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M.1. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 38: NOBEL PRIZE LAUREATES IN PHYSICS FOR 2005-2010

Purpose. Implementation of brief analytical review of the distinguished scientific achievements of the world scientists-physicists,
awarded the Nobel Prize in physics for period 2005-2010 yy. Methodology. Scientific methods of collection, analysis and
analytical treatment of scientific and technical information of world level in area of modern theoretical and experimental physics.
Results. The brief analytical review of the scientific openings and distinguished achievements of scientists-physicists is resulted in
area of modern physical and technical problems which were marked by the Nobel Prizes in physics for the period 2005-2010.
Originality. Systematization is executed with exposition in the short concentrated form of the known scientific and technical
materials, devoted creation of quantum theory of optical coherentness by scientists-physicists, development of laser exact
spectroscopy, opening form of spectrum for a black body and anisotropy of space microwave base-line radiation, opening of effect
of giant magnetoresistance, opening of mechanism of spontaneous violation of symmetry in subatomic physics, development of
new technology of transmission of light in optical fibres, invention of a semiconductor circuit for registration of images and
results of innovative experiments on research of 2D material of graphen. Practical value. Popularization and deepening of
scientific and technical knowledges for students, engineers and technical specialists and research workers in area of modern
theoretical and experimental physics, extending their scientific range of interests and collaboration in further development of
scientific and technical progress in human society. References 31, figures 25.

Key words: modern physics, achievements, quantum theory of optical coherentness, laser overexact spectroscopy, space
microwave base-line radiation, effect of giant magnetoresistance, spontaneous violation of symmetry, transmission of light in
optical fibres, semiconductor circuit for registration of images, 2D material of graphen.

Ilpueeoen Kpamkuil ananumuveckuii 0030p 8b10AIOWAUXCA HAYUHBHIX OOCMUNCEHUIL YUeHbIX mupa, ommeuennvix Hobenesckoi
npemueit no guzuxe 3a nepuod 2005-2010 2. B uucno makux 0ocmudiceHuii 60WLIU CO30anUEe KGAHM OGO Meopun ORMUYECcKoul
Ko2epeHmuocmu, pazgumue na3epHoil MOYHOU CReKMpOCKOnUU, OMKpvlnue YéPHOMENbHOU (hopmMbl CneKmpa u GHU30mponuu
KOCMUYECK020 MUKDPOGONTHO06020 (POH08020 U3JIyYeHUs, OMKpblmue 3Ipgekma 2u2anmcKo20 MazHemoConPoOmMueIeHus,
OmMKpbIMue MEXAHUIMA CHOHMAHHO20 HAPYWIEHUA CUMMEMpPUU 6 cyOamomHoll Qu3uke, papadbomxa HOBOU MEXHOI02UU
nepedauu ceema 6 ONMUYECKUX B0J0KHAX, U300pemeHue NoaynpoeoOHUKOGOU cXeMbl ONA Pe2UCHmPauuu u3o0paxrceHuil u

Pe3yabmamel HOBAMOPCKUX IKCHEPUMEHINO06 RO UCCTIE006AHUIO O8YMEPHO20 Mamepuana zpagena. bubn. 31, puc. 25.

Knrouesvie cnosa:
CBEepPXTOYHAsS

coBpeMeHHasi (U3MKA, JOCTHKEHMS,
CHEKTPOCKONHUsSI, KOCMHYecKoe

KBAHTOBasi TeOPHsl ONTHYECKOil KOrepeHTHOCTH, Ja3epHas
MHKPOBOJIHOBOE

¢oHoBoe  u3IyyeHwue,

apdext

THUI'aHTCKOI'0

MATrHETOCONPOTUB/ICHUS, CIOHTAHHOE HapylleHHMe CHMMeETPHHM B cy0aToMHOIl (u3HKe, mepeJaya cBeTa B ONTHYECKUX
BOJIOKHAX, N0JIYIPOBOJHUKOBAs CXeMa [JIsl perHCTpaluy H300pakeHuii, IByMepHbIii MaTepuan rpageH.

Introduction. As is well known, in 1900 the
prominent German theoretical physicist Max Planck
(1858-1947) developed the quantum theory of the thermal
radiation of an absolutely black body (ABB), according to
which the heat flux from the ABB contained separate
discrete portions («quantay) of energy [1, 2]. Precisely for
the discovery of discrete quanta of «action» (energy) M.
Planck in 1918 was awarded the Nobel Prize in physics
[1]. In 1905 the quantum theory of thermal radiation of
M. Planck was significantly supplemented and developed
by another prominent German theoretical physicist Albert
Einstein (1879-1955), who extended it to light radiation
and introduced the concept of the flux of «quanta of
electromagnetic radiationy for sunlight or «photonsy —
peculiar quasiparticles without a rest mass [1, 2]. So in
physics, the concept of dualism (duality) for light, which
was simultaneously a flux of quasiparticles (photons) and
a set of electromagnetic waves of various lengths, was
introduced. The light radiation having a quantum-wave
nature is of a stochastic nature. In this connection, the
state of the light field is determined only statistically [3].
Light quanta are characterized by different wavelengths
that are not moving in phase. The microstructure of the
light field is determined by a huge number of parameters,

an exact description of which can not be given. Therefore,
previously, it was possible to investigate only certain
particular characteristics of the light field (for example, its
spectrum and average intensity [3]).

1. Quantum optics and high-precision laser
spectroscopy. The Nobel Prize in physics for 2005 was
awarded to an outstanding scientist working in the field of
modern optics and laser technology [3]: American
theoretical physicist Roy Glauber (Fig. 1) — «for his
contribution to the quantum theory of optical coherence,»
to the American experimental physicist John Hall (Fig. 2)
and the German experimental physicist Theodor Hansch
(Fig. 3) — «for the development of precision laser
spectroscopy, in particular, for the methods of Raman
spectroscopy in the optical range.» In 1963, R. Glauber
published in print the method he developed for quantizing
the electromagnetic field to calculate the structure of a
light field with coherent waves. It should be recalled that
the term «coherence» comes from the Latin word
«cohaerentiay — «cohesion» and physically means «the
consistent flow of several oscillatory or wave processes in
time, the phase difference of which is constanty [4].
Waves of light radiation satisfy these requirements. That's

© M.I. Baranov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.3 3



why it is considered coherent. It is the coherence of the
waves of light radiation that determines the phenomenon
of their «interference» — «amplification of waves at
certain points of space and their attenuation in others,
depending on the phase difference of the wavesy [4]. To
describe the complex picture of the light field and
determine the spatial-temporal distribution of its intensity,
he introduced the so-called «correlation functionsy,
which form the basis of the new division of optics —
«quantum opticsy created by R. Glauber [3]. The methods
of quantum optics developed by him make it possible to
investigate the subtle details of intermolecular interactions
in various physical bodies from the change in the
indications of several photoreceivers that record the flux
of light photons and fluctuations in the light field (the
deviation of its intensity from a certain average value)
when light is scattered in the medium under
consideration.

At present, such a physical device from the field of
quantum electronics as a laser [5] has become an
indispensable tool for accurate measurements. As is well
known, high stability of laser radiation and its

monochromaticity contribute to this.

» T
P 1

Fig. 1. Prominent American theoretical physicist
Roy J. Glauber, born in 1925,
Nobel Prize Laureate in physics for 2005

Fig. 2. Prominent American experirﬁental physicist John L. Hall,
born in 1934, Nobel Prize Laureate in physics for 2005

b Y
Fig. 3. Prominent German experimental physicist Theodor W.
Hansch, born in 1941, Nobel Prize Laureate in physics for 2005

Any conventional laser operates in a very narrow
frequency band of electromagnetic radiation and is always
characterized by a certain frequency. J. Hall and T.
Hansch in their scientific studies have shown that to
achieve ultra-high accuracy of measurements requires a
laser emitting a huge number of light waves with coherent
frequencies (modes) [3]. When they are added, a light
pulse is formed, the duration of which is shorter the more
frequencies participate in its formation. According to their
estimates, to obtain, for example, a light pulse with a
duration of 5 femtoseconds (5-10™ s), it is necessary to
add a million frequencies that cover most of the visible
light range [3]. Their frequency spectrum form a kind of
«comby with «teethy, corresponding to individual
frequencies. As a result of such a superposition of
electromagnetic waves between the mirrors of the laser
cavity [5], short light pulses will appear. Outgoing laser
through the semitransparent mirror of its resonator, light
will form a sort of «ruler» with fissions in the form of
ultrashort light pulses [3]. Such a mode of operation of
one of the lasers was obtained by T. Hansh in the 1970s.
However, a real scientific breakthrough in increasing the
accuracy of measurements occurred in 1999, when lasers
with superfine pulses were required to measure the optical
frequencies of atomic clocks operating on cesium atoms.

In the case when the measured frequency of the
radiation of a microobject (for example, an atom)
coincides with one of the frequency «teeth» for the
considered «spectral comby from this laser, then it is
uniquely determined. The physical approach developed
by the learned laureates in the field of new applications of
laser spectroscopy makes it possible to measure the
frequencies of radiation emitted by the atoms of a
substance with unprecedented accuracy [3]. Thus, the
«frequency comby, formed by a new type of quantum
oscillator of stimulated emission of the optical band
(laser), has become an effective standard in ultra-precise
measurements of atomic radiations.

2. Discovery of the black body spectral shape and
the anisotropy of cosmic background microwave
radiation. In 2006, one of the most notable scientific
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events in world physics was the Nobel Prize to two
American radiophysicists George F. Smoot (Fig. 4) and
John C. Mather (Fig. 5) «for the discovery of the
equilibrium form of the cosmic background Microwave
radiation and its anisotropy» [6]. In radio astronomy this
radiation is also called «cosmic relic radiation» [7]. Relic
(this term comes from the Latin word «relictum» —
«remnanty [4]) radiation is a microwave electromagnetic
radiation, preserved in space from the early stages of the
development of the universe. Note that «cosmic relic
radiation» with a wavelength of about 7 cm and a
temperature of about 3 K was discovered in 1965 by
American experimental physicists Arn Penzias and Robert
Wilson (Nobel Prize in physics for 1978 [1]). Then A.
Penzias and R. Wilson observed this short-wave
electromagnetic background radiation propagating in the
cosmic space of the boundless universe, as
«electromagnetic noise» in radio telescopes fixed on the
surface of our planet, which is unavoidable for these
cosmic researchers [1, 7].

Fig. 4. Prominent American radiophysicist George Fitzgerald
Smoot, born in 1945, Nobel Prize Laureate in physics for 2006

Their discovery confirmed the «hot» model of the
universe [1, 7]. As we know, the era of quantum physics
for earthlings was discovered by the prominent German
theoretical physicist Max Planck (1858-1947), who in
1900 formulated his famous quantum law of equilibrium
thermal radiation for an artificially or naturally heated
«absolutely black body» (ABB ) [2, 8]. Let us remind the
reader that the quantum theory of M. Planck, developed
by him for thermal radiation of the ABB, based on the
concept of the «quantum of action», which was
fundamentally new in physics and appeared in the
scientific world, in fact, as a revolutionary event, was
awarded the Nobel Prize In physics for 1918 [1]. In the
quantum theory of M. Planck, the AKT (substance) and
thermal (electromagnetic) radiation from it are in an
equilibrium state [8]. In astrophysics it is believed that in
the early stages of the development of the universe its
matter and radiation from it were also in equilibrium [7].

This assumption allows us to determine the possible
spectral composition of the relic electromagnetic
radiation, which in shape must correspond to the spectrum
of radiation from the ABB. This spectrum of thermal
radiation for the ABB (an idealized computational model)
by physicists has been thoroughly studied long ago.
Therefore, according to this hypothesis, in the background
(relic) radiation of the Universe, the number of its
electromagnetic quanta with a particular wavelength will
depend only on the temperature of the matter of the
Universe at an early stage of its development [7]. At a
later stage of the evolution of the Universe, in the opinion
of astrophysicists, its electromagnetic radiation, while
maintaining its frequency spectrum, «breaks away» from
its matter and adiabatically cools, uniformly penetrating
the entire Universe [7].

Fig. 5. Prominent American radiophysicist John Cromwell
Mather, born in 1946, Nobel Prize Laureate in physics for 2006

For greater clarity, it is necessary to indicate that this
cosmic electromagnetic radiation is concentrated mainly
in the microwave range (in the frequency range typical for
modern domestic microwave ovens) [7]. The first
measurements of the cosmic microwave background
radiation were carried out by radiophysicists at high-
altitude radiophysical stations. With the help of such
measurements, the long-wavelength part of the relict
radiation spectrum was investigated. The results of these
studies made it possible to estimate the temperature 7% of
a given background radiation, which amounted to about
2.7 K [7]. Conducting more accurate and large-scale
measurements of the cosmic microwave background of
the Universe required the use of a sophisticated
instrument placed outside the Earth's atmosphere. In
1989, the US aerospace agency NASA for this purpose
created and launched into the outer space satellite
«COBE» (COsmic Background Explorer), whose external
view is shown in Fig. 6.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.3 5
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Fig. 6. External view of the American satellite «<COBE»
comprehensively investigated in the 1990s relic (background)
radiation of our Universe [7]

On the satellite «COBE», a microwave relic
radiation spectrometer with a high resolving power was
installed, which makes it possible to estimate the degree
of isotropy of this radiation [7]. Already the first
measurements with the help of the satellite equipment
«COBE» of cosmic microwave background radiation
have shown that it completely corresponds to the
spectrum of the equilibrium radiation of the ABB (the
«spontaneous» spectrum of electromagnetic radiation).
During numerous measurements on this satellite, it was
established that the temperature 7 of the cosmic
microwave background of the universe is (2.725+0.002)
K [7]. In addition, a program of similar radiophysical
studies using the satellite «COBE» contained a study of
the anisotropy of this radiation — the detection of small
deviations in the intensity and, correspondingly, of the
temperature of cosmic relic radiation in various directions
of the universe. Note that the possible deviation of this
radiation from the mean temperature in different parts of
the universe can testify to the places where galaxies and
stars originate in it, and also indicate the regions of
concentration of matter in the universe. In this part, the
results of such studies are particularly interesting with
respect to «dark» matter or «black holes» of the Universe
[9], which can significantly change the temperature of the
background radiation. As you know, such a matter can not
be directly seen, but can be detected by its super-strong
influence on the physical processes taking place in outer
space [7]. In astrophysics it was established that in the
Universe thanks to gravity there is a continuous process
of formation of clumps of matter — proto-types of future
planets, stars and galaxies. In the regions of matter
thickening, the temperature rises locally [7]. The SOBE
spectrometer made it possible to measure the temperature
fluctuations Ty of background radiation at the level of 10
T in three frequency ranges corresponding to the
maximum intensity of the relict radiation [7]. At the same
time, its angular resolution was about 7 angular degrees
for outer space. The results of the measurements carried
out on the «COBE» satellite for four years showed the

contribution of the «Milky Way» galaxy, which includes
our solar system, to the dipole component of cosmic
background radiation at the level of ATR/T, R:lO'3 [7].
Experiments on «COBE» confirmed the Gaussian
character of the distribution at large angles of resolution
of temperature fluctuations AT in the background
radiation of the Universe. They allowed to give a rigorous
justification of the cosmological model of the «Big
Bang», which occurred about 12 billion years ago in the
Universe.

3. Discovering the effect of giant
magnetoresistance. About 150 years ago it was
established experimentally that when the conductor is
placed with an electric current in an external magnetic
field, its reactance R, slightly changes [10]. This
phenomenon was called the magnetoresistive effect — the
«magnetoresistance» of the conductor R,, [4, 8]. The
nature of the established dependence for R, on the level of
the intensity H,, of the external magnetic field was then
unknown. For more than a half-century history of the
evolution of world electrical engineering, no one paid
serious attention to this phenomenon for chains made of
traditional conductor materials (copper, aluminum, iron,
etc.). After all, changes in the resistance R, of the
conductors for them, depending on the level of the
magnetic field intensity H,,, did not exceed a few percent
[10]. Only after in the leading scientific laboratories of the
world of materials scientists learned to artificially create
special laminates with new physical properties, this
dependence of R, on H,, began to be studied more closely.
In the second half of the 20th century, talented physicists
— the Frenchman Albert Fert (Fig. 7) and the German
Peter Griinberg (Fig. 8) experimentally recorded the
appearance of the «giant magnetoresistance» R,,, in new
laminates [10]. The discovery by these physicists of the
phenomenon of «giant magnetoresistance» was noted by
the Nobel Prize in physics for 2007 [6, 10].

Fig. 7. Prominent French physicist Albert Fert, born in 1946,
Nobel Prize Laureate in physics for 2007

The «roots» of the new physical phenomenon under
consideration deeply «enter» the quantum nature of the
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electric current in the conducting material, according to
which this current is determined by the drifting free
electrons, which have in it an energy close to their
maximum energy — the Fermi energy W [10, 11].

Fig. 8. Prominent German physicist Peter Griinberg, born in
1939, Nobel Prize Laureate in physics for 2007

The electric current in a metal conductor of a high-
current circuit at room temperature (about 7,=293 K [8])
of surrounding its air medium is a superposition of a rapid
(with an average thermal velocity v,; of the order of 10’
m/s [11, 12]) of random motion in interatomic or
interionic space of free electrons (elementary particles-
fermions [8]) and slow (with an average velocity v,p of
the order of 102 m/s [11, 12]) of the directed
displacement (drift) of the «electron gas» in the internal
crystal structure of the conductor. It is known that
electrons as quantum objects possess wave properties. For
an electron moving with velocity v,, the length of the
electron wave A, is determined by the fundamental
quantum-mechanical relation introduced by the eminent
French theoretical physicist Louis de Broglie (1892-
1987), of the form [8]: A=h/(m.v,), where h=6.626-10"*
J's is the Planck constant; m,=9.109-10' kg is the rest
mass of an electron. Then, at v,;=10° m/s, we find that for
a chaotic motion of carriers of an elementary electric
charge of the «electronic gas» of a conductor having a
density 7, of the order of 10* m™ [11], at this temperature
it will correspond to the average electron wavelength
2e7~71.3:10° m. According to [8], the considered Fermi
gas of a conductor is considered to be «degenerate» when
an inequality of the form nJ,.>>1 is satisfied.
Substituting in this inequality the given numerical values
for n,=10” m> and 1,,~7.3:10° m, we are convinced that
the randomly moving free electrons of our conductor will
be a purely «degenerate» Fermi gas. In the case of a drift
(directional displacement) of the «electronic gas» of the
conductor (7,=10% m™), the parameters sought for it will
have the following numerical values: V=107 m/s;
2ep~7.3:107 m. After substituting the values of these
parameters into the above inequality, we come to the
conclusion that the drifting «electronic cloud» of the

conductor, in comparison with its randomly moving free
electrons, will even more satisfy the requirements of the
«degeneracy» of the Fermi-gas. And if so, the quantum
properties of the drifting «electron cloud» of the
conductor under consideration will be significant and
must be taken into account when studying the
electrophysical processes in it.

