .... u.h..\uﬂ..
_.*. .._-.:ra_ i_. .p..._..__I..

R
$
8
8
8

([lepennnatHui