The active resistance R, of the conductor is
determined by the scattering of drifting free electrons
(electron de Broglie waves [11]) on the inhomogeneities
of the conductor material (for example, on the defects of
its crystal lattice, impurity atoms or quasiparticles,
phonons, quanta of elastic thermal vibrations of atoms of
this Lattice) [8]. Among other things, electrons also have
such an important quantum-physical characteristic as the
«spin» S, (this term derives from the English word «spin»
— «to rotatey and in atomic physics it denotes the intrinsic
mechanical moment of the momentum of an elementary
particle or atomic nucleus [4] ). Quantitatively, the spin S,
of an electron is expressed in special units with respect to
a constant value %/(2z) [8, 11]. Therefore, the electron
spin will be numerically equal to 2zS./A=1/2 [8]. It is this
value of the spin S, that determines for an electron
capable of rotating about its axis in two directions (for
example, in the direction of the vector of intensity H,, of
the acting magnetic field or against it), its spin quantum
number in the form mg=+1/2 [8]. A distinctive feature of
the electron spin S, is that it not only causes the electron
to respond to the action of an external magnetic field, but
also generates a similar field. For ordinary conductors
(especially nonmagnetic — copper or aluminum), the spin
S. of an electron does not have a serious effect on the
conductivity flow in it. Therefore, practically no one
remembers this characteristic of the main carriers of
negative charge in metal conductors in traditional
electrical engineering. But for new layered materials, in
which the phenomenon of the «giant magnetoresistance»
was discovered, it turned out that it is the electron spin
that plays the key role [10]. What is the role of this
quantum-physical characteristic? For a more reasoned
answer to this simple but complex question, let us first
consider the behavior of free electrons inside a
ferromagnetic material of a planar conductor (conductive
bus) of a rectangular configuration with a longitudinal
current. Let the magnetic induction of its pre-magnetized
material also be directed along the longitudinal axis of
such a conductor. In this case, the internal magnetic field
of the conductor will differently affect its longitudinally
drifting free electrons, the spins S, of which differ by their
orientation with respect to the indicated direction of the
field vector H,, of this field (over the field or against the
field). The electric current of the conductor under
consideration in this case will consist of two carefully
interleaved electron fluxes, one of which has electron
spins S, oriented in the direction of magnetization of its
material and the other with their orientation against the
direction of the internal magnetic field of the conductor
[10]. The electrons of these two flows will experience a
different resistance from the crystal structure of the
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conductor metal in this case. It turns out that electrons
with spins S, oriented opposite to the magnetic field will
move more freely along the conductor (without delay),
and electrons with their spins S, oriented along the
magnetic field — more difficult (with a delay) [10 ]. In the
first case (for a sort of electrons with spins S, opposite to
the field), the resistance R, of the conductor will be
relatively small, and in the second case (for a sort of
electrons with spins S, along the field) — large. We note
that similar features in the flow of the conduction current
for us will for the time being be characteristic only of a
ferromagnetic material (diamagnetic materials such as
copper and other metals do not exhibit such singularities
at 7,=293 K) [10]. Similar features of the free electron
drift in conductors were established relatively recently —
in 1968 by a group of French physicists, which included
also the future Nobel Prize winner in physics in 2007, A.
Fert [10]. It was then before the researchers and the
question arose about the feasibility of practical use of the
revealed features of the electron drift for a sharp change
in the values of the resistivity R, of the conducting
structures. Now, on the basis of the data of [10], we can
briefly answer the question posed earlier by us about the
role of the spin S, of the electron. The answer can be
reduced to the fact that the concentration of free electrons
with the considered S, (along the field or opposite to the
field) near the level of the Fermi energy Wy depends
essentially on the orientation of the spins of H,, electrons
for a number of conductors relative to the direction of the
intensity vector H, of the internal (external) magnetic
field, characteristic for conduction bands and determining
the drift current of the conductor [10]. If there are a lot of
free electrons in the material of a conductor with Fermi
energy W, then a relatively large conduction current with
small electric resistance R, to it (current) can flow in it. If
there are a little of free electrons in the material of the
conductor with Fermi energy W, then comparatively
weak conduction current with large resistance R, to
current can occur in it [10].

Having created in the 1980s artificially new ultrathin
layered conductive materials (superlattices (Fig. 9), in
which strictly alternating magnetic and nonmagnetic
layers of two types of metals have a thickness of several
atoms [10]), physicists learned to control not only by the
magnitude of the magnetization of their layers, but also by
the character of their magnetic ordering. And then
through the nature of the magnetic ordering of the layers —
the electrical resistance R, of a similar conductive «puff».

In 1986, P. Griinberg's research group in the
«puff» made of ultrathin layers of magnetic iron Fe and
nonmagnetic Cr chromium (Fig. 10) revealed the effect
of alternating magnetization orientations of such Fe
iron layers in the absence of an external magnetic field
H,[10,13]

H,=0.
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alternating layers of atomic thickness of two materials (for

example, from 4 layers of magnetic iron Fe and 3 layers of
nonmagnetic chromium Cr) with similar crystal structures [10]

< < -«

< < <« Fe
Cr

— > >

— > > Fe
Cr

< < -«

< < <«  Fe
Cr

— > >

— > > Fe

Fig. 10. Schematic representation of the order of alternation of
the magnetization of hyperfine layers of iron Fe in a «puff» of
iron Fe and non-magnetic chromium Cr in the absence of
external constant magnetic field [10]

In the case of an external high constant magnetic
field with strength H,, on the one shown in Fig. 10 the
«slab» — the superlattice Fe-Cr, the magnetization of the
layers of iron Fe was acquired due to the magnetization
reversal by the field of these layers of the same spatial
orientation (Fig. 11) [10, 13]

H=H,.
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Fig. 11. Schematic representation of the magnetization of
ultrathin iron Fe layers in a «puff» of iron Fe and non-magnetic
chromium Cr under the action of external high constant
magnetic field [10]

It is interesting to note that when the action of an
external strong magnetic field with the strength H,, on the
superlattice  under  consideration ceases Fe-Cr
magnetization of its atomic Fe layers returned to the
initial state, shown in Fig. 10. Thus, thanks to
superlattices, the physicists-experimenters have a real
possibility of rapidly changing the nature of the magnetic
ordering of their hyperfine layers [10, 14]. And, finally,
they have a real way to control the change within the
noticeable limits of the electrical resistance R, of the
conductive «puffy. A. Fert and P. Griinberg with their
colleagues during 1988-1989, studying the passage of a
constant electric current across the layers of «puff» from
iron Fe and chromium Cr in the absence and impact
modes of an external strong permanent magnetic field,
and discovered the effect of «giant magnetoresistance»
[13, 14]. In the first experiments of A. Fert, in which an
experimental sample of this «puff» of Fe-Cr was placed in
a cryostat with a temperature of about 4.2 K, a decrease in
the value of its active resistance R,,, for the cases H,=0
and H=H,, from the range of high constant magnetic
fields (H,, is more than 10 kOe [12]) was approximately
twice [10, 14]. Initially, in analogous experiments of P.
Griinberg, carried out with this «puffy only at room
temperature 7,=293 K, the changes in R,, were only
1.5 % [10, 13]. P. Griinberg took several years of careful
scientific research to bring his results to room temperature
To=293 K to the level of reducing the values of R,, by
two times [10, 15]. An analysis of the experimental
results obtained for such a change in the values of the
active resistance of the R,, «puff» from Fe-Cr showed
that they are due to the influence of the orientation of
the free electrons of the S, considered by us above
(along the field or opposite to the field) in the hyperfine
layers of iron Fe. The concentration of the
corresponding two types of drifting electrons (with a
magnetic quantum number mg=+1/2 or mg=—1/2) near
the Fermi energy level Wy [13-15].

Practical use of the «giant magnetoresistance» effect
in computer technology immediately led to a sharp

increase in the density of magnetic data recording on hard
disks. «Puff» with Fe-Cr and such active resistance R,,,
appeared to be a compact, fast, sensitive and simple by
design magnetic field sensor [10]. Being located above
the rapidly rotating plate of the hard drive of the
computer, such a «puff» tracked the magnetic fields of the
information bit streams flying under it in the binary
system (the term «bit» is derived from the English words
«binary» and «digity [4]) and immediately transferred
them to the corresponding pulses of the electric current.

4. Discovery of the mechanism of spontaneous
breaking of symmetry in subatomic physics. Nobel
laureates in physics in 2008 were scientists from Japan
(Makoto Kobayashi, Fig. 12; Toshihide Maskawa, Fig.
13) and the United States (Yoichiro Nambu, Fig. 14) for
discoveries in elementary particle physics that explained
the causes The fact that the universe we observe consists
of matter, and not of antimatter and matter equally, and
also the mechanism of the appearance of matter in matter
[16]. The studies of these theoretical physicists concern
the breaking of symmetry in the world of elementary
particles. Their works are related to different time periods,
and the symmetries they are considering are related to
different interactions of elementary particles [16]. In
1973, M. Kobayashi and T. Maskawa in their joint article
suggested that the reason that led to the predominance of
matter over antimatter in the universe may be that they
participate in different ways in weak interactions (the so-
called violation of CP-symmetry) [16-18].

Fig. 12. Prominent Japanese theoretical physicist Makoto
Kobayashi, born in 1944, Nobel Prize Laureate in
physics for 2008

The first experimental observations in the world of
the Kobayashi-Maskawa asymmetry were made by
physicists only in 2002 with the help of accelerators
KEKB (Japan) and Stanford Linear Accelerator (USA)
[16, 19].
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Fig. 13. Prominent Japanese theoretical physicist Toshihide
Maskawa, born in 1940, Nobel Prize Laureate in
physics for 2008

The hypothesis stated in the above-mentioned paper
by M. Kobayashi and T. Maskawa, «The CP Violation in
the Renormalizable Theory of Weak Interaction» (1973),
[16] postulated the existence of the third generation of
«quarks», which was indirectly confirmed by experiment
in four years (in 1977) with the discovery of the b-quark
[19]. It should be recalled that a quark in the physics of
elementary particles and high-energy physics is called a
hypothetical particle with a fractional charge of the
electron electric charge e;=1.602-10" C [8, 11]. In this
regard, M. Kobayashi and T. Maskawa in 2008 were
awarded the Nobel Prize in physics «for the discovery of a
source of symmetry breaking, which allowed to predict
the existence in nature of at least three generations of
quarksy [16-19].

Prior to the work of these theoretical physicists,
hadron physics was a real impotent dark «mess» [16]. By
1960, in the experiments on proton synchrotrons by
nuclear physicists, dozens of various strongly interacting
hadron particles had already been discovered [8]. These
hadron particles were with a wide variety of masses,
charges, lifetimes and «channels» of decay [16].
Physicists at that time did not understand the «purpose»
of these particles, nor their relationship with each other.
At that time, there was not even a reasonable scheme for
classifying these hadrons. The search for intelligent
hadron systematics led scientists to the idea of quarks
[16]. In the proposed Y. Nambu, together with the Italian
physicist G. Jona-Lazinho, the models of the interaction
of hadrons of physics saw a spontancous breaking of the
«chiraly symmetry. Owing to this violation with particles,
metamorphoses took place in the developed model:
mesons appeared (as bound states of fermion particles,
which were analogous to «Cooper pairs» of electrons in
superconductors [5]), and the fermion particles
themselves became much heavier and can be was
identified with protons and neutrons [16]. This led to a
rethinking of the physical essence of hadrons [8].

The main investigations of Y. Nambu, who
emigrated from Japan to the USA in 1952, was devoted to
the development of the idea of spontaneous breaking of
symmetry in subatomic physics, expressed by him in
1960 [20]. In 1965, together with M. Khan, he succeeded
in creating a scheme of strong hadron-particle
interactions, based on three triplets of quarks with integer
charges (the well-known Hahn-Nambu model [20]).

Fig. 14. Prominent Japanese-American theoretical physicist
Yoichiro Nambu, born in 1921, Nobel Prize Laureate in
physics for 2008

Y. Nambu based on this model introduced the
«color» interaction of elementary particles [16, 20]. By
this theoretical development he laid the foundations of
quantum chromodynamics. He essentially developed the
quark model of hadron structure [19]. The idea of
spontaneous symmetry breaking in the world of
elementary particles was actively developed by
theoretical physicists, and subsequently the Higgs
mechanism of violation of electroweak symmetry also
grew out of it. It was «for the discovery of the
mechanism of spontaneous breaking of symmetry in the
physics of elementary particlesy that he won the Nobel
Prize in physics in 2008 [16].

5. Development of a new technology for the
transmission of light in optical fibers. In 2009, the first
half of the Nobel Prize in Physics was awarded to the
Chinese Charles Kao (Fig. 15) «for the revolutionary
achievements concerning the transmission of light in
fibers for optical communicationsy [21]. Historically, it
happened that Ch. Kao in the field of information
technology was at the source of fiber-optic data transfer.
Because of the rapid development in the world of
telecommunications, it has turned out that the traditional
technologies for the transmission of information over long
distances (with the help of coupled electromagnetic waves
in metallic wires and free radio waves) have a
fundamental disadvantage — the relatively low speed of
the processes taking place in the transmission channels. In
order to increase in them (channels) the speed of
information transfer by increasing the modulation
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frequency, an increase in the carrier frequency of the
electromagnetic signal is required. That is why physicists
turned their eyes to light pulses (signals), whose
frequency is of the order of 10"° Hz [8, 11].

Fig. 15. Prominent Chinese experimental physicist Charles K.
Kao, born in 1933, Nobel Prize Laureate in physics for 2009

At first glance, an optical fiber with thin glass
filaments placed in a protective envelope had to satisfy
the rigid requirements for the transmission of light pulses
over large distances. However, experimental data testified
that in the first half of the 20th century, in the purest glass
fibers, the attenuation of the light signal was about 1000
dB/km [21]. Physicists have found that for the effective
use of optical fiber as a communication information
carrier, the attenuation factor of the light pulse in it should
be 20 dB/km or less [21]. In the 1960s, after the
graduation from the University of Greenwich (England),
with a degree in electrical engineering and the subsequent
defense of his doctoral dissertation, he began research at
the Standard Telephones and Cables (Harlow) on fiber
technology [22]. Here he made his innovative physical
and technical discovery, explaining the strong attenuation
of light pulses in ordinary glass fibers. He in 1966 found
that the reason for this are the impurities present in the
glass fibers. In this regard, Ch. Kao, for the efficient use
of fiberglass in the transmission of information, proposed
carrying it out of thin quartz filaments (Fig. 16) [22]. It
was in quartz glass lenses that the lowest level of
attenuation of the transmitted light pulse was observed.

Ch. Kao was the first in the world to use fiber-optic
cables to transmit telecommunication information over
long distances. Technical difficulties in obtaining high-
purity quartz glass for these purposes were overcome only
in 1972 when researchers from Corning Glass Works (R.
Maurer, D. Keck and P. Schulz), using the technology of
chemical precipitation from the gas phase, glass fibers
were obtained with an attenuation factor of up to 4 dB/km
[21, 22].

Fig. 16. External view of a fragment of a bundle of optical fibers
with quartz filaments in a protective shell, effectively
transmitting light pulses for long distances [22]

Fig. 17 shows the dependence of the attenuation
factor of the light signal in a quartz fiber-optic fiber on
the length of the waves propagating along it [21].
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Fig. 17. Attenuation of the light pulse in quartz filaments as a
function of the length of its electromagnetic waves [21]

From Fig. 17 that the loss of light intensity is least of
all not in the optical but in the infrared (IR) region of the
light signal spectrum [21]. This is why the minimal
absorption (scattering) of light energy in quartz optical
fibers occurs in separate «transparency windows» (at
wavelengths of 1.3 pym and 1.45 pm) in the near infrared
range of the light pulse. It is at these wavelengths
(frequencies) of electromagnetic waves that modern fiber-
optic communication operates [21]. Note that, according
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to Fig. 17 with decreasing wavelength of the light wave,
the damping coefficient increases sharply due to the
scattering of light by the inhomogeneities of the refractive
index of the medium under consideration (the case of
«Rayleigh scattering» [8]). In the region of wavelengths
of light waves of more than 1.45 um, strong lines of
absorption of the hydroxyl group OH begin to appear in
quartz filaments [21]. As is known, because of Rayleigh
scattering of light waves in the atmosphere, the sky on the
Earth looks blue-bluish, and the sunset or sunrise is
orange-reddish [8, 23]. In 1988, the first transatlantic
fiber-optic communication cable was laid [21]. At
present, the technology of production of such cables is
constantly being improved. Now, in the prototypes of the
latest developments in fiber optic cables, the decay factor
of the light pulse is characterized by a level of up to
0.2 dB/km [21].

6. The invention of a semiconductor circuit for
images recording. In 2009, the second half of the Nobel
Prize in physics was awarded to Americans Willard Boyle
(Fig. 18) and George Smith (Fig. 19) «for the invention of
a semiconductor circuit for images recordingy [21]. W.
Boyle and G. Smith invented a semiconductor device that
allows you to obtain digital photographs without
photographic film. This semiconductor sensor device,
which allows to take photographs in digital format, has
been called a «Charged-Coupled Device» or a CCD-
matrix [21]. In the CCD-matrix, which is part of a modern
camera or digital video camera, the light stream is
immediately transferred to a digital file with a color
image of the object being photographed.

Before considering the operation of the CCD-matrix
as a whole in this semiconductor sensory scheme for
recording a color image, we need to start with its one of
the main components — a semiconductor cell of digital
memory, schematically depicted below in Fig. 20. In
1969, W. Boyle [24] and G. Smith [25], as employees of
the famous American laboratory «Bell Labs», began to
develop a new highly efficient semiconductor device for
recording and reading information in which the

information would be stored in the form of microscopic
«charge cloudsy» [21].

f

Fig. 18. Prominent American experimental physicist Willard
Boyle (1924-2011), Nobel Prize Laureate in physics for 2009

Fig. 19. Prominent American experimental physicist George
Elwood Smith, born in 1930, Nobel Prize Laureate in physics
for 2009

As a result of research by them in 1969, a
semiconductor digital memory cell was proposed,
consisting according to Fig. 20 from a plane metal
electrode separated by a layer of insulator (silicon dioxide
Si0,) from p-type semiconductor (Si silicon) [21]. The
role of a bit of information in such a device was played by
the «cloud» of electrons that appears in the semiconductor
when it is excited.

Insulator

«Trap»

‘l'-

p-type semiconductor

Fig. 20. Schematic representation of the elementary
semiconductor cell of digital memory proposed by
American physicists W. Boyle and G. Smith [21]

Recall that a semiconductor also possesses such a
property as photosensitivity [8, 21]. Light photons (quanta
of the electromagnetic field), falling into a semiconductor,
generate in it pairs of electrons and holes. In order for
such electrons not to be absorbed by holes and stored in a
certain region of the semiconductor, W. Boyle and G.
Smith proposed to apply an electrical potential of positive
polarity to the metal electrode of this cell. Because of
their positive charge, the emerging holes «left» out of the
small area under this positively charged electrode, and the
electrons that appeared to «sit» in it and appeared to be in
this local «trap» [21]. It was this «trap» that played the
role of a «custodian» of information in a semiconductor
cell of digital memory. If there was a small «cloud» of
electrons in this «trap», then «1» is written in the cell, if
not, «0» [21]. Then, in front of W. Boyle and G. Smith, a
serious question arose about reading out information from
similar memory cells. For this purpose, they came up with
a new method of data transmission — «charge
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communication» [21]. It was this method that was
realized by them in the created CCD-matrix, presented in
a simplified form in Fig. 21.

+\/

Fig. 21. Schematic representation of a one-dimensional CCD-
matrix with three cells of digital memory in a row [21]

By supplying certain voltage V7 to the metal
electrodes of the digital memory (with potential +} and
the presence of a small «cloud» of electrons) in the
digital information memory cells adjacent to the active
information cells (for initial voltage V=0 and the
absence of a small «cloud» of electrons in their «traps»)
and then removing the electric voltage from the active
cells, it was possible synchronously in a finite number of
cycles to shift information in the CCD-matrix to the
reader, at the edge of this matrix [21]. The reader will
perceive the electric charge coming from the active cell
of the digital memory and give the corresponding
electrical signal. In the case that the reader will not
simply detect the absence or presence of an electric
charge in the «trap» of the next memory cell, but also
measure the charge accumulated in it, then the output of
such a semiconductor circuit produces a real optical
image recorded immediately in digital form. It should be
noted that some electromagnetic waves that are part of
the light signal cells influencing the semiconductor and
determining the colors of light emanating from the
object of observation will cause the emergence of
memory cells of the electrons «caught» by them in the
«traps» of memory cells. The name of the «charged-
coupled device» (CCD-matrix) reflects the way the
electric charge is read in it by shifting from one matrix
element to another, gradually filling the camera's buffer
register [26]. Further, the voltage from the reader is
amplified and fed to the analog-to-digital converter,
after which the signal is digitally received for
subsequent processing in the camera processor [26].
This matrix, the general view of which is shown in Fig.
22, in fact, is a microchip consisting of millions of
photocells that react to light. CCD-matrices made a
scientific and technological revolution in photography
(they quickly entered our everyday life in the form of
compact digital photo and video cameras) [26, 27]. They
are widely used in low-dose digital X-ray units and
installed on all modern telescopes [27].

Fig. 22. External view of a modern CCD-matrix [26]

7. Implementation of innovative experiments to
create a two-dimensional material graphene. Natives
of Russia Andrey Konstantinovich Geim (Fig. 23) and
Konstantin Sergeevich Novoselov (Fig. 24), working
before his emigration at the Institute of Microelectronics
Technology Problems and Highly Pure Materials of the
Russian Academy of Sciences (Chernogolovka, Russia),
in 2004 in the laboratory of the University of Manchester
(Great Britain) opened a fundamentally new material —
«graphene» [5, 28]. Graphene is a unique hyperfine
material made on the basis of carbon 4'2C with a graphite
layer thickness of one atom [5]. Therefore, because of
such a vanishingly small nanometric thickness (of the
order of 0.1 nm), it is called a two-dimensional
nanocrystalline material belonging to the second-order
nanomaterials [5]. Carbon atoms in a thin graphene film
are connected to a hexagonal two-dimensional crystal
lattice (Fig. 25) [28].

Fig. 23. Prominent Russian-Dutch physicist Andre K. Geim,
born in 1948, Nobel Prize Laureate in physics for 2010
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Fig. 24. Prominent Russian-British physicist Kostya S.
Novoselov, born in 1974, Nobel Prize Laureate
in physics for 2010

Fig. 25. External view of a fragment of a hexagonal crystal
lattice of an atomic layer of graphene, in knots which contains
carbon atoms ¢'°C [28]

Artificially obtained now graphene by chemical
deposition of carbon vapor ¢'>C on the substrate (with its
linear dimensions of several centimeters and more)
showed surprising physicochemical properties. It is
almost transparent material, it has incredible mechanical
strength (100 times greater than that of steel) [28].

Graphene has a sufficiently high electrical
conductivity (as in the widely used 2,“Cu copper in
electrical engineering) and is characterized by high
thermal conductivity [28]. In his first experiments, A.K.
Game and K.S. Novoselov miniature samples of new
material were obtained with a rectangular piece of
electrical graphite and an ordinary adhesive tape —
adhesive tape. Applying the scotch to the flat surface of
graphite and tearing it off, they found it under a
microscope and found plaque-monolayers of carbon [28].
It turns out that everything is simple!

The study of physicochemical properties of
graphene and its behavior under external influences of
various physical factors (for example, mechanical loads,
electric current, electric field, etc.) on it provided a
number of possibilities for its technical application. It
turned out that a practically transparent graphene
conductor is well suited for the production of transparent

touch screens, light panels, solar cells and
electrochemical current sources, as well as for
manufacturing high-frequency transistors with regard to
mobile phones and ultrafast optic sensors in fiber
communication [28]. The creation of graphene may in
the near future lead to the emergence of a new class of
nanoelectronics with a record low transistor thickness —
up to 10 nm. The use of graphene in computer
technology can lead to an increase in the speed of
computers thousands of times. He practically does not
stop «flying» through him free electrons. Therefore, it
has a very low active resistance to electric current [28].
Moreover, the experimental data of A.K. Geim and K.S.
Novoselov, as well as ivestigations in the Russian
Federation showed that graphene or superthin graphite
film can change its electrical resistance (more precisely,
increase the electrical conductivity) when an external
electric (electro-magnetic) field is applied to them [29].
These results, in the opinion of physicists, point to
promising possibilities of using such materials in
semiconductor or, more precisely, graphite electronics.
In addition, it was found that when stretching graphene
(it can be stretched to 20 % of the increase in the
original linear dimension), it can turn into a good
semiconductor [28]. This is due to the formation in this
way of an appropriate «semiconductor» discontinuity in
the energy spectrum of its atomic structure (in fact, due
to an increase in the energy gap between its valence
band and the conduction band) [11]. Such a new
property of graphene with its high thermal conductivity
opens certain prospects for the use of this new material
in converter nanoelectronics. The attempts of physicists
of the use of graphene, even as a mass micro-sensor, are
interesting [28]. According to preliminary estimates by
physicists, such «atomic» scales are capable of weighing
even one molecule of substance! Technical problems in
this case, experts who try to adapt graphene to the
solution of similar super-thin (for us, we can say, just
fantastic) physical tasks, certainly enough [28]. At
present, many nanotechnologists, in close cooperation
with engineering and technical workers, carry out
solutions to complex applied problems in the industrial
production of graphene with geometric dimensions
necessary for modern technology (in fractions, units and
tens of meters). Taking into account the exceptional
scientific and technical significance for the technosphere
of human society of the received and studied by A.K.
Geim [30] and KS. Novoslov [31] new unique material,
they «for the basic experiments on the creation of two-
dimensional material graphene» and were awarded the
Nobel Prize in physics for 2010 [5, 28].
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ANALYSIS OF THE SPECIAL FEATURES OF THE THERMAL PROCESS IN AN
INDUCTION GENERATOR AT HIGH SATURATION OF THE MAGNETIC SYSTEM

Purpose. Development of the method for the assessment of the thermal operation modes of an autonomous electrical power sys-
tem with an induction motor, aiming at improvement of the reliability of electricity supply and the quality of electric energy.
Methodology. Induction generator mathematical modeling taking into account the magnetic system saturation was used in the
research. A heat model taking into account the excess of the temperature of the induction generator units in the mode of high
saturation was developed. The obtained results were compared with the experimental data. Results. The paper contains the solu-
tion to the problem of improvement of the mathematical model sand methods for steel losses determination in there search of the
operation modes of an autonomous uncontrolled induction generator taking into consideration the properties of the magnetic
system in the mode of high saturation. The expression for determination of steel losses in the mode of high saturation is obtained.
It enables the assessment of the induction generator thermal condition. Originality. The analytical dependence for the calculation
of the steel losses in the mode of magnetic system saturation has been obtained for the first time. Practical value. The obtained
expression for the calculation of the steel losses can be used for determination of the admissible time of generator operation at
overload. It will allow avoiding broken winding insulation and complete use of the generator overload capacity. As a result, it will
reduce possible irregularities of electricity supply due to the generator preliminary cutoff. References 10, tables 2, figures 3.

Key words: autonomous induction generator, magnetic system saturation, steel losses, thermal processes.

Llensv. Paspabomxa memoouKku oueHKu menioesix pexcumos papomsl AgMoHOMHOIL IIEKMPOIHEP2EMULECKOTL CLLCIEMbL C ACUHXPOH-
HbIM 2CHEPAMOPOM C Yelbl0 NOGHIUEHUA HAOCHCHOCHIUL IIEKMPOCHADICEHUA U Kaiuecmea nekmpodnepuu. Memooonozusa. /lna npo-
6€0€HUA UCCTIE006AHUIL UCNOIB306AI0CH MAMEMAMUUECKOE MOOCTIUPOSAHUE ACUHXPOHHO20 2EHEPAMOPA C YUEnOM HACIWEHUA MaA2-
Hummoii cucmemsl. Pazpabomana mennogas mooens, KOMopas yuumsléaen npeebluieHue MemMnepamypul y3io06 acUHXpOHHO20 2eHe-
pamopa 6 pedcume 6bicok020 Hacviwienus. Ilonyuennvie pesynbmantvl MOOEIUPOGAHUA CPAGHUGANUCH C IKCHEPUMEHMATbHBIMU OGH-
Hbimu. Pezynomamol. B pabome peuiena 3a0aua ycoeepuieHcmeo8anun MamemamuiecKux mooeeil u Memooos onpeoesieHus nomeps
6 Cmanu npu Ucce006aHuu PeXCUMOs padonsvl A6MOHOMHOZ0 HEPEZYIUPYEMO20 ACUHXPOHHOZ0 2EHEPANOPA C YHUEIMOM CEOICHIE Maz-
HUMHOIL cucmembl 8 pexcume 6bicokozo Hacvtugenus. Ionyueno svipascenue ona onpedenenus nomepb 6 CIAIU 6 PEHCUME EbICOKOZ0
Hacvlwenus, KOmopoe no36onaem OUeHUEAms meniooe COCMoAHUE ACUHXPOHHO20 2enepamopa. Opuzunansruocms. Bnepevie nony-
YEHA AHATUMUYECKAA 3A6UCUMOCING OJ1A PACHEna NOmepPb 6 CIAnu 6 pejcume HACblueHua maznumnoii cucmemvl. Ilpakmuueckoe
3uauenue. Ilonyuennoe evipasicenue 0ns paciema nomepv 6 CHMAIU Modicem Oblmb UCNONLIO6AHO O ONPeOeNeHUs. OONYCIMUMO20
epemenu papomol 2eHepamopa npu nepezpyzke. Imo no3eonum uzoexcamov NOGPEHCOCHUA UIONAUUU 0OMOMOK U € NOIHOM 00veme
UCRONIb306aAMb NEPEPY3OUHYI0 CROCOOHOCH 2eHepamopa. B pezynemame 3mo cHusum 603modicHble nepedou ¢ 31eKmMpuUecKol Inep-
2ueil u3-3a npexcoespemMentoz0 omKouenua cenepamopa. buotn. 10, Tadn. 2, puc. 3.

Kniouesvie cnoéa: aBTOHOMHBINH aCHHXPOHHBIH reHepaTop, HAChIIIeHHe MATHHTHOH CHCTeMBbl, MOTepH B CTAJH, TelJIOBbIe
npoueccol.

Introduction. Autonomous electrical power systems
(AES) take an important place in the development of
power engineering [1]. Recently AES have become wide-
spread in electricity supply systems of both special and
general purpose. The domain of application of such sys-
tems includes electric devices (stationary, mobile ones),
controlled electromechanical systems (transport, small
hydroelectric stations, wind energy plants), no-break
power systems of important consumers. The necessity for
the use of AES occurs when it is technically impossible or
economically unprofitable to apply centralized electricity
supply.

AES theoretical research and practical experience of
their application show that there are good prospects of the
use of induction generators (IG) with capacitor excitation
as a power supply in them.

In spite of availability of a great number of papers
related to theoretical and practical research of AES with
IG the problems of these systems have not been com-
pletely solved. In particular, the thermal transient proc-
esses in IG with capacitor self-excitation at high satura-
tion of the magnetic system are insufficiently analyzed.

The analysis of the previous research and the
problem statement. Under the modern conditions there is
a necessity for development of heat models for the analy-

sis of IG operation [2]. During the choice of the heat
model it is necessary to take into account the conditions
of the induction machine operation [3—5]. The analysis of
literature [1, 2] revealed that the thermal processes in IG
are essentially influenced by steel losses. The method of
thermal equivalent circuits is widely used for thermal
calculations of electric machines in the solution of general
problems of heating.

Losses dependences on the squared frequency and
voltage are used as the basis for the classical methods of
steel losses calculation [6, 7]. Moreover, it is shown in [8]
that at high saturation of the magnetic system an abnor-
mal increase of steel losses can be observed. This increase
is much bigger than the values calculated by the conven-
tional methods.

Usually, in induction machine thermal models the steel
losses under the steady-state condition are not taken into
consideration due to their small values. Taking into account
the steel losses as a value proportional to the value of
squared magnetic induction [9] results in a considerable error
as such a relation is only true for an unsaturated magnetic
circuit. Steel losses, having achieved rather high values, es-
sentially influence the process of IG windings heating. That
is why their neglect causes noticeable errors in determination
of IG thermal state and is often inadmissible.
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As a consequence, when dynamic thermal processes
developing unequally at different degrees of magnetic sys-
tem saturation are analyzed, there appears a necessity for a
specified taking into account the steel losses in a heat model.
So, the research of thermal transient processes in IG with
capacitor self-excitation at the magnetic system high satura-
tion is of both theoretical and practical interest.

Purpose of the paper. Working out the methods for
assessment of the thermal operating modes of AES with IG.

Material and results of research. For the specified
verification of IG element heating the non-stationary
thermal processes are researched taking into account the
real distribution of temperature and thermal flows in the
machine. A three-mass mathematical model of an induc-
tion machine is analyzed in the paper. Apart from the sta-
tor and rotor windings the influence of the stator steel is
taken into consideration in the model. However, in the
analysis it is assumed that every active element represents
a homogeneous body with an infinitely high internal
thermal conductivity.

An induction motor (IM) is used as an IG. An IG ther-
mal equivalent circuit is shown in Fig. 1. In accordance with
the diagram, body 1 (stator winding) is characterized by heat
capacity C; and is connected with the third body 3 (stator
steel) by thermal conductivity A4,3. Losses AP, are allocated
in body 1. Analogously, body 2 (rotor) is characterized by
heat capacity C,, is connected with body 3 by thermal con-
ductivity A,3. Losses AP, are allocated in body 2. In its turn,
body 3 is characterized by heat capacity C; and is connected
with the environment by thermal conductivity A4;. Losses
AP; are allocated in body 3.

AP]5C]5TI APZ:VCZ,TZ

AP33C33T3
A

Cen—0, o =const

Fig. 1. Thermal diagram of an induction motor
as a system of three bodies:
1 — stator winding; 2 — rotor; 3 — stator steel

The following designations are adopted in Fig. 1:
71, Ty, T3 — €xcess of the temperature of the stator winding,
rotor and IM steel, respectively; 9., — ambient tempera-
ture; C., — environment heat capacity.

According to [1, 2], the heat balance equations for
IM each body are presented in the form:

d
AR :C1§+A13(T1 —73);

d2'2
APy =CH —=+ Ay ltH — 73 );
2=C, 23(2 3). 0
dT3
APE»:C3?+AI3(T3_TI)+

+ g3 (3 =1y )+ M3,

where the stator winding active power losses at the wind-
ing temperature 6;:

AP, =3R 12, )
where I — active value of the stator current; R, — resistive

impedance of the stator winding; rotor winding active
power losses at the rotor temperature 6;:

APy =3R.12, 3)
where I, — active value of the rotor current; R, — resistive
impedance of the rotor winding.

The stator steel losses are caused by the hysteresis
and eddy-currents in the stator core [7, 9].

According to the conventional method, the steel
losses are determined by expression:

2
APy = AP, :Afzt.{ﬂj , @)
Ulr
where AP, — active power steel losses at rated voltage;
U, — voltage current value; Uj, — rated phase voltage.
During the analysis of steel magnetization reversal
processes a dependence for the calculation of steel losses
under the condition of magnetic system saturation was
found:

dr,

where E(I,) — electromotive force active value depend-
ence on IM magnetization current active value I,
& — coefficient depending on the material parameters.

Expression (5) demonstrates that at the non-
saturation section of the magnetization curve the electro-
motive force changes by the linear law, i.e.
dE(l,)/dl, — const. In this case the equation takes the
form analogous to Steinmetz equation [10]. When IM
operates in the saturation mode, the velocity of electromo-
tive force intensification decreases, i.e. dE(/,)/d/, — 0. In
this case there occurs a sharp growth of steel losses
caused by lagging.

IM 4A90L4U3 was used in the analysis to research
the thermal processes. The IM parameters are given in
Table 1. The thermal condition parameters are given in
Table 2.

A&A&(@)F;JJ(E(@,))Z, )

Table 1
Parameters of 4A90L4U3 induction motor

Parameter Value
Rated power, kW 2.2
Rated voltage, V 220
Stator rated current, A 5
Efficiency 0.8
Rated slid 0.051
Stator resistive impedance, Ohm 4.15
Stator inductive reactance, Ohm 3.218
Rotor reduced resistive impedance, Ohm 2.629
Rotor reduced inductive reactance, Ohm 5.697
Magnetization circuit inductive reactance, Ohm 92.03
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Table 2
Thermal condition parameters of 4A90L4U3 induction motor
Thermal conductivities, W/°C

Ay 10.5707
Aas 2.7648
A 13.9969

Thermal capacities, J/°C

stator winding C; 726.1
rotor C, 3260
stator steel Cs 9623
Stator rated temperature 6;,, K 403

As a result of using the conventional method and the
method for losses determination in a highly-saturated
mode the IG rotor winding temperature excess curves
were obtained (Fig. 2).

T,

0 C 5
e 1

0 1200 2400 3600 4800 1,8
Fig. 2. Rotor temperature excess curve at different methods of
steel losses calculation:

1 — with the use of the conventional method (based
on expression (4)); 2 — based on expression (5)

The analysis of the presented dependences revealed
that IG unit heating rates essentially differ at different meth-
ods of steel losses calculation. So, the windings temperature
at the conventional method of steel losses account is consid-
erably lower than with the use of the method for steel losses
determination in a highly-saturated mode.

A thermal imager was used for verification of the ade-
quacy of the thermal model. The thermogram of IG opera-
tion at self-excitation is presented in Fig. 3. It is seen in the
figure that IG rotor windings heats up to the temperature of
148.7 °C. The results of comparison of the experiment and
modeling (Fig. 2) revealed that the calculated excess of tem-
perature with the use of expression (5) is 158 °C. It suggests
the conclusion that the proposed approach is adequate. The
analysis of the obtained results revealed that the stator end
windings are the most heated IG parts.

SFLIR

Dist = 2.0 Trefl = 20.0 £ = 0,96

Fig. 3. A thermogram of the induction generator

Conclusions.
Steel losses influence on the IG thermal characteris-
tics at high saturation of the magnetic system has been

How to cite this article:

researched in the paper. It enables determination of tem-
perature excess at particular units of the generator.

The developed heat model makes it possible to cal-
culate maximal current temperatures in different parts of
the motor with sufficient accuracy. The mathematical
model allows determination of temperature at IG units
that are inaccessible for direct measurement. The pro-
posed heat model can be used at IG monitoring with the
aim of forecasting their resource.
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A MATHEMATICAL MODEL OF THERMAL POWER PLANTS SMOKE EXHAUSTERS
INDUCTION MOTORS SYSTEM OPERATION MODES

Purpose. Development of a model-software complex (MSC) for computer analysis of modes of the system of induction motors
(IM) of smoke exhausters of thermal power plant (TPP), the basic elements of which are mathematical models and corresponding
software written in the programming language FORTRAN. Methodology. Mathematical model serves as a system of differential
equations of electrical and mechanical condition. The equation of electric state is written in phase coordinates based on
Kirchhoff's laws, and mechanical condition described by the d'Alembert equation. Mathematical model focuses on explicit
numerical integration methods. Scientific novelty. The equation of state of electrical connections takes into account the mutual
electromagnetic circuits for transformer of own needs (TON) and induction motors and interdependence (in all possible
combinations) between: TON (from which motors powered) and each of the two IM and blood pressure between themselves. The
complex allows to simulate electromagnetic and electromechanical processes in transitional and steady, symmetric and
asymmetric modes including modes of self-induction motors. Results. Complex is used for computer analysis of electromagnetic
and electromechanical processes and established the basic laws of motion modes of starting, stopping and self-start of IM of
smoke exhausters of the TPP unit. Practical value. The complex is suitable for computer analysis of modes of other similar units
of own needs of thermal power plants. References 9, figures 12.

Key words: mathematic model, numerical methods, thermal power plant, induction motors.

Paszpabomana mamemamuyueckas mooens 1eKMPOMEXHUUECKO20 KOMNEKca: «NeKmpuueckas cemy — mpancgopmamop — oea
ACUHXPOHHBIX 08U2aMeENA» 6 (Pa3HbLIX KOOPOUHAMAX, OPUCHMUPOGAHHYIO HA AGHbLIE MEMOObl YUCTEHHOZ0 UHMEZPUPOCAHUS
cucmemsl Oougpghepenyuansuvix ypasnenuii. Ha 60aze mamemamuueckoii moodenu co30aH NPOZPAMMHBIIL KOMNIEKC U
npousgedeno uccnedosanue 1eKMPOMAZHUMHBIX U IJIEKMPOMEXAHUYECKUX NPOUECCO8 U YCMAHOGNEHO OCHOBHblE 3AKOHOMED-
HOCMU UX NPOMEKAHUA 6 PEeHCUMAax Nyckd, OCIMAHO6A U CAMO3ANYCKA ACUHXPOHHBIX 06uzameneil ObIMOCOCOE IHEP20010Ka

menno6oit 31ekmpuyeckoii cmanyuu. butn. 9, puc. 12.

Knrouesvie cnosa: maTemarudeckas MoOeJ1b, YUC/ICHHbIC METOAbI, TENJIOBAS 3JICEKTPOCTAHIIUS, ACHHXPOHHbIC IBUTATE/IH.

Problem definition. Powerful thermal power plants
(TPP) are used as one base structures of modern power
system of Ukraine. At least a half of electricity generated
in Ukraine is accounted for the power station. It should be
noted that thermal power plants generate huge electricity
percent in other advanced industrially developed countries
and Europe, and the world.

The reliability and efficiency of thermal power
plants in general, scrap, and their power blocks, in
particular, essentially depends on the stability and
reliability of operation, and the resulting performance of

large-keel bones electricity consumers, including
powerful industries, transport systems and other
consumers.

Reliability of large thermal power plants is
determined by reliable operation of turbogenerators that
generate electrical energy directly and therefore
considered the most important units of power blocks of
TPP. Turbogenerators operation, in its turn, is determined
by units such important units as steam turbines and
boilers, which belong to the group of key ones.

Modern TPP units are highly advanced and
automated. This means that the operation of the basic
units of TPP provides large number number of other units
that belong to auxiliary. These include mechanisms for
transportation and fuel supply (if the TPP is working on
coal), a number of different pumps (nutritious condensate,
circulation) and blowing devices and smoke exhausters
and so on. All these auxiliary units called units of own
needs (ON), which divided into important and non-
important. Refusal to operation of important ON units
leads to a violation of basic technological cycle of
production of electrical energy and even disable of main

units: turbogenerators, steam turbines, boilers, and refusal
of non-important has no such a critical influence.

In modern thermal power plants almost all their
needs mechanisms of ON driven by short-circuit
induction motors (IM) power of which reaches several
MW. Induction motors are used to drive and smoke
exhausters, whose operation is critical for the unit. After
the rejection in the other two smoke exhausters leads to
lower unit productivity by 30-40 % and the rejection of
two smoke exhausters — emergency stop to the boiler and
consequently disable the unit.

ON units in its purpose serves as a «hand» that
provides the service personnel unit in the set mode (start
and stop the unit, increasing and decreasing issuing power
to the grid, and so on). Virtually supports the following
modes of power control of electric motors (EM) own
power needs. Therefore, to correct and efficient operation
of the TPP issue analysis modes of electric motors of own
needs is crucial. In this context, critical analysis is correct
mode start-up and running-out of electric motors, increase
and decrease the frequency of rotation to adjust the
performance of the mechanisms set in motion these
motors, as well as the self and switch to back-and-purpose
and urgent supply.

Analysis of the results of scientific publications
and case studies. The issue analysis modes of electric
motors mechanisms of own needs of power plants is
given quite a large number of scientific papers.
Preferably, these works are based on the classical theory
of electrical machines and aimed at studying the
characteristics and regularities of electromagnetic and
electromechanical processes that occur in systems of
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electric motors ON main types of power plants (thermal
and nuclear). In terms of the practice of power units of
power plants is urgent analysis of electromagnetic and
electromechanical processes of electric own needs
without exception in all modes of operation: starting,
nominal mode and learning processes and self freewheel.
These questions serve as the subject of analysis modes of
their electric needs sources [1, 3-5, 7, 9]. For example, in
[1] describes the overall structure, basic mechanisms,
motors, electrical circuits OP thermal power plants.
Considered electric modes of their own needs, the control
circuit relay protection and automation of electric motors
and network elements 6.3 and 0.4 kV. The question of
improving the reliability of the electric power station and
ON prospects of controlled electric AC. The analysis of
the characteristics of damage ON and the ways to prevent
them [3] the general characteristics of units own needs of
power plants (PP), the processes of starting and running-
out of electric motors own needs. Self-described impact
on technological operation unit is described. The above
general requirements for electrical circuits and ON are the
most common ones. A simplified calculation of self
electric motors own needs. In [4] the system of own needs
of different types of plants, their characteristics are
mechanisms as well as the analysis of the mechanisms of
self motors own needs. The question of choice of
transformers, DC installations and electrical circuits
personal needs.

Fundamental analysis of modes of asynchronous and
synchronous motors is made in [7]. Here are some key
features of loading, considerable attention is highlighted
issues of electric heating. The problems of asymmetric
modes of the motors and jacks are considered.
Sufficiently and thoroughly describes the self-starter and
electric motors. The problem of self motor conditions and
results of experimental studies of these regimes is
considered. The question of single and group run out of
electric AC motors. All these questions are important for
practical operation of electric motors needs its own power
station.

Relevance of the research. The presence of
scientific works which made analysis modes of electric
motors mechanisms of own needs of power plants and
research results are reliable definitely enhance the
efficiency of their operation. However, a material
described in the literature reviewed obvious that its use in
the practice of specific operating units of own needs
power plants needed substantial revision of it. Because
these sources are contained in the material presented in
the general conceptual form, which makes it difficult to
use on specific situations with different motor types for
different purposes and capacities, and features of power
circuits.

In this context, it is evident that today not enough
attention highlighted the issues of development of means
of analyzing modes of electric motors of own needs the
PP, which would be suitable for direct use in their
practice use. Clearly, more reliable results concerning
modes of electric motors ON can be based on the solution
of differential equations that describe processes in

dynamic mode (start-up, run-down, self, and so on) with
modern computer systems. In addition, analysis of the
situation in question operation of power plants indicates
that, on the one hand, the practice of service personnel
mostly uses only normative materials and documents, and
therefore cannot always get into the essence of
regularities of electromagnetic and electromechanical
processes EM specific units in their various modes of the
particular circumstances and, on the other hand, to
physical experiment in terms of the analysis of modes of
electric motors of ON in terms of the energy operation of
power block not only difficult but often impossible.

The above gives reason to believe that the
development of tools to analyze modes of electric motors
own needs TPP, which serve as mathematical models and
corresponding software systems is an actual scientific and
practical problems.

The goals of investigations. Improving the
reliability and efficiency of thermal power plants is only
possible through the maximum utilization of knowledge
in the context regularities of flow of electromagnetic and
electromechanical processes that occur primarily in the
turbo generators and electric motors in the systems
mechanisms to their needs during their operation in
normal and emergency modes of to the specific terms and
condition these motors (connection schemes and the
specific situation of the system ON power in the
relationship of its elements IL themselves). The research
results obtained in the literature (including listed here)
allow only general and predominantly qualitative estimate
modes EM. Combining advanced theories of
mathematical modeling in the field of electricity and
electrical engineers with the capabilities of modern
information technology will make it possible to develop a
mathematical model of a high level of adequacy, based on
which, in turn, create a corresponding set of programs
with which you can quickly perform calculations
necessary operating modes and operational decisions
concerning the positive effects on the motor.

Thus, the goal of the paper is to develop a
mathematical model of the two short-induction motors
smoke exhausters unit of thermal power stations that are
powered by the transformer's own needs, and appropriate
software designed for the rapid analysis of motor
operating modes using modern computer technology.

Presentation of main material. In the real world of
individual thermal power boiler smoke one driven by two
short-circuited electric motor. To achieve adequacy of
mathematical modeling of motor of smoke exhausters
sufficient for practical purposes it is necessary to model
processes not only the motors themselves, but also in the
transformer of own needs (TON) unit, which feed motors.
This will allow better display motor operating conditions
and will enable modeling processes that occur in motors
during the loss and recovery of working power TON and
associated with this mode of self induction motors.

Based on these considerations, with the object of
study made electrical complex circuit diagram is shown in
Fig. 1.
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Fig. 1. Electrical circuit diagram of the complex
«electric network — transformer — two induction motors»

This Figure shows that smoke exhausters electric
motors powered by a transformer secondary winding their
needs through switches, and the primary winding of the
transformer is powered from the mains, which are
presented turbine. In Fig. 1 M letter marked three-phase
electric network; TON letter marked T texts Bl, B2 —
switches that connect through the stator winding
induction motor to the secondary winding TON and
inscriptions D1, D2 — two induction motors of the smoke
exhausters. The letters indicated potentials ¢ independent
nodes schemes, the letter «i» — current phase of structural
element branches, and the letter £ — electromotive force
network. In the lower index numbers marked numbers of
independent units, the numbers of branches structural
phase circuit elements and external room-branch
structural elements. The letter M, T indicated in subscript
currents belonging to external branches and network
transformer, and inscriptions Mg and Tp — belonging to the
internal network and current transformer. The letters S, R
indicated in subscript currents belonging to the stator and

rotor induction motor and the letter D — external branches
to the current induction motors.

Mathematical models of electrotechnical complex
(ETC) «three-phase electric network — transformer — two
induction motors» (EN — T — IM) develop on the basis of
the theory of mathematical modeling of electric machines,
valve systems [6] and a number of other developments
outlined in [2, 8] . Thus, the mathematical model of the
ETC «EN — T — IM» is a system of differential equations
for the state electrical circuit in Fig. 1 and differential
equations mechanical condition for induction motors and
smoke exhausters. The first set of equations describing
electromagnetic processes of the entire circuit in Fig. 1,
and the second — electromechanical processes that occur
in asynchronous motors. The system of equations written
in state electric phase coordinates and focuses on explicit
numerical integration methods. Each of the structural
elements (electrical network, transformer and switch,
asynchronous motors) are in the form of equations
multipoles recorded the second law of Kirchhoff.
Consider the mathematical models of structural elements.

Mathematical model of the first induction motor is
designed according to [2, 6, 8]. Electromagnetic and
electromechanical processes describe the electrical system
of differential equations balance and mechanical balance
differential equation respectively. The first group form
equations based on Kirchhoff's laws, and describe the
mechanical balance d'Alembert equation.

So, will be the first electric induction motor vector
equations describe the external branches which is as
follows [6]:

1) (1) 1
Pin +Ty -0, +Cy =0, )
where p=d/dt is the differential operator in time
(W) ) D) ) ) D) ) ) D)) ) ) ()
D lD]’lDz’lD3’lD4’lD5’lD5’lD7’ng’ng’le’lD]]’lD]z)

is the vector of external branches currents;
(1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) (1) )

- ((PD| 2 (pDz > (PDz > (PD4 > (\DDs > (PD( > (‘DD7 > (PDR ’ (p09 ? (‘DDIO ? (‘DDII ’ (PDW
is the vector of external nodes potentials;

My my™! oy
W _ (Lb - (Ly) LA (L) 0 2
l—‘D - -1 -1 ’CD - -1 ><ED ( )
-y @ -(LY)

are the matrix of coefficients and the vector of free
members.
Components of the matrix of coefficients have the
following structure:
1) (0]
e | 3)
LR,S LR,R

where [ is the matrix of own inductances of stator

L o . .
circuits; [, Ly are the matrices of mutual inductances
between stator and rotor circuits and between rotor and
stator circuits, respectively; [, — is the matrix of own

inductances of rotor circuits.
Components of the vector of free members have the
following structure in (2) E\) = L})”M it R i »

by the

()

Yp >

is the derivative of the matrix 7!

where 1) D

Ds.r

rotation angle of the motor
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Ry, = diag(R}y, . Ry, »Rp,) is the diagonal matrix of the

stator phase active resistances;
(1) — ( +(1) (1) (1) ) ( (1) () (l)
Ipg> IDg,> IDg, Ipy> Ipys Ipy)s
(1) _ (D) (1) -(1) «(1) ) (D)
ipy = (ipy > ipy,s ipy,) = (ip,» ips»ip,) are the vectors of

phase currents of the stator and rotor, respectively.
Mechanical processes that occur in induction motor
differential describe the equation of mechanical
equilibrium. For the first induction motor this equation is
as follows:
U +J5) poy =My =Myy) =0, (4)
where J©), J% are the moment of inertia of the motor

rotor and rotating parts of its load,
is the derivative of the rotor rotation

mechanical
respectively; p(o“)

speed by time; M) is the motor electromagnetic torque;

M) is the mechanical load torque on the motor shaft.

Mechanical load torque is determined by the
formula:

M(l) M(I_II)O+K(1> ( <1) Kuz (5)
where M7 is the static mechanical load torque; K9 is

the ratio factor K}, is the exponent of the rotation speed
(1)
Yo

The structure of the formula (5) allows the selection
of numerical values of its individual elements as input to
make choices required mechanical characteristics of
motor load among a number of possible.

Electrical circuit breakers envision separate systems
of three-phase branches Fig. 1. The mathematical models
of switches each of the phases present electrical branch
consisting of series-connected active resistance and
inductance values for which the on state of the switch are
made small (e.g., corresponding to real value) and for
open-loop-large, i.e. those that correspond disconnected
circle in which no current. The transition from open-loop
switch to a running state performed immediately (jump)
and transition from a running state to off — a smooth
increase in resistance and inductance phase branch circuit
breaker during certain specified time (corresponding real-
time switching) for objectified law as a function of time.
It provides lines of second law of increasing resistance
and inductance phase branch circuit breaker. This
approach will help to reduce the current switch to a
certain value, which is at the start off of the switch to
Zero.

So, electrical state of the first switch is described by
the vector equation of external branches in the form:

plg) (1) (p;)_,’_c(l) 0’ (6)

(D) (D) (D) (D) (D)

1) _ 1)
where iy = (i), i5 i1, i5005,) 1S the vector of

external branches currents;

(1) ((pBl,(pf;;,(pg;,(p34,(p35,(p3)) is the vector of external
branches potentials;
(L)
-y

"
-y’

-’
@y’

) _
B =

() _—
> B

xEY (7)

are the matrix of coefficients and the vector of free
members in which LY =diag(Ly, Ly, L) is the

diagonal matrix of inductances,
EY =colon(RY iy, RS- i%» Ry i) 1is the column
vector of voltage drop on switch phase supports.

The mathematical model of the transformer of own
needs is represented in the correspondence with [6, 8] by
the differential equation of external branches in the form:

pir+tTy 9, +Cr =0, (8)

where  i; =iy sipysirysir,sirs>igsirs>ingsire>itysiry »irs,)

is the vector of external branches currents;
T = ((pTl’(PTz’(PTa’(PTA’(PTs’(pTé’(Pﬁ’(PTs’(pT9’(pTlo’(PTn’(PiTlZ)
is the vector of external nodes potentials;

L) =) (L;)

B 075 N7 R N RO #
is the matrix of coefficients and the vector of free

members in which 7, is the matrix of inductances with

xE; (9)

dimension of 6x6;

ET = (RTpl : lTp1 H Rsz : lszs RTp3 . l7'[;3,

Rip, " itp,> Rip, itps> Rip, itp,)
is the column vector of voltage drop on transformer phase
branches supports.

Electrical networks present system of three-phase
branches, each of which consists of series-connected
active resistance, inductance and electric motive power
AC. Phase electromotive forces shifted by 120 degrees.
Equation of external branches of a three-phase electrical
network is presented as follows:

Piv+Ty "9, +Cy =0, (10)

where j,, :(l'MlsiMzaiM;aiM4siM5aiM6) is the vector of
external branches currents;
Dy = (091,05 Py Py )
external nodes potentials;
. {(LM " (LM)} . _FLM )
(L) (L) (Lu)

is the matrix of coefficients and the vector of free
members in which

M= diag(LMlaLMzaLM3)
inductances;

is the wvector of

I}EM (11)

is the diagonal matrix of

EM = (RMl'iMl_eMla RMZ'iMz_eMza RM3'Z.M3_6M3)
is the column vector of free members, and
ey, = E,, sin(@-1—(j~1)-p) (j=1,2,3) , where £, is the

amplitude of the network electromotive force; p = 2-7/3.

Mathematical models of the second induction motor
and the second switch models are identical to the first
motor and the first switch respectively.

The complete system of equations of electrical
state is written in electric potential basis of independent
nodes circuit in Fig. 1 and according to [6] is as follows:

A-p+B=0, (12)

Where A, B are the matrix of coefficients and the vector
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of free members; ¢ = (¢, ¢2, -.., ¢17) is the vector of
independent nodes potentials in the circuit of Fig. 1.

Matrix coefficients and vector of the system of
equations (12) formed from the matrix coefficients vector
of (2) (7) (9) (10) and matrix of incidention structural
elements of the circuit in Fig. 1 according to [6] by the
formulas:

A=T1y Ty "My +Ip T7 M7 +
+ H(l) r(l) H’(l) + H(z) 1—‘(2) HtéZ) + (13)
H(l) F(l) Hf(l) + H(z) 1—*(2) Hf(z)

B=Tly -Cy +1; -Cy +

+H%)'Cg)+Hg)‘CQ +11Y) -+ - ¢,
where
Ty Ty .TY, F r<1>,r<2>
(14)
Cy »Cr»CY,Cy.CY .CPH
are the matrices of coefficients and vectors of free

members of the electrical network, transformer, switches
and induction motors;

I, -1, ,11% 1%, 'y , 11y (15)

are the matrices of incidention of the electrical
network,transformer, switches and induction motors
describing topology of the electrical circuit of Fig. 1, and

1 2 1 2
Iy, >TT5 TS TN, T T

are the matrices transpose regarding the incidention
matrices (15).

Algorithm for calculating electromagnetic and
electromechanical processes. The main inputs serve
Catalog parameters: transformer own needs, smoke
exhausters induction motors and electrical network and
initial conditions systematized in integrated vector
variables has the following structure:

1 2 (1) 2
VZ(VM:VT: V() V() VDaV()a t):
= Gt gy 20 gy 20 g2 E1py 211y T3 T 5 Ep > g
M D) W2 (2 (2
B1® lea lpys Ipy» IB2a Ip3»

() L(1) -(1) (1) +(1) (1) (O] (1)
ZDSl’ Ds,> tDgy> IDgy» lDRz’ DR3’yD >sWp »

(2)  +(2) (2)  .(2) +(2) (2) (2) (2)
lDSl’lDSZ’ 10539 Dpgy’ lDRz’ DR3’YD >Wp > t)

(16)

Main stages of the processes calculation algorithm
are:

e based on the initial conditions vector V (16) and
catalog data, forming the matrix coefficients and vector of
structural elements and through them the coefficient
matrix 4 and the vector of the electric system of equations
in the state (12), which solved regarding vector ¢;

e to reverse course under the vector ¢, define the
vector pV integration, which is the original integrated
vector variable V (16) in time ¢ (pV=dV/df);

¢ by one explicit numerical integration methods, based
on the vector pV integration and integration step At,
defining new value vector V;

o described the procedure continues to exit the current
integration time t out of the final.

Based on the above-described mathematical models
and algorithms developed software system programming
language FORTRAN, which allows using computers to
calculate  electromagnetic  and  electromechanical
processes in electrotechnical complex systems, smoke
exhausters TPP.

Below is a generalized analysis of modes of
asynchronous motors smoke exhausters thermal power on
the basis of the results obtained by mathematical
modeling.

In practice, the operation modes of asynchronous
motors of smoke exhausters defined mode of operation of
thermal power. Depending on the amount of power
delivery to the grid must reconcile the boiler unit of
power, and hence smoke exhausters work. This means
that motors should provide a balanced performance
smoke exhausters, defined modes including their motors
periodically unlocking. Accordingly, a practical interest is
in motors of smoke exhauster mode, which provides
switching and unlocking individual motors that provide
information on starting mode and free wheel mode. In
addition, it is important to model treatment short voltage
loss at transformer captive switching to backup power
motors and further self-start.

Thus, the simulation of electromagnetic and
electromechanical processes to fulfill this mode of
induction motors smoke exhausters: at the beginning (at
time #,=0 s) performed simultancous launch of both IM.
At time £,=5 s stops supply voltage to the transformer in
ON cont interval A=0.2 s. At time ;=7 s denies first
motor, and at time #,=20 s it on again. At time #5=26 s off
both induction motors. This mode will allow smoke
exhausters motor cover almost all the important stages of
their work, including the group ran and simultaneously
assess the possibilities offered by mathematical models
and corresponding software system.

Perform calculation of electromagnetic and
electromechanical processes motors of smoke exhausters
of the 11-th unit of the Burshtyn TPP. The power of these
motors of 1500 kW and 850 kW respectively and the
number of poles is 8 and 10.

Input data catalog data serve as induction motors,
transformers and electricity needs of their network and
initial conditions, which serves as the integrated vector
variables (16). In addition to the input data includes
information complementary nature that defines modes of
the software complex (integration step, the final
integration time, and so on).

Simulation results serve as calculated according to
the time of instantaneous values of potential independent
units, transformer phase currents, phase currents of the
stator and rotor rotation speed motors and electromagnetic
motor torque and mechanical resistance points smoke
exhausters.

Fig. 2 shows calculated depending on the
instantaneous values of phase currents of the stator of the
first motor. Waveform phase stator currents reflect the
entire operating cycle of the motor (intervals of work and
stop) and the nature of the starting transients. Fig. 3
shows a calculated depending on the instantaneous values
of phase currents of the first rotor motor, which in
addition to the stator currents complementary information
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about the peculiarities of electromagnetic processes first
induction motor in quality and proportion. Curves rotor
currents are so important that it happens in the rotor
electromagnetic energy conversion.
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Fig. 4 and 5 respectively depict -calculated
depending on the instantaneous values of phase currents
stator and rotor of the second motor. The curves of the
currents clearly reflect the mutual influence of
asynchronous motors on each other. And this influence is
manifested through the change of variables one motor
current depending on the second (when the power on).
From Fig. 4 and 5 it can be seen that the current second
motor when the first big off.
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Shown in Fig. 2-5 depending characterize current
patterns of electromagnetic processes. But to assess the
operation ability of motors of smoke exhausters must
have accurate information about the regularities of

electromechanical processes. Such information serve as
calculated depending on the electromagnetic motor torque
and mechanical resistance smoke exhausters points,
which for the first and second motors respectively shown
in Fig. 6, 7.
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Fig. 7. M}, M) — electromagnetic torque of the second motor

and mechanical moment of resistance of its smoke exhauster

From these Figures shows that the nature of the
curve reflects electromagnetic moments regularities of
electromagnetic processes asynchronous motors. At the
initial stage of starting points transient electromagnetic
motors are alternating in nature. This is a large (close to
unity) the value of slip induction motors. As mentioned
electromagnetic gain momentum out of the point zone of
the sign changing and become more sustainable value and
a steady constant.

To obtain correct results of asynchronous motors
regarding important to have not only the functional
dependence of the electromagnetic motor torque, but the
curves point mechanisms are driven by motors.
Mechanical resistance points and blowing smoke
exhausters mechanisms for changing fan characteristic
that is proportional to the square of speed. The value of
static mechanical moment for these units is very small
relative to the mechanical moment in nominal mode and
is friction torque. Defaults mechanical moment curves
smoke exhausters fans get the point balancing points in

electromagnetic motors electrical resistance with
mechanical fan moments that clearly illustrate the curves
in Fig. 6, 7.

Performance smoke exhausters determined by the
frequency of their rotation. Therefore, in terms of motor
operating practices smoke exhausters units of thermal
power plants is an important law change rotor speed
induction motors.

Rotor speed induction motors frequency determined
by the supply voltage and the number of pole pairs. But,
on the other hand, the rotor speed IM affects value since
the mechanical load. Therefore, the motor speed is
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determined by the resulting smoke exhausters influence of
these two factors. Fig. 8 shows the calculated depending
on the time rotor speed (in radians per second) of two
induction motors ) = % (¢) — the first and o}’ = ) (#) —
the second.
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Fig. 8. @p » , — mechanical rotation speed of the induction

motors rotors

The nature of the curves in Fig. 8 gives a fairly
complete and integrated picture of the substantive
operation of units smoke exhausters in general, as well as
during motor starting mode and during their run-down
modes, in particular. After all, they reflect the
performance of the smoke exhausters not only in these
modes, but the mutual influence their work and display
their work during power loss TON. Mutual influence is
manifested in increasing motor rotational speed of the
second motor on the period of time when the first motor
off (time from ¢ = 7 s to ¢t = 20 s, see curves in Fig. 9).
Nature of Fig. 9 allows to determine the run-time motor
that depends on the mass moment of inertia wing
characteristics and mechanical load.

Smoke units are responsible to their own needs,
because electric motors smoke exhausters included in the
list of those subject to self. Therefore, for practical
operation is important to have accurate information about
the regularities of electromagnetic and electromechanical
processes during self-run. As noted above, in our
experiment provides self-fulfillment after the break power
equal to 0.2 s. In this situation it is important to have
functional versus time rpm and outlines current motors.
The nature of motor speed curves during self motors are
illustrated in Fig. 8, which is easy to determine the depth
of the failure to coordinate interval voltage loss and
recovery time nominal motor speed after the twice supply
voltage.

For further information regarding the self if you can
analyze patterns of electromagnetic processes based on
the analysis of functional dependencies instantaneous
values of phase currents of the stator and rotor induction
motors. Fig. 9, 10 show the calculated depending on the
instantaneous values of phase currents of the first stator
and rotor induction motor. From Fig. 9 shows that during
the period of time pressure loss phase currents is
aperiodic nature with a tendency to decrease their values,
and after recovery voltage characteristic is availability
aperiodic components that are smaller, than when starting
the motor from rest. But seats rotor currents in the range
of loss with sinusoidal voltage shape and their amplitude
tends to decrease.
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Fig. 9. j‘[')‘sl, i‘[‘)’sz, i‘[')’Sx — phase currents of the stator winding D1
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Fig. 11 and 12 shows the calculated depending on
the instantaneous values of phase currents second stator
and rotor induction motor.
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Such experiments had not observed, and therefore,
in my opinion, they are the subject of scientific
innovation. Results of mathematical experiments allow
self-assess conditions for the possibility of its success,
which is practical means-city.

Pattern of change of phase currents second motor are
similar to the first, and thus analyze them separately is not
necessary.

Conclusions.

1. Analysis of scientific literature shows that the
present study modes of motor smoke exhausters TPP
performed only in the context of general assemblies of
own needs based on the main provisions of the classical
theory of electrical machines without the use of
differential equations to describe the dynamic modes of
the motors, which significantly reduces opportunities
reliable results. Therefore, development of special means
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of investigation modes of motors of smoke exhausters
TPP as mathematical models as a system of differential
equations electrical and mechanical condition of the
motor smoke exhausters TPP and the corresponding
software system is an actual scientific and practical
problem.

2. The mathematical model of induction motors smoke
exhausters that addresses the key factors influencing the
course of electromagnetic and electromechanical
processes, communications  circuits  nonlinearity
electromagnetic motors, motors and mutual influence
transformer's own needs, the impact of the loss and
recovery of supply voltage, and mutual the impact of the
motor and mechanism driven by a motor.

3.0n the basis of a mathematical model developed
software system that enables the TPP in operation to carry
out research almost essential modes of the system of
induction motors smoke exhausters. Mathematical model
and software system lets you simulate electromagnetic
and electromechanical processes in symmetric and
asymmetric, steady-state and dynamic modes.

4. Using the developed software system performed
research of electromagnetic and electromechanical
processes asynchronous motors smoke exhausters TPP
major modes. In particular, studies starting mode, after
the loss of self-renewal and voltage, and received
qualitative and quantitative parameters freewheel motors.
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DETERMINATION OF ANALYTICAL CALCULATION ERROR OF MAGNETIC FIELD
OF HIGH-VOLTAGE CABLE LINES WITH TWO-POINT BONDED CABLE SHIELDS
CAUSED BY NON-UNIFORM CURRENT DISTRIBUTION IN THE SHIELDS

This paper deals with the determination of analytical calculation error of magnetic field of high-voltage cable lines in two-point
bonded cable shields caused by non-uniformity of the current distribution in the shields. The relative error is determined by
comparing numerical calculation of magnetic field obtained in the COMSOL Multiphysics software with the analytical one. It is
shown that the maximum value of relative error does not exceed 8 %. The obtained error values are verified by testing the
numerical calculation and confirmed by results of experiment. In paper proves the correctness of the analytical calculation of
magnetic field of cable lines at the points of its normalization, which is carried out without taking into account the non-uniform
current distribution in the cable shields. References 13, tables 2, figures 4.

Key words: cable line, cable shield, bonded shields, magnetic field, calculation error.

B pabome onpedenena omnocumensnas nOZPewiHOCMs AHATUMUYECKO20 PAcYema UHOYKUUL MAZHUMHOZ0 NOJIsA Mpex(a3no
KabenvHoli TuHUU, 00YCI08IEHHAA HEPAGHOMEPHOCHbIO NIIOMHOCIU MOKA 6 IKPAHAX 00HOMcunbHbIX Kabenel. Ilozpewunocms
nonyyena nymem CpaeHeHUs YUCIAEHHO20 paciuema 6 npozpammuoi cpede COMSOL Multiphysics ¢ ananumuueckum memooom
pacuema. Iloxkazano, umo maxkcumanvroe 3Hauenue nozpeutnocmu He npegviuiaem 8 %. Ilonyuennvie 3HaueHua nozpeuwinocmu
eepupuyuposansl nymem MmMeCMUPOSAHUs HUCIEHHOZ0 paAcYema U HOOMGEPIHCOEHbL pe3ylbmamamu IKCHEPUMEHmA.
ObocHosana KOppeKmMHOCHb AHATUMUYECKO20 PACUema MAZHUMNO20 NONA KAOEAbHbIX TUHUI 6 MOUKAX €20 HOPMUPOBAHUA NPU
0BYXCIOPOHHEM 3aAMBIKAHUU IKPAHOG Kadenell, 6bINOTHAEMO20 (€3 yuema HepaAGHOMEPHOCHU NIAOMHOCIMU MOKA 8 IKPAHAX

kaoeneit. butn. 13, puc. 4, Tadin. 2.

Knrouesvie crosa: kabesibHasi THHUSA, JKPaH KabeJisl, ABYXCTOPOHHee 3a3eMJICHHe, MATHUTHOE 110J1¢, IOrPelIHOCTh pacyera.

Introduction. The problem of calculating the RMS
value of the flux density of the magnetic field (MF) of
high-voltage cable lines consisting of single-core cables
[1, 2] arises when they are designed and is necessary to
limit the MF along the cable lines to the maximum
permissible level. In Ukraine, this level is regulated by
normative documents [3, 4] and for residential
development is 10 uT over the cable lines, at an altitude
of 0.5 m from the surface of the earth, and 0.5 pT in
nearby residential areas.

A certain complexity is the calculation of the flux
density of the MF of cable lines with two-point bonded
cable shields [4], when longitudinal currents are induced
in them [5, 6]. The known engineering methods for
calculating MF of cable lines [1, 4, 5], for such cases, are
based on numerical methods. When using these
techniques, the results of the calculation are presented in
the form of tables with a limited number of discrete
values of the calculated quantities, which causes
difficulties in their practical application in the design of
the cable lines.

In [7], an analytical technique is proposed for
calculating the MF of cable lines with the two-point
bonded cable shields, free from the above disadvantages,
and allowing calculation at any cable line parameters.
However, this technique does not take into account the
influence of the proximity effect on the MF of cable line
[8, 9], which related to non-uniformity of the densities of
the longitudinal currents in the cable shields, the
description of which is analytically difficult. In this
connection, the problem arises of determining the error in
the analytical calculation of the MF of cable lines.

The goal of this paper is the determination of the
relative error of the analytical calculation of the magnetic
flux density of three-phase high-voltage cable line at the
points of its normalization caused by non-uniform current
distribution in the cable shields.

Investigation technique. The required relative error
¢ of the analytical calculation of the flux density of the
MF of cable line is defined as

e=|1- -100%, (1)

num
where B is analytical value of the magnetic flux density,
without taking into account the non-uniform current
distribution in the cable shields; B,,,, is the exact RMS
value of the magnetic flux density, which it is determined
with taking into account the non-uniformity current
distribution.

To determine B,,,, a numerical calculation is used
that has a verified relative error, which is substantially
less than the error permissible in engineering calculations.

Calculation of the magnetic flux density is carried
out for real high-voltage cable line [1, 4] at the point of
normalization P for trefoil and flat arrangement (Fig. 1).
The value of 4 varies from 0.5 m to 2 m by step 0.5 m,
taking into account [3, 4]. In this case, the distance
between the cables axes d varies from 0.1 m to 0.3 m by
step 0.1 m. The diameter of the cable shields D is 55 mm
and 70 mm, the cross-section of shields S is 100 mm?,
200 mm” and 300 mm®.

Numerical calculation of B,,,. To calculate B,,,,
the software package COMSOL Multiphysics [10] is used,
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the relative error of which is verified in [S] when solving
a similar problem and does not exceed 1 %. The
computational model, in contrast to [5], is performed in
accordance with [11] and allows one to find the flux
distribution of the MF of a three-phase cable line with
allowance for the non-uniform current distribution in
shields with a smaller error.
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Fig. 1

The following assumptions are made in the
calculation:

1) Cables are infinitely long and laid parallel to each
other;

2) The cable line operates in the steady-state mode,
the RMS values of currents in the cores have a frequency
of 50 Hz, are equal in magnitude and their phases are
shifted from each other by 120°.

In this case, the MF of the cable line is a plane-
parallel, which allows us to solve the problem in a two-

dimensional formulation (Fig. 2).
|

core :
| /’mi
NP,

| XLPE | Copper shield |

Aluminum

Fig. 2

The theoretical basis for describing the accepted
design model of MF is the equation of the law of the total
current in the quasi-stationary approximation [8, 12].
Taking into account the connection between the vector
potential and the magnetic field strength and taking into
account that the vector potential has only one non-zero
component, this equation takes the form:

o%4.  o%A.

+

axz ayz _JHO(DJAZ :O’

where AZ is the complex amplitude of the component of

the vector potential of the electromagnetic field along the
Z axis directed parallel to the cable line; j is the imaginary
unit; u=47107 H/m is the magnetic constant; 0=27-50 st
is the cyclic current frequency; o is the conductivity of the
medium for which the equation is written
(0.4=3.810" S/m, 6¢, = 5.0:-10” S/m, o, = 0 S/m).

The numerical simulation is carried out using the
«Magnetic Fieldsy» interface, which is included in the
«AC/DC Module» [10] of the software package. When
constructing a two-dimensional model in the Cartesian
coordinate system, the option «Space Dimension» was set
to «2Dy.

The calculation area is a circle with a diameter
L=6 m. Inside it there are the cable line and airspace. To
reduce the size of the calculated area on the periphery of
the circle, the layer «Infinite element domains» of
thickness L/3 is located.

The calculation model of each of the three cables
consists of an aluminum core and a copper shield (Fig. 2).
Since the electrical conductivities of the external medium
and cross-linked polyethylene (XLPE) are negligible
compared to the conductivity of the shield, their effect on
the current density distribution in the shields is not taken
into account.

The current in each cable core is set using the
«Single-Turn Coily function in the «Magnetic Fields»
menu. For the option «Coil excitation», the variant
«Currenty is selected, for which:

1]:f = [0€j¢k .
where [, is the current amplitude in cores;
&, ={-27/3,0,27/3} is the current phase in the cable

core; k = 1,_3 is the cable number.
The boundary conditions are following:

A =4, ,
ol _oi,
on on’

where 7 is the unit vector of the normal to the boundary;
the superscript i indicates the conductive medium.

In the area of the shields, the mesh of the «Mapped»
type is used (Fig. 3,b). Along the thickness, the shield is
divided into 20 elements, and along the perimeter — into
200. In the other regions, the mesh of the «Free
Triangulary type is used (Fig. 3,a). The mesh density is
«Extremely finey, the minimum element size is 1/40 of the
diameter of the cable core.

The result of the calculation is the distribution of

AZ. Taking into account that the complex amplitudes of
the magnetic flux density are equal to Bx = 6/12 /0y
and B y = ~04, /dx , the expression for the RMS value of

the magnetic flux density of the cable line takes the form:

num — ﬁ
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It is worth noting that the proposed calculation
model is applicable for an arbitrary method of cables
arrangement.

The verification of the numerical calculation was
performed by comparison with the solutions obtained by
doubling the size of the calculated area and using a finest
grid. In this case, the error of calculation does not exceed
0.5 %. The results of the calculation also coincide with
the experimental data [5].

Analytical calculation of B. The analytical method
for calculating the MF of cable line is proposed in [7].
When obtaining the calculated ratios, the same
assumptions were used in it as for the numerical
calculation considered above, but the distribution of the
current density in the shields of each cable was assumed
to be uniform.

As the calculated one we use the following relation
obtained from [7] by transition from the complex
amplitude of the magnetic flux density to its RMS value:

3 2
& I‘c I'Sh _(y_yk)
2”lcz—:1( e ){(X—Xk)2 +(r-m)’

+

B= , @

2

5

+

3
Ho z(l'c 'sh)[ X~ Xk ]
2 Mkt 1k
275 (x—x0)* + (=)’
where I{ and ;" are the complex amplitudes of currents

in the core and shield of the -th cable, respectively; (x, y)
are the coordinates of the point P, in which MF is
calculated (see Fig. 1); (x;, 1) are the coordinates of the .-
th cable axis; k =1,3is the cable number.

The values of the currents in (2) are determined as
follows. For the case of cable lines in the flat arrangement
(Fig. 1,b), the currents in the cores form a system of direct
sequence, and the currents in the shields are determined
by the following relationships [7, 13]:

Q-ln2A-1n‘j+J§1n2—j1n4A3

it =it ,
£ 3
Q-ln2A~ln————2jln2A3
2 0
o on®
B =l ——2 3)
3+ j0ln—
Jjo >
A .
0-In24-In=-—y3In2—jIn4A
sh— _je. 2
3 3 5

Q-1n2A-1n£—3—2j1n2A3
20

d . .
where Q:;ﬂ and A=— are the dimensionless

TR r
parameters of the cable line; R is the cable length unit
resistance, (2/m; d is the inter-phase distance (distance
between axes of neighbor cables), m; r is the shield
radius, m.

In the case of trefoil arrangement of the cable line
(Fig. 1,a), the calculation dependence for currents in
shields has a more compact form [7, 13]:

i = —jg.JQnA
1+jQIn4

Consequently, B is analytically calculated using
expression (2) with (3) or (4), for cables with a trefoil or
flat arrangement, respectively.

The analysis of analytical calculation error. Fig. 4
shows the results of the calculation of the RMS values of B
(analytical calculation) and B,,, (numerical calculation)
using the proposed methods for the 1000A current. The
calculation of the magnetic flux density is performed as a
function of the distance / to the observation point P (see
Fig. 1) for the case of maximum non-uniformity of the
current distribution in cable shields. At the same time, the
shield diameter is maximal D=70 mm [4], the shield cross
section is S =300 mm’ and the cables are laid close
d=0.1 m. As can be seen on Fig. 4, the scatter of the results
of the analytical and numerical calculations is negligible.
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To quantify the error of the analytical calculation,
Table 1, 2 show the results of calculating the value
of ¢ (1) for real high-voltage cable lines [4].

Table 1
Values of &, % for cable line of trefoil arrangement

Shield diameter D, mm

h, m d,m ) _ | 27 0
Shield section S, mm
100 200 300 100 200 300

0.1 1.0 | 27 | 43 | 1.6 | 48 | 7.9
0.5 0.2 02 | 04 | 06 | 04 | 1.0 | 15

0.3 0.1 0.1 0.1 0.2 0.3 0.5

0.1 1.0 2.8 4.3 1.6 4.8 7.9

1.0 02 | 02 | 04 | 06 | 04 | 1.0 | 15
03 | 01 | 01 | 01 | 02 ] 03] 05
01 | 1.0 | 2.7 | 43 | 1.6 | 48 | 79
L5 02 | 02 | 04 | 06 | 04 | 1.0 | 15
03 | 01 | 01 | 01 | 02 ] 03| 05

0.1 1.0 2.7 4.3 1.6 4.8 7.9

2.0 0.2 02 | 04 | 06 | 04 | 1.0 | 15

0.3 0.1 0.1 0.1 0.2 0.3 0.5

Table 2
Values of &, % for cable line of flat arrangement
Shield diameter D, mm
h, m d,m 55 _ | 27 0
Shield section S, mm
100 | 200 | 300 | 100 | 200 | 300

0.1 15 | 25 | 30 | 2.0 | 3.8 | 4.8
0.5 0.2 1.1 | 15 | 1.6 | 1.2 | 1.8 | 2.1

0.3 1.1 1.2 1.3 1.1 1.4 1.6

0.1 0.6 1.3 1.5 1.1 2.6 3.2

1.0 0.2 09 | 12 | 13 | 1.0 | 1.5 | 1.7
03 | 1.0 | 1.1 | 12 | 1.0 | 1.4 | 15
01 | 08 | 07 | 09 |02 ] 07 | 08
L5 02 | 05 ] 06 | 06 | 06 | 09 | 1.0
03 | 08 | 09 | 09 | 08 | 1.1 | 1.2
01 | 21 | 26 | 32|20 | 18 | 23
20 02 | 01 | 01 | 01 | 01 |02 |02

0.3 0.5 0.6 0.6 0.6 0.8 0.8

As follows from Table 1, 2, the maximum error of
the analytical calculation of MF is 7.9 % for cable line of
trefoil and 4.8 % of flat arrangement, and occurs at the
minimum value of d(0.1 m), maximum values of D(70
mm) and S(300 mm?). This case corresponds to dense
cable routing, which is often unacceptable, since it can
cause a limitation of the current carrying capacity of the

cable. With increasing d to 0.2 m, the value of ¢ does not
exceed 2.5 %.

The obtained results of the calculation with a spread
of not more than 5 % agree with the results of the
experimental investigations of the MF of cable line
carried out in [5].

Thus, the relative error & of the analytical calculation
of the MF of cable line does not exceed 8 %, which
confirms the correctness of the assumption made in it
about the uniformity of the current distribution in each of
the cable shields in the engineering calculation of the MF
of cable line.

Conclusions.

1. The maximum value of the error of the analytical
calculation of magnetic field does not exceed 7.9 % for
cable line of trefoil and 4.8 % of flat arrangement, and
occurs with the maximum diameter and cross section of
the cable shields (70 mm and 300 mm?), and the
minimum distance between the cable cores axes (0.1 m).

2. The obtained error values are verified by testing the
numerical calculation performed in the COMSOL
Multiphysics software (the error of less than 0.5 %), and
comparing the results with the experiment.

3. The presented analysis confirms the correctness of
the analytical calculation of the flux density of magnetic
field of cable lines at the points of its normalization,
which is carried out without taking into account the non-
uniformity of current distribution in the cable shields.
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M.I. Baranov, S.V. Rudakov

AN APPROXIMATE CALCULATION OF ENERGY DISSIPATION AND ELECTRIC
EROSION OF ELECTRODES IN THE HIGH-VOLTAGE HIGH-CURRENT AIR SWITCH
OF ATMOSPHERIC PRESSURE

Purpose. To obtain new calculation correlations, determining approximate energy dissipation and electric erosion of massive
basic metallic electrodes in the high-voltage high-current air switchboard (HVCAS) of atmospheric pressure, in-use in the bit
chain of the high-voltage electrophysics setting (HVES) with the powerful capacity store of energy (CSE). Methodology.
Electrophysics bases of technique of high-voltage and large impulsive currents (LIC), scientific and technical bases of
development and planning of high-voltage heavy-current impulsive electro-devices, including HVES and powerful CSE, and
also methods of measuring in their bit chains of LIC of the microsecond temporal range. Results. On the basis of new
engineering approach the results of calculation estimation of excretions energy and electric erosion of massive basic metallic
electrodes are resulted in probed HVCAS. New correlations are obtained for the approximate calculation of thermal energy,
selected in an impulsive air spark and on the workings surfaces of anode and cathode of HVCAS. It is entered and a new
electrophysics concept, touching equivalent active resistance of impulsive air spark, is mathematically certain. New formulas
are obtained for the approximate calculation of most depth of single round crater of destruction on the workings surfaces of
basic metallic electrodes of HVCAS, and also mass of metal, thrown out magnetic pressure from this crater of destruction on
the electrodes of switch for one electric discharge through them powerful CSE HVES. It is shown that the radius of the
indicated single crater of destruction is approximately equal to the maximal radius of plasma channel of a spark discharge
between a cathode and anode of HVCAS. The executed high-current experiments in the bit chain of HVES with powerful CSE
validated row of the got and in-use calculation correlations for the estimation of energy dissipation and electric erosion of
metallic electrodes in examined HVCAS. Originality. New engineering approach is developed for the approximate calculation
and estimation of energy dissipation and electric erosion of basic metallic electrodes in HVCAS. A formula is firstly got for
approximate calculation unchanging in the process of swaying or aperiodic discharge of CSE HVES on the electric loading of
active resistance of impulsive air spark between the electrodes of probed HVCAS. Practical value. Drawing on the got results
in a high-voltage impulsive technique provides operative implementation of calculation of balance of electric energy in the
high-current circuit of HVES with powerful CSE and point electric load, and also prognostication of the technical state of
workings surfaces of massive basic metallic electrodes of HVCAS. References 21, figures 3.

Key words: high-voltage high-current air switch, dissipated thermal energy in air spark and on the electrodes of switch,
electric erosion of metallic electrodes of switch, depth of single crater of destruction on the electrodes of switch, thrown out
mass of metal from the single crater of destruction of electrodes of switch.

Ilpusedensvt pe3yromamol nPUMEHEHUA HOB020 UHMCEHEPHOZ0 NOOX00a K pacuemy MeEnio6oili IHep2uu, 6vloenAaloueiica 6
NAA3MEHHOM KAHAJle UCKPOBO20 PA3PAOA U HA MACCUEHBHIX MEMANNUYECKUX ITIEKMPOOAX GbICOKOGOIbMHO20 CUILHOMOUHO20
6030yuino2o0 kommymamopa (BCBK) ammocgepnoco oOasnenus, ucnonv3yemozo 6 cocmage 6blCOKOGOJIbMHOIU
Inekmpoguzuueckoit ycmanoseku (BID®Y) c¢ mownvim emrxocmuwvim nakonumenem 3Iunepzuu (EHD). Ilonyuennvie
COOMHOWEHUA 0N ONPEOeNCHUA YKAZAHHOU IHEP2UU NO360NAIOM GHINOTHAMY PACUEHIHYIO OUEHKY DANaHCa I1eKMPUiecKoil
Inepzuu 6 pazpaouoii yenu BIDY ¢ EHI c yuemom ee mennogvix nomepv ¢ BCBK. Ilokaszano, umo Ha ocnoge
Paspadomannozo no0xo0a moxcem Oblmsv 6bINOJIHEH PACHem I1EKMPULECKOIl IPO3 UL OCHOEHBIX MEMANIUYECKUX INEKMPOO0E
BCBK. Honyuenst Hogble pacuemHbvle 6blpAdCEHUA ONA HAXOMHCOCHUA 2/IYOUHBI OOUHOUHO20 Kpamepa paspyuleHus Ha
Mmemannuueckux Inekmpooax BCBK u maccel memanna, 6vl0pacvléaemoii UCKpOUW U3 3J1€KMPOO0E UCCae0yemozo
Kommymamopa 3a ooun pazpao EHD ycmanoeku. bu6n. 21, puc. 3.

Kniouesvie cnosa: BBICOKOBOJIBTHBIH CHIBHOTOYHBIH BO3IYIIHBIH KOMMYTATOp, BbIAedsieMasi TemJoBash JHeprust B
BO3IYIIHOIi MCKpe M Ha 3J1eKTPOoJaX KOMMYTATOpa, 3JeKTPHYecKas 3P03Hsl MeTAUIMYeCKHX 3J1eKTPOJOB KOMMYTaTopa,
rIyGUHA OMMHOYHOTO KpaTepa pa3pyllieHHs] HA 3JIeKTPOIaX KOMMYTAaTOpa, BhIGpackbiBaeMasi Macca MeTalia U3 OANHOYHOTO
KpaTepa pa3pylIeHHsI 3J1eKTPOI0B KOMMYTATOpa.

Introduction. It is known that the commutation of means of a special electrical engineering device termed
the accumulated electric energy in a high-capacity arrester by domestic terminology, and by foreign
capacitive energy storage (CES) device of a high- terminology by a switch [1, 2]. In the future, let us dwell
voltage electrophysical setting (HVES) is performed by
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on the latest technical term, which has become most
widely used in modern high-voltage pulse technology
(HVPT). Vacuum, various gases and their mixtures,
liquids and solids can be used as working dielectric
media of the considered HVES discharge circuit
switches with powerful CSE [1-4]. A wide application in
the field of modern HVPT because of its comparative
cheapness and simplicity in manufacturing has received
high-voltage high-current air switches (HVCAS) of
atmospheric pressure at a constant voltage up to +125
kV and commutated pulse currents up to +1 MA
amplitude [1, 5-7]. As a rule, the main electrodes of
HVCAS are made of medium and refractory metals (for
example, steel and molybdenum) or metal compositions
(for example, «tungsten-copper» compositions) [1, 3-7].
One of the drawbacks of these HVCAS is the increased
electroerosive wear of the working surfaces of their
main metal electrodes, caused by the intense exposure of
the high-power heat flux of the plasma channel of the
spark discharge in the areas of its binding at the
electrodes of such switches. In this connection, for
HVCAS, the actual tasks are those related to the
calculation estimation in such high-current heat loss in
switches in the plasma spark channel and on the main
electrodes of the HVCAS, as well as the electrical
erosion of the working surfaces of their main metal
electrodes.

The goal of the paper is obtaining new calculation
relationships that determine in an approximate form the
energy dissipation and electrical erosion of massive metal
main electrodes in the HVCAS used in the discharge
circuits of a number of HVES with the CSE.

1. Research objective definition. Let us consider
the HVES discharge circuit with a powerful CSE and
an actively inductive load, switching large impulse
current (LIC) in which the HVCAS performs with
massive metal electrodes of a
hemispherical shape-the cathode and the anode
(Fig. 1). We suppose that these electrodes of HVCAS
located in atmospheric air under normal conditions (air

uniform base

pressure is 1.013-10° Pa and its temperature is equal to
6,=0 °C [8]) at the distance /; from each other form a
two-electrode system (TES). Let the radius R, of the
working surfaces of the cathode and the anode of the
considered HVCAS exceeds the penetration depths in
their conductive materials of the electromagnetic and
thermal fields created by a cylindrical channel of a
spark discharge of radius r.<R, in the areas of its
binding on the working surfaces of the electrodes of
the investigated HVCAS.

rcm
~ A +
: /./ :
Lg 3 L]
I, N

R, 1 2 R,
T % Ml
L | K|

Fig. 1. The principal electrical circuit of the HVES discharge
circuit with a powerful CSE and a high-voltage high-current
two-electrode air switch (1, 2 — massive metal cathode and
anode of HVCAS of hemispherical shape with an outer radius
R,; 3 — plasma high-current channel of an air spark discharge
with length /. and maximum radius 7.,,; Ry, Le, Cg — the own
electrical parameters of the HVES with CSE; R, L, — the own
electrical parameters of the active-inductive load; IIIK — the
measuring coaxial IIIK-300 shunt designed to measure a
microsecond pulse current with an amplitude of 7,, up to
+300 kA with its action integral J, up to 2.5-10° J/Q [9, 10])

In this connection we assume that the working
surfaces of these electrodes of the HVCAS of the high-
current spark in the zones of fastening of the high-
current spark in the first approximation will be close to
flat. We assume that in the TES of the switchboard, the
length /. of the plasma spark channel is equal to the
minimum length /, of the interelectrode gap in the
HVCAS. We assume that the heat flux density g.(¢) and
the density J, (¢) of the discharge current i,(¢) of the
HVES with CSE in the cylindrical spark discharge
channel for the investigated HVCAS are practically
uniformly distributed over its transverse circular cross
section with a time-varying in ¢ radius r.. One of the
confirmations to this can be the fact that in a high-
current plasma channel of a gas discharge
thermodynamic electron and ion temperatures are
characterized by a practically uniform distribution in
its current radius . [11]. We use the assumption that
the holes (craters) of failure appearing in the areas of
binding of the plasma channel of the spark discharge
on the working surfaces of the anode and the cathode
of the HVCAS have a geometric shape close to the
shape of the spherical segment [12, 13]. It is required,
within the proposed engineering approach, to obtain
new relationships for the approximate calculation of
the energy release and electrical erosion of massive
metal electrodes in the HVCAS of the HVES discharge
circuit with powerful CSE, and also to perform in a
high-voltage laboratory using a powerful capacitor-
type generator that generates, on the RL-load, a
microsecond range, experimental verification of the
performance of some of these relationships.
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2. Approximate calculation of the energy
dissipation in the HVCAS of the discharge circuit of
the HVES with CSE. First, let us dwell on the estimated
evaluation of the thermal energy W,., which is dissipated
directly in the plasma channel of the air spark discharge,
which arises between the metal electrodes of the HVCAS.
Proceeding from the known positions of electro- and
thermophysics, the expression for W, can be represented
in the following form:

W,.=R.J,, (1)

e8]
where Jﬁjiﬁ (t)dt is the action integral of the pulsed
0
current i (f) in the discharge circuit of the HVES with
CSE; R, is the equivalent active resistance of the plasma
channel of the air spark in the switch.

Next, let us determine the calculation in (1) of the
action integral J, of the current flowing in the HVES
discharge circuit with CSE through the investigated
HVCAS. In the case of a change in the current i,(f)
according to the law of an exponentially damped sinusoid,
which has the analytical form it)=kl,exp(—dt)sin(w?),
the following calculation relation can be used for the
action integral J, of the discharge current in the HVES
circuit with a powerful CSE:

1
J, =025k31%.57! [(5/0))2 +1T , 2)
where [, is the first amplitude of the discharge circuit
iff) changing with angular frequency @ and the

attenuation coefficient ¢ in the high-current circuit of the
HVES with CSE;

ka= exp(—5a)_1arcctg5a)_l)sin(arcctg&o_l)T1 is the
normalizing coefficient for a current varying in time ¢
according to the law of a damped sinusoid [14].

In the case of a change in the discharge current, i,(¢)
by aperiodic law having the analytical form
id(O=k ol nal exp(—a,t)—exp(—a,t)], the calculated ratio for
the action integral J, in the HVES discharge circuit with
CSE will have the following view:

J, =0.5k2,12 ot + a5t - 4(ey +a2)*1J, 3)

where I, is the amplitude of the unipolar pulse current
i/(t) with coefficients of the temporal shape a; and ay;

ka=|(eq 1 @2) @279 _ () oy )® /(“2‘“1)F is the
normalizing coefficient for the impulse current of the
HVES, which varies aperiodically with time ¢ [14].

In the practical application of (3), it should be borne
in mind that «,;~0.76/7, and a,~2.37/t; [14], where 73 1,
are, respectively, the front of the aperiodic discharge
current pulse i (f) between levels (0.1-0.9) I,, and the
duration of the aperiodic current pulse in the discharge
circuit under study at a level of 0.5-7,,,. It is useful to find
the ratio of the form z/=t,,,/1.6~0.625/n(ay/o)/(a,—a) [14]
when finding the amplitude-time parameters (ATP) of the
aperiodic pulse of the discharge current i,(¢) of the HVES

with CSE, where ¢, is the time corresponding to the 7,
amplitude of the unipolar current in the high-current
circuit of the HVES with CSE.

With regard to the concept of the equivalent active
resistance R, of the plasma channel of a spark used in (1),
we mean by it a constant resistance averaged over time ¢,
at which, when passing through the circuit of the HVES
with CSE of the impulse discharge current i,(¢), the same
thermal energy, as well as on a real variable in time t
resistance of the spark discharge channel in the TES of
the considered HVCAS. When determining the active
resistance R.(¢) of the plasma channel of a spark discharge
in the general form of the variable in time t in the
investigated switch, we use the following classical
relation [14]:

Re(t) =1 N[ (071, @
where 7.(?) is the radius of the plasma channel of spark
discharge varying with time ¢, with constant length /.
between the metal electrodes of the HVCAS; y. is the
averaged conductivity of low-temperature plasma in the
channel of the switch spark.

The radius r.(f) of a single plasma spark channel
in any design of the HVCAS varies, as is known,
during the course of the impulse current i, (f) in the
HVES discharge circuit with CSE in the range from
zero to its maximum value 7., [1, 9-12]. Initially, on
the increasing part of the discharge current i,(¢), this
change occurs from zero to r.,, and then on the falling
part of this impulse current in the HVCAS circuit with
CSE - from r, to zero. Therefore, according to (4), the
time variation curve ¢ of the value of the active
resistance R.(f) of the plasma spark channel in the
HVCAS can be approximated by a symmetric
U-shaped curve characterized by its two maximum
values at times t corresponding to zero current values
if(?) and equality r.=0, and its one minimum value at
time #, when the current i, (f) reaches its amplitude
value and r~=r.,, Then, taking into account the
corresponding change in (4) in time ¢ of the radial
function of the form f(rc):rc2 on the interval [0; r.,]
and finding the average value for the equivalent and
constant in time ¢ of the active resistance R, of a single
plasma spark-gap channel in the investigated HVCAS,
we obtain the following calculated expression:

Tem
Re =l Nmyerim [12dr) =3l (miyye) . (5)

0
From (5), the proposed approach in the definition
of R. implies the calculated ratio for the equivalent
radius 7., of the plasma channel of a high-current spark
in the HVCAS, equal to 7.~0.577r.,. The magnitude
of the maximum radius 7., (m) of the plasma channel
of a spark discharge in an atmospheric pressure
HVCAS is found from the well-known Braginskiy

formula [1, 15]:
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rom =0.093(1,)1,)!"2, ©)
where [, t, are, respectively, the amplitude (A) of the
pulse current i (f) in the HVES discharge circuit with
powerful CSE and the time (s) corresponding to this
current amplitude.

From (5) and (6), the generalized expression for the
equivalent active resistance R. (2) of a single high-
current plasma high-current spark discharge channel in
the HVCAS placed in the HVES with CSE discharge
circuit assumes the following final form:

R, =110.41-1, /(y 121, (7)

When selecting (7) for the numerical values
of y. values will be based on its own computational and
experimental data obtained earlier for plasma spark
discharge air passage in the high-current circuit of
HVES with powerful CSE [15]. According to the
results of the studies presented in [15], for high-voltage
atmospheric air switches at operating DC voltage up to
+35 kV and pulse currents of microsecond duration in
the discharge circuit of HVCAS capacitor bank with a
low resistance RL-load at their amplitude up to
+250 kA, characteristic for a pulse components
artificial  lightning [16], the averaged
conductivity value pc low-temperature plasma in a
cylindrical channel HVCAS spark in the first
approximation, taking into account (5) and (6)
numerically from 4000 to 5000 (Q-m)". It should be
noted that these values y. differ significantly from the
corresponding values of the estimated temperature
plasma conductivity of high spark air (about 20-10°

current

(Q'm)™") is given in [1] and the characteristic of the
highly ionized plasma. Let us note that, at an electron
temperature in the high-current spark discharge
channel of the order of 10* K, which is characteristic of
the channel of an air high-current spark in the
investigated HVCAS [17], even in a dense plasma of
the underwater spark discharge channel initiated by an
electric explosion of a thin copper wire, the numerical
values for its specific electric conductivity y. channel
depending on the pressure level is not more than a few
thousand (Q'm)™"' [18].

Next, we estimate the value of thermal energy W,
which is released on two massive metal electrodes of the
considered HVCAS, schematically shown in Fig. 1. The
determining effect on W, will be the power density g.(¢)
of the heat flux in the plasma spark channel between the
cathode and the anode of the HVCAS. In the estimation
of gJ?) in the proposed approach, a relationship of the
form [17] can be used:

8c()=064(1) Uge, ®)
where U, is the electrode voltage drop in the considered
HVCAS, equal to the difference of electrical potentials at
the interface between the «spark-metal» media.

It is known that the value of U, in the
investigated HVCAS with the main electrodes made of
such traditional conductor materials as steel, copper,
brass and beryllium bronze varies in a very narrow
quantitative range, ranging from 5 to 10 V [19]. Thus,
for steel grade Crt.3, the near-electrode voltage drop
U, is numerically about 6.1 V, for copper — 8.6 V, and
for brass — 8.0 V [19]. Taking into account the assumed
assumptions and (8) for the thermal energy W,
dissipated on the working surfaces of the metal
electrodes of the TES we can write the calculated
expression:

W =2 [ O ()dt=22U . [ 34O ()t =2U 1o, (9)

0 0
where g, = f iz(t)dt— the module of the electric charge
0

flowing through the plasma channel of the spark
discharge in the high-current circuit of the HVES with
powerful CSE and the metal electrodes of the investigated
HVCAS.

It is seen from (9) that for the calculated
determination of the thermal energy W, we need to first
know the amount of electricity ¢. that has flowed
through the electrodes of the HVCAS. Moreover, the
desired value of W, is directly proportional to the
electric charge g.. When changing the impulse current
ift) in the discharge chain of HVES with SNE
according to the law of an exponentially damped
sinusoid, the following relation can be used to calculate
the charge ¢.:

1
Go = kol @™ [(5/@2 +1T . (10)
At changing the impulse current i,(f) with respect to
the aperiodic time dependence for ¢, we have:

Ge = kaalma(ar —a)emar) ™. (1)

One of the checks on the correctness of the
calculation results for (10) and (11) for g. is the data
obtained from the expression q.~C,U,,, where C, and U,
are the electrical capacitance and charging voltage of the
high-voltage capacitors of CSE, respectively.

Thus, by determining the value of the heat energy
W. dissipated in the spark channel by (1) — (3) and (7) and
calculating the thermal energy by the heat energy W,
scattered at the cathode and the anode of the TES by
(9) — (11), from the expression W;=W +W, can find the
total energy release in the high-current air circuit of the
HVES discharge circuit with CSE.

3. Approximate calculation of the electrical
erosion of electrodes in the HVCAS of the discharge
circuit of the HVES with CSE. In the framework of this
study, let us dwell on the estimated estimation of the
electric erosion of the working surface of the metal
electrode-anode HVCAS caused by a stream of free
electrons accelerating in the longitudinal electric field of
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the channel, bombarding the indicated surface of the
anode of the switch under consideration. In this case, for
the thermal energy W,, which is dissipated in the circular
zone of the binding of the spark discharge channel with a
radius 7., on the working surface of the anode of the
HVCAS, one can, on the basis of (9), write the following
relationship:

We=Ugee - (12)

On the other hand, for the sought value of the
thermal energy W,, based on the positions of thermal
physics, the following calculated formula will hold true:

W, :Me[ce(em_90)+cm]9 (13)
where M=d,V, is the mass of intensely heated by the
pulsed discharge current i (f) in the circular binding zone
on the surface of the electrode electrode-anode of the
HVCAS of the spark channel to the melting point 6, of its
material having the density d, and volume V,; C,, C,, are,
respectively, the specific heat and specific heat of fusion
of the anode material of the considered HVCAS.

The value of the volume V, of the melt and ejected
outward by the magnetic pressure of the liquid metal of
the switch, for one exposure of the spark channel to it,
taking into account the assumed assumption about the
geometric form of the crater of destruction on its working
surface in the form of a ball segment, can be described by
the following relation:

V,=0.5m2h (14)
where /4, is the depth of the rupture crater with an outer
radius 7., on the working surface of the HVCAS anode
during the time of exposure to a spark from one high-
current discharge of the HVES capacitor bank.

From (12) — (14), taking into account (6), the
calculated expression for the maximum depth %, (m) of a
single erosion crater of destruction on the electrode-anode
of the switch under consideration takes the following
form:

he = 13,610 eqed; [CoO—00) +C, I (130,07 (15)
For the reduce the mass M, (kg) of metal emitted
outward by a high-current spark from the anode electrode
for one spark discharge in the HVES circuit with CSE and
the working air gap of the HVCAS in question, we obtain
the following calculated ratio:
M,=Ugyq, [Ce(gm _90)+Cm]_1- (16)
It follows from (16) that the calculated loss of the
metal mass M, from the electrode-anode of the
investigated switch for one discharge of powerful CSE
in the HVES circuit is directly proportional to the charge
q. that has flowed through the main electrodes of the
HVCAS. Note that such dependence for M, was
previously established experimentally for commutation
in the HVES discharge circuit with CSE of large pulsed
exponentially  decaying sinusoidal currents of
microsecond duration for copper, molybdenum and
titanium electrodes of the HVCAS [20]. In the first

e

approximation, for the loss of the M,y mass due to the
anode electrode of the switch for N spark discharges of
the powerful CSE of the electrophysical unit through the
HVCAS, one can use the calculated ratio of the form:
M=N-M,. In addition, we point out that when
calculating the electrical erosion of the metal electrode-
cathode of the HVCAS, the calculated expressions (15)
and (16) can be used.

4. Experimental verification of the results of
calculating the electrical erosion of steel electrodes in
the HVCAS discharge circuit of the HVES with ENE.
This test was performed in the HVES discharge circuit
with a powerful single-module CSE for a rated voltage of
+50 kV with nominal power capacity of its capacitor bank
We=~416 kJ (111 pieces of parallel-connected high-
voltage capacitors of the type MK-50-3) forming on the
concentrated RL-load (R; = 10 mQ, L; = 0.3 pH) LIC of
microsecond duration [9, 14]. We will point out that the
experimental HVES had the following electric parameters
(up to the prefabricated steel buses of the CSE collector
without taking into account the influence of the switch)
[9, 14]: capacitance C,=333 pF; inductance L, = 2.05 pH;
active resistance R, = 57 mQ. To switch the energy used
by the HVES to the CSE a cascade-type HVCAS was
used for a rated voltage of £50 kV, containing two main
massive hemispherical electrodes of radius R, ~61.5 mm
and one controlling a massive spherical electrode 30 mm
in diameter made of steel of grade Cr.3 (Fig. 2) [7, 9].

Fig. 2. Enlarged view of a three-electrode system of the cascade
type HVCAS with two hemispherical massive main electrodes
and one control electrode of a spherical steel Ct.3 marks on the
rated voltage £50 kV and a pulse microsecond current amplitude
1,,up to £300 kA (type after a single exposure at its electrodes in
steel HVES discharge circuit with powerful pulse CSE damped
sinusoidal current frequency w/27=4.9 kHz and amplitude of the
first 7,,=202 kA; J,=2,12-10° J/Q; experimental channel radius
value sparks 7.,/~31 mm length channel spark /.~13.5 mm)

At the charging voltage of high-voltage impulse
capacitors of this CSE is equal to U,=+29.7 kV and the
energy stored in them is W,=147 kJ, the working air gap
between the control electrode of the HVCAS and its
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potential main electrode is /,;=9 mm, and from the non-
potential side The main electrode of the switch, the
working air gap was /,~4.5 mm. In this connection, in the
experimental HVCAS, the length of the high-current
spark was approximately [=[.; + [,~13.5 mm. After a
high voltage igniting microsecond voltage pulse of
amplitude of =100 kV (its polarity corresponded to the
charge polarity of the CSE capacitors) was applied to the
control electrode of the HVCAS from a special generator
[7, 9], an electrical breakdown of an air gap of length /.,
occurred, which resulted in the breakdown of an air gap
of length /., and trip mentioned switch as a whole. As a
result of triggering HVCAS between its steel electrodes a
high-current air spark appeared, which destroys the
working surfaces of the anode, cathode and control
electrode of the switch. In Fig. 2 the results of such
electrothermal action on these steel electrodes of the high-
current plasma channel of an air spark discharge
occurring in the HVCAS of the experimental HVES
(Uge ==29.7 kV) are shown, in the case of LIC flowing
through them, whose oscillogram is shown in Fig. 3.

[N N

Fig. 3. . Oscillogram of a pulsed damped sinusoidal current i,(¢)
in the HVES discharge circuit with powerful CSE and a low-
resistance concentrated RL-load, a switched cascaded HVCAS
with two massive basic hemispherical electrodes and one control
spherical electrode of Ct.3 grade for a nominal voltage of £50
kV and pulsed microsecond current of amplitude
1, up to £300 kA (U,=—29.7 kV; W,;=147 kI; I,,=—202 kA;
6=13.00-10° s™'; 0=30.79-10% s7'; ky=1.783; 1,,,=36 ps; £,=500
ps; J,=2.12-10° J/Q; ¢,=9.93 C;
vertical scale — 52.1 kA/division;
horizontal scale — 50 ps/division).

Measurement of the ATP of the pulsed damped
sinusoidal current i(¢) in the discharge circuit of the
experimental HVES with powerful CSE was carried out
using a measuring coaxial shunt of the IIIK-300 type,
certified by the state metrological service, with an
intrinsic active resistance of about R~0.2 mQ and a
conversion factor of about K=10,42-10° A/V [10, 14],
and the digital storage oscilloscope Tektronix TDS 1012.

According to the diagram in Fig. 3 the oscillogram of the
damped sinusoidal LIC i,(f) with the first half-wave of
negative polarity in the discharge circuit of the HVES of
its ATP at the total duration of the current pulse ;=500 ps
was approximately equal in absolute value: 7,,=202 kA,
5=13.00-10° s™'; ©=30.79-10° s°'; k,;=1.783; £,,,=36 ps.

To the above-mentioned ATP discharge current i,(¢)
in the circuit of the experimental HVES with CSE
according to (6) corresponds to the calculated maximum
radius 7., of the plasma channel of the air spark in the
investigated switch, equal to about 32.7 mm. From the
experimental data presented in Fig. 2, it follows that the
maximum radius 7., of the circular crater hole on the
working surfaces of the main steel electrodes in the
HVCAS of the applied experimental HVES with the CSE
is approximately 31 mm. It can be seen that the calculated
and experimental results for the radius 7., of the binding
zone of the plasma channel of the high-current spark on
the working steel surfaces of the anode and the cathode of
the said HVCAS differ within 5 %. In this connection, we
can say that the experimental data obtained by us confirm
the operability of the calculated Braginskiy formula for
the plasma channel of an air spark used in [1, 15] for
practical application in the LIC region of microsecond
time range.

The results of a survey of the working
hemispherical surfaces of the steel anode and the
cathode of the HVCAS, shown in Fig. 2, indicate that
in the case under consideration the geometrical shape
of single circular craters of destruction with a radius of
r.n~31 mm in the areas of attachment of a high-current
air spark to them was close to the shape of the
spherical segment, and their experimental depth he did
not exceed 7 pm. In accordance with (10) and (15) with
given initial data (/,,=202 kA; 6=13.00-10° s';
©=30.79-10° s7'; ky=1.783; £,,=36 ps; U,=6.1 V;
d=7870 kg/m’; C.=460 J/(kg-°C); C,=84-10° J/kg;
6y=0 °C; 6,=1500 °C [8, 10]) we find that in our case the
calculated maximum depth /%, for erosion craters of
failure at their design radius 7.,~32.7 mm on the working
surfaces of the massive main steel electrodes of HVCAS
when flowing through the switchboard in a single pulse
discharge of a powerful CSE (U, =-29.7 kV;
We=147 kJ) in the high-current circuit of the
experimental WEFU electric charge ¢.=9.93 C will be
approximately 5.9 um. As we can see, the discrepancy
between the calculated and experimental values for /4,
with respect to the HVCAS used is no more than 16%.
We will point out that in this case the calculated loss of
the metal mass M, from the working surface of the
steel electrode-anode in accordance with (16) is
approximately 78.2 mg. Then, for the specific electric
erosion of M,/q. of the steel electrode-anode of the
considered HVCAS, we obtain a numerical value equal
to about 78.7-10" g/C. To compare this specific
electroerosion wear M,/q. of the massive steel main
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electrodes of the investigated HVCAS with known
similar electrophysical data, we note that in high-
current high-voltage gas-discharge switches for
nominal voltage of +50 kV type PI'Y1-50-100 with the
main electrodes from the metal composition «tungsten-
copper», designed for commutation of damped
sinusoidal microsecond LIC with duration #<100 ps
and an amplitude of 7,, up to 100 kA, a specific
electroerosive wear of their composite anode and a
cathode But is almost two orders of magnitude smaller
numerical value and is approximately 4.4-10” g/C [21].
Conclusions.

1. In accordance with the proposed new engineering
approach to approximate calculated energy estimates and
electrical erosion in large metal electrodes in the HVCAS
of atmospheric pressure, performing switching in a
discharge circuit of the HVES with powerful CSE, only
necessary data on the electrical and thermal
characteristics of the anode metal and its cathode TES
averaged conductivity y. of low-temperature plasma in a
channel of the air spark discharge between the electrodes
of the HVCAS ATP of pulsed discharge current i,(f) in
high-current circuit of the HVES with CSE.

2.1t has been established that when calculating the
thermal energy W, that is dissipated in the air spark of the
investigated HVCAS, a new -electrophysical concept
concerning the equivalent active resistance R, of a pulsed
air spark that is constant during the whole process of
oscillating or aperiodic discharge of the CSE of the HVES
on the electric load can be used. The original calculation
formula (7) is obtained to find the approximate numerical
value of R, from the known data for y., the length /. of the
air spark channel, and the ATP of pulsed sinusoidal
(aperiodic) discharge current of the CSE in the high-
current HVES circuit on the RL-load.

3. The performed high-current experiments in the
HVES discharge circuit with powerful CSE confirmed the
reliability of certain obtained and wused formulas
calculation relations (in particular, formulas (6), (10), (15)
and (16)) for approximate estimation of energy
dissipation and electric erosion of massive metal
electrodes of TES in the investigated HVCAS of
atmospheric pressure.
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A.A. Korobko

MULTIFREQUENCY ALGORITHMS FOR DETERMINING THE MOISTURE
CONTENT OF LIQUID EMULSIONS BY THE METHOD OF RESONANCE
DIELCOMETRY

Purpose. The main attention is paid to the development and investigation of multifrequency algorithms for the realization of the
method of resonance dielcometric measurement of the humidity of emulsions of the type «nonpolar liquid dielectric-water».
Multifrequency algorithms take into account the problem of «uncertainty of varieties»y and increase the sensitivity of the
dielcometric method. Methodology. Multifrequency algorithms are proposed to solve the problem of «uncertainty of varieties» and
improve the metrological characteristics of the resonance dielcometric method. The essence of the algorithms is to use a
mathematical model of the emulsion and to determine the permittivity of the dehydrated liquid and the emulsion. The task of
developing algorithms is to determine and take into account the influence of the parasitic electrical capacitance of the measuring
oscillator and the measuring transducer. The essence of the method consists in alternately determining the resonance frequency
of the oscillatory circuit with various configurations, which allows to take into account errors from parasitic parameters. The
problem of «uncertainty of varietiesy is formulated and solved. The metrological characteristics of the resonance dielcometric
method are determined using algorithms. Results. Frequency domains of application of mathematical model of an emulsion are
defined. An algorithm in a general form with four frequencies suitable for practical implementation in dielcometric resonance
measurements is developed. Partial algorithms with three and two frequencies are developed. The systematic values of simulation
errors in the emulsion in the microwave range are determined. Generalized metrological characteristics are obtained. The ways of
increasing the sensitivity of the dielcometric method are determined. The problem of «uncertainty of varieties» was solved.
Experimental data on determination of humidity for the developed algorithms are obtained. The value of the volumetric moisture
in the transformer oil was measured. Originality. New multifrequency algorithms for determining the moisture content by the
resonance dielcometric method have been proposed, investigated and practically realized. A generalized metrological
characteristic for an algorithm with four frequencies is obtained. Metrological characteristics of algorithms for three and two
frrequencies are obtained. The problem of «uncertainty of varieties» was solved. Recommendations for increasing the sensitivity of
dielcometric resonance moisture meters are developed and implemented. Practical value. The results of this work allow to solve
the problem of «variability of varieties», increase sensitivity and accurately determine the moisture content in most nonpolar
liquid dielectrics to a value of 10°. This is applicable in a large field of electrical engineering, machine building, oil refining and
the chemical industry. References 10, tables 3, figures 2.

Key words: moisture, method of resonance dielcometry, varietal uncertainty, mathematical model of emulsion,
multifrequency algorithm, generalized metrological characteristics.

IIpeonocenvr muozouacmomuvle an20pUmMMsl ONPEOENCHUA 6]1A20CO0EPHCAHUA IMYTbCUU MUNA: (HENOAPHBIIL IHCUOKUTL
OUINEKMPUK — 600a» MemMOOOM Pe3OHAHCHOU Oudnvkomempuu. Hcnonvioeana mamemamuueckans mooenb IMYIbCUU C
npeocmaenenuem 600bl 6 gude UOEANbHO NPOGOOAUUX chep. Onpedenensvt yacmommusle odnacCmMU RPUMEHUMOCU MoOeau ¢ BU
u CBY ouanazonax. B CBY ouanazone onpedenenvt geuqunbl CUCmeMamuiecKux nozpewtnocmeii mooenu. /na peuwienusn
npoonemvl  «COPMOGOIU  HEONPEOeIeHHOCMUY) U  YAYYUICHUA  MEmpPON0ZUHEeCKUX  XAPAKMEPUCMUK  Pe3OHAHCHO20
OUITBKOMEMPUUECKO20 MEMO0a pa3padoman 4emulpexuacmommuslii aiopumm, AGAAIOUWUICA 0000WEHHBIM GUOOM mpex- U
ogyxuacmomnulx anzopummos. Onpedenena 00600uienHans  MeMPOIOZUYECKAA XAPAKMEPUCIMUKA YembIPeXuacmonHozo
anzopumma u ez0 npedenvnvie xapakmepucmuxu. Ilonyuenst memponozuueckue xapakmepucmuku Oa mpex- U
osyxuacmomuuix anzopummos. Ilposeden ananus nozpewtHocmeil u KOPPeKMHOCIMU MeEOPEMUYECKUX UCCNE008AHUIL NymeM
CPABHEHUA UX Pe3yIbmamos ¢ IKcnepumenmanvhoimu 0anuovimu 011 B4 u CBY ouanaszonos. bubn. 10, Tadn.3, puc.2.

Kniouesvie cnosa: Baarocogep:kanue, pe30HAHCHAS AHIIBKOMETPHSI, COPTOBasi HeoMpeaeJeHHOCTh, MaTeMaTHIeCKasi MO/eIhb
IMYJIbCHH, MHOTOYACTOTHBII AJITOPUTM, METPOJIOTHYECKAsI XapaAKTePUCTHKA.

Introduction. The problem of determining the
moisture content of technical fluids is relevant for
practical applications in various areas of industry. In this
case, the lower values of the measured values of the
volumetric moisture content W in emulsions of the
«nonpolar liquid dielectric-water» type can be from 10
cm’/m’ for transformer oil up to 100 cm*/m® for aviation
kerosene. The measurement of such small values of
moisture content is a complex technical task and requires
the development of methods and technical means for
measuring moisture content with the appropriate
characteristics.

Using dielcometry for the calculated determination
of the volume moisture content W of emulsions is based
on the dependence of the dielectric constant ¢, of a
homogeneous emulsion of the «liquid nonpolar dielectric-
water» type on the moisture content and permittivity &,
of an anhydrous nonpolar liquid dielectric. Moreover, this
dependence can be obtained both experimentally (by the
method of preliminary calibration of moisture meters
using «reference» emulsions) and analytically, in the form
of a functional connection, the values of the volume
moisture content ¥ and the dielectric permittivities &,
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and &, This functional relationship is determined on the
basis of various mathematical models of the emulsion. In
both cases, the reliability of the results obtained is
significantly influenced by the so-called «varietal
uncertainty». This is the dependence of the moisture
content on the magnitude of the permittivity and,
consequently, on the grade of the liquid being
investigated.

In this paper, theoretical and practical aspects of
ways to improve metrological characteristics, both the
dieelcometric method itself and technical means for
measuring the moisture content of nonpolar liquids, are
simultaneously considered, while solving the problem of
«varietal uncertainty».

Analysis of the current state of the problem. To
determine low levels of volumetric moisture content, a
high sensitivity of the method is necessary. The maximum
sensitivity is characterized by resonance dielcometric
methods. The essence of these methods is to determine
the dielectric constant of a liquid by measuring the
resonance frequency of an oscillating circuit, which
includes a capacitive type measuring transducer (MT)
filled with the test liquid. They use a wide range of
frequencies of electromagnetic oscillations from sound to
HF and microwave ranges [1].

In order to clarify the technical level of modern
resonant high-frequency and microwave dielcometric
moisture meters for liquid nonpolar dielectrics, an
analysis of the characteristics of modern standard
moisture meters on the market was carried out (Table 1).

The moisture meters considered differ substantially
in their technical level, which can be characterized by the
magnitude of the absolute error in measuring the moisture
content at the lower range.

Table 1
Characteristics of typical modern HF and microwave moisture
meters
No. Moisture meter type Absolute measurement
(measurement range W, cm’/m®) error, cm’>/m’
EASZ-1
+
1 0 10% +100
VBJIH-1TIM1
+
2 (100 — 6:10% 100
EASZ-1BS&W
+
3 (010 +100
FIZEPR — SW 100.30
+
4 (1000 — 3000) 1200
DVIBH-1x1
+
> (200 — 2:10% 1200
YJIBH-15n
+
6 (100 — 2:10% 250
Universal IV CM
+
7 (0 10% +300
OW-301
+
8 0 10% +500
MBH -1
+
’ (0-3-10% 00
PHASE DYNAMICS - L
10 0-2:10% +500

As can be seen from Table 1, the dielcometric
hygrometers corresponding to the best samples (No. 1 — 3
of Table 1) do not allow a correct measurement of the
volume moisture content less than 100 cm’/ m’. It should
be noted that in all the moisture meters examined, the
problem of «varietal uncertainty» is not solved, since it is
necessary to pre-calibrate them.

The existing algorithms for solving the problem of
«varietal uncertainty» of dielcometric moisture meters are
considered in [1-5]. These include the following
algorithms.

A. Algorithm with the introduction of dielectric
cylinders into the working space.

B. Algorithms: with the separation of flows of the
investigated emulsion; with the addition of a
predetermined water flow rate; with additives of water
and controlled medium.

C. Algorithm with the use of least squares methods.

D. Algorithm with the use of polynomials Lagrange.

E. Algorithms of additive and multiplicative types.

F. Additive algorithm with the introduction of a
metal plate into the interelectrode space of a capacitive-
type capacitor.

The analysis showed that these algorithms are not
applicable for increasing the sensitivity of dielcometric
moisture meters to values of the volumetric moisture
content of the order of 10 cm’/m’ (10~ in dimensionless
quantities) for the following reasons: parasitic parameters
of the capacitive-type capacitor type (and edge effects for
algorithm F) ; The relative error in measuring the
dielectric constant (algorithm 4), the flow and volume of
liquids (algorithms B-E), and the geometric dimensions
(algorithm F) of no more than 10 in the laboratory is an
extremely difficult practical task.

On the basis of the foregoing, the way of realization
of the dielcometric resonance method with increased
sensitivity and simultaneous solution of the problem of
«varietal uncertainty» is determined. This is the use of
algorithms with a controlled change in the state of the
emulsion for the resonance dielcometric method, taking
into account the effect on the metrological characteristics
of the parasitic parameters and the edge effects of the
capacitive-type MT.

The goal of the work is the development,
investigation and justification of multifrequency
algorithms for determining the moisture content of
emulsions of the «nonpolar dielectric-water» type by the
method of resonance dielcometry with improved
metrological characteristics and solving the problem of
«varietal uncertainty».

Proceeding from this goal, the tasks of the work are:
determining the areas of applicability of the physical
model of the emulsion in the frequency domain;
Development of multifrequency algorithms for solving
the problem of «varietal uncertainty»; determination of
the main metrological characteristics of the proposed
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algorithms, taking into account the influence of parasitic
parameters of MT and measuring generator (MQ);
experimental verification of the correctness of the
proposed test algorithms.

Selection of the emulsion model and
determination of its applicability areas. As a
mathematical model of the emulsion, a model was chosen
[7], in which individual water droplets were replaced by
ideally conducting spheres of small diameter, which are
much larger than their diameter and uniformly distributed
throughout the volume. By definition, the volume
moisture content is the ratio of the volume of water in the
emulsion V,,,, to the total emulsion volume V,,,;:

W:Vwat/Veml : (1)

The mathematical model of the emulsion determines
the functional relationship between the values of the
volumetric moisture content /' and the permittivity &,
and ¢,,; [7]:

Eemi = Epta (1+3W). ()

In [7] the frequency domain of the correctness of
this model for the HF frequency band was determined,
which extends to 2 MHz. In this frequency range, water
behaves like an ideal conductor with a permittivity equal
to infinity.

On the other hand, the electrophysical properties of
water are such that in the frequency range from about 100
MHz to 1 GHz ¢,,, varies insignificantly (from 78.2 to
78.0). In this range, water behaves like a perfect dielectric
(the magnitude of the dielectric loss tangent does not
exceed 0.005) [8]. Taking into account that &,, >> &g,
we can extend this mathematical model of the emulsion to
the frequency range 100 MHz — 1 GHz. As a result, a
systematic error arises due to the properties of the most
simplified mathematical model at these frequencies.
Ideally conducting spheres simulating real water droplets
in the emulsion (g, 81) are replaced in the

mathematical model of emulsion by spheres of similar
dimensions from an ideal dielectric (&, = ).

An idealized calculation scheme for determining the
systematic error of a mathematical model due to the effect
of a change in ¢,, for a generalized capacitive MT
scheme is shown in Fig. 1.

heml

Fig. 1. Idealized calculation scheme of the MT for determining
the systematic errors of the emulsion model:
1, 3 — MT electrodes; 2 — flat interface;
hep and h,,,, — Thicknesses of emulsion and water layers
W = hya! hem)

Water droplets with total volume V,,, are replaced
by a linear layer of constant thickness #4,,, on the surface
of the lower electrode of the MT.

Determination of the value of the systematic error
for the 100 MHz — 1 GHz range is reduced to a
comparison of capacitance values of a flat capacitor
formed by plates 1, 3 of MT for values ¢,,,, = © 1 &, = 81
of the medium between interface 2 and the lower plate.
Taking into account the expression (1) and the fact that
the capacitance of the MT between the plates 1 and 3 is
determined by the capacity of two series-connected
capacitors (with electrodes 1 — 2 and electrodes 2 — 3), the
effective dielectric permittivity &' of the layered medium
is generally:

1

5:—1 =7 3)
+

&

wat. Enld

In Table 2 shows the calculated values of ¢ for ¢,,,, =
0 H &,y = 81 for different values of the volumetric
moisture content, as well as the values of the systematic
errors of the mathematical model in the frequency range
100 MHz — 1 GHz, which are defined as (&', €'s1)/ €'»
(¢’ ND &' are the equivalent dielectric permittivities of a
layered medium for ¢, = ®, &,,,,= 81 and g, = 2).

Table 2
Systematic errors of the mathematical model of the emulsion for
the frequency range 100 MI'u— 1 I'T'ig

W, % 10! 102 107 10 10°
e, 222 | 202 | 2.002 |2.0002 | 2.00002
g1 2162 | 197 | 1.953 | 1.9519 | 1.9518
€, — €8]
e 0.0261 | 0.0248 | 0.0245 | o4 | 0.0241

Taking into account the linearity of the relation (2),
replacing ¢,,,, = 81 by &, = o for a moisture content of
10° < W < 0.1 leads to the appearance of a systematic
relative error in determining the e, of the given
mathematical model of the emulsion no more than 2.61 %
for the frequency range from 100 MHz to 1 GHz, which
meets the requirements of practical application.

The general algorithm for solving the problem of
«varietal uncertainty». To solve the problem of «varietal
uncertainty» and take into account the influence of
parasitic capacitances MT and MG, a number of
multifrequency algorithms are proposed, the generalized
form of which is the four-frequency algorithm. Fig. 2
shows a generalized equivalent circuit for the replacement
of the resonant moisture meter, which characterizes
capacitive MT of both concentrated and distributed type.
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Measuring generator

Fig. 2. Generalized equivalent circuit of the replacement
of a resonant moisture meter with a capacitive-type MT:

L — inductive element of the MG; C,;— parasitic capacitance of
the generator; C,,, — «blind» (constructive) capacitance of the
MT; C — working capacity of the measuring transducer;

R — loss resistance

Four-frequency algorithm requires the following
four stages.

1. Determination of the resonance frequency F,; of
the oscillatory circuit with the MT OFF.

2. Determination of the frequency of the resonance
F,;, of the oscillatory circuit with the connected MT filled
with air.

3. Determination of the frequency of the resonance
of the F,,; of the oscillatory circuit with connected MT
filled with an anhydrous liquid nonpolar dielectric.

4. Determination of the resonance frequency F,,; of
the oscillating circuit with the connected MT filled with
the emulsion under investigation.

Four values of the resonant frequencies of the
oscillatory circuit make it possible to determine four
unknown quantities. Depending on how the measuring
transducer is filled, the value C takes the following
different values. For the case of MT filling with air, this
value is equal to the working capacitance of the MT in air
C = C,; for the case of MT filling with a dehydrated
liquid nonpolar dielectric C = ¢, - C,;,; for the case of
filling the API with the emulsion investigated C = &,
Cir

The value of the «blind» capacitance C,,, is constant
and is determined by the constructive method of fastening
the potential electrode MT. In general, the value of C,,, is
the fraction m from the working capacity of the measuring
transducer Cy;,:

Cpar =m-Cyjy; (m=0). “)

For simplicity, we will assume that the value m is
given, and the reduced RLC oscillatory circuit is a lossless
loop (R = ).

The practical implementation of this multifrequency
algorithm for determining the values of &,; and &,
consists in the sequential determination of the resonant
frequencies the Fyp Fuir, Foa, Fem. of the circuits. Here,
the frequency F,is the resonance frequency of the circuit
L, C,ywith the MT OFF:

1

Fpp=———. 5
T on Loy ®

The next step is to determine the resonance
frequency F;, of the circuit at the MT filled with air:
1

22\ [LCoy +LC (14 m)
When the MT is filled with a dehydrated liquid

nonpolar dielectric, the resonance frequency F,,, is:
1

27 [LCopy + LC gjpm + LC iy 14
And, finally, when the MT is filled with the

emulsion investigated, the resonance frequency F,,, is:
1

22 [LCp +LCyym+ LC

air

Fair (6)

(7

Fua =

®)

Feml

Eeml

The solution of the system of equations defined by
expressions (5) — (8) with respect to unknown quantities
Enid M Eom allows to determine the unknown moisture
content W through the values of the resonance frequencies
Foppy Fairs Fuias Fey and the constructive coefficient of the
measuring transducer 7:

-4 , )
3B
where A = Fu Foug (Foop = Fon) —Foair “Foom "(Flog =
Fid)y B = F o F ot (F o —F i) —F i F ot (F o= i) m
/(m+1).

Expression (9) is the main generalized
metrological characteristic of the four-frequency
algorithm for determining moisture content by the
method of resonance dielcometry to determine the
moisture content of the emulsion as a function of the
quantities Foff, Faira Fnlda Feml um.

In the general case, the error in determining the
moisture content includes both systematic and random
errors. The systematic errors caused by the inaccuracy of
the mathematical model of the emulsion were determined
earlier.

Based on the analysis of expression (9), the value of
the random error in determining the moisture content
AW/W as a function of the absolute errors (AF,; AF,;,
AF 14, AF; Am) of determination of values Fop, Fir, Foa,
F,, and m has the following form (in this case the
processes of determining F,p Fly, Fuas Fen and m are
independent):

v . (0)
w W(Fojstair’Fnld’Femlam)
where
ow ? ow :
¥2 = AFgy 3 Yy’ —( J AF S,
OF o OF;,
ow Y ow
Yf-( j AF 34 ;Y42=( ] AF i
aFnld aFeml
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The values of the absolute errors AF,z AF i, AFyq,
AF,,; and Am include both systematic and random errors
in their determination.

The three-frequency algorithm. For m = 0, the
«blindy» capacitance of the MT is not taken into account in
expression (9). Then expression (9) is essentially
simplified and goes over to a form analogous to the
expression obtained earlier for # in [8]:

1
2 2
1 F F
W:E-—e’i“ e (11)

2 2
Faa  Fofy

Expression (11) is a metrological characteristic of
the three-frequency algorithm for determining moisture
content by the method of resonance dielcometry.

For the specific design of the capacitive MT [9], the
values of the volumetric moisture content W were
determined from the exact formula (9) (W) and the
approximate formula (11) (W,,)) and were W, = 0.0215
u W 1y= 0.0209, respectively.

The difference between W) and Wy, determines the
magnitude of the absolute systematic error in determining
the moisture content without taking into account the
«blind» capacity, and the quantity (W) u W) / W
characterizes the systematic relative error. This relative
systematic error for m = 0.0664 and for the MT frequency
range up to 2 MHz is: (W9~ W) / W(9y= 0.027 [9].

Analysis of the limiting characteristics of four-
and three-frequency algorithms. For a specific moisture
meter with MT of lumped type [9], in which four- and
three-frequency algorithms are implemented, an analysis
was made of the accuracy of determining the moisture
content in an emulsion of the «transformer oil-water» type
at Fo;=1145290.4 Hz; AF,;= 2 Hz; F,;. = 946516.0 Hz;
AF,,. = 1.5 Hz; F,; = 827303.9 Hz; AF,, = 0.9 Hz;
F, = 821291.0 Hz; AF,, = 3.4 Hz; m = 0.0664;
Am = 0.0038. The analysis was made for the four-
frequency algorithm, as the most accurate one.

The values of m and Am were determined by
calculation, proceeding from the geometrical dimensions
of the MT and the dielectric characteristics of the
fluoroplastic-4: a structural insulating element that fixes
the potential electrode of the MT and determines the
value of the «blind» capacitance of the MT [9].

The calculated value of the relative error in
determining the moisture content obtained from
expressions (5) — (10) was: AW/W = 0.011. This value
defines the restriction on the lower limit of the
measured moisture content to moisture meters with a
concentrated type of MT for four- and three-frequency
algorithms (in the HF range up to 2 MHz) of the order
of 600 cm® /m’ [9].

Two-frequency algorithm. The analysis of
expressions (9, 10) and the circuit in Fig. 2 showed that
an increase in sensitivity is facilitated by a decrease in the
effect of capacitance C,; on the resonance frequency of
the MT. The minimum influence of the parasitic
capacitance of the generator will be at C,; = 0. In this
case, m = 0, Am = 0, F,; = oo, and expression (11) is
transformed to the form:

1 1
2 2 2 2
W_l'Feml Fhla _l.Fnld —Fomi 12
= = (12)
3 1 3 F2
3 eml
Foa

For small values of the relation
(F 2nld -F 2eml) / erml <0.1
the expression (12) is simplified and has the following
form, up to terms of the second order:
2 Fug—Fem
=3 5 .

eml

Expressions (12) and (13) are a metrological
characteristic of the two-frequency algorithm for
determining moisture content by the method of resonance
dielcometry.

Technical aspects of practical realizability of the
two-frequency algorithm. Let's analyze the technical
possibilities of creating a MT with the values m = 0 and
Coy = 0. The most radical way to ensure m = 0 is to
replace the structural dielectric material that supports the
potential electrode of the capacitive MT with a «metallic»
insulator, for example, the implementation of the MT in
the form of a short-circuited quarter-wave line. In this
case, the central (potential) electrode of this line is tightly
connected to the outer electrode, and the liquid under
investigation is in the space between these electrodes
[10]. An MT of this type is a system with distributed
parameters and allows the mode m = 0 to be realized. As
shown in [6, 10], the transition to the microwave
frequency range makes it possible to substantially
increase the sensitivity of the resonance dielcometric
method. The main problem in this case is the large
geometric length of the MT when operating in the
frequency range 100 MHz — 1 GHz, as well as the small
difference between the first and subsequent resonant
frequencies of distributed type MT.

The distributed type IP with the measuring element
in the form of a stepped inhomogeneous coaxial resonator
(SICR), proposed and investigated in [10], is free from
the indicated shortcomings and allowed to realize its
operation in the microwave frequency range (100-200
MHz) with its minimum dimensions.

In order to realize the case C,; = 0, a characteristic
of a SICR-based MT was used, consisting in an
essentially larger value of its quality factor with respect to
capacitive foci of a concentrated type. This makes it
possible to realize the C,;= 0 mode due to the very small
coupling factor of the measuring oscillator with the PI via

w (13)
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an inductive loop connection, which is geometrically
located near the grounded end of the internal (potential)
electrode of the SICR. At the same time, a minimal
influence of the coupling loop on the electric field in the
SICR is ensured, since the electric field in this place of
the SICR is extremely small, and the introduced
capacitance of the IG in the working capacitance of the
SICR is substantially reduced and its influence can be
neglected. Thus, a two-frequency algorithm for resonance
dielcometry (m = 0, C,r = 0) is realized in moisture
content meters of the SICR type. This algorithm is the
theoretical limit of resonance dielcometry, when two
unknown quantities (&, and ¢,,,) and moisture content, as
a function of these quantities, are determined by two
values of the measured frequencies.

Results of experimental investigations. For
experimental verification of the results of theoretical
studies, the moisture content of the prepared test
emulsions of the «transformer oil-water» type was
determined by two specific moisture meters: with lumped
type MT [9] and a distributed type MT in the form of
SICR [10]. Experimental studies of the first moisture
meter were carried out to test the generalized four-
frequency algorithm, and the purpose of the second
moisture meter was to test the two-frequency algorithm.
The results are shown in Table. 3.

Table 3

The results of the experimental determination of the volume
moisture content of the test emulsions

Moisture content,
cm’/m’ Absolute Relative
MT type | Prepared discrepancy, |discrepancy,
Measured 3, 3 o
test cm’/m %
. value
emulsion
Concentrated 5000 +
MT, HF range 20 4800+54 +200 +4.0
(1 MHz)
Distributed IP
CSCR, 100+5.1 | 98.3+0.6 +1.7 +1.8
microwave
range 1041 |95140.5| +0.49 +5.2
(0.1 GHz) - o= " -

For a moisture meter with concentrated type of MT,
the values of the volumetric moisture content were
determined in accordance with the expression (9), and for
a moisture meter with distributed type of MT — in
accordance with the expression (12), absolute errors were
determined using expression (10) for both moisture
meters.

The correctness of the results of theoretical studies
characterizes the magnitude of the absolute and relative
discrepancies between the measured values of the
volumetric moisture content and the moisture content of
the prepared test emulsions. In this case, the magnitude of
the absolute divergence was determined as the difference

between the moisture content of the prepared test
emulsion and its calculated value, and the magnitude of
the relative divergence as the ratio of the absolute error to
the moisture content of the prepared test emulsion.

Analysis of the data given in Table 3 shows the
following.

1. The values of the relative discrepancies do not
exceed 4 % and 5.2 % (for the concentrated and
distributed types of MT, respectively), which indicates a
good coincidence of the calculated results with the
moisture content of the test emulsions and the correctness
of the results of the theoretical studies.

2. The magnitude of the absolute divergence for a
moisture analyzer with concentrated type of MT (200
cm’/m’) practically confirms the results of estimating the
lower limit of the measured volumetric moisture content
(600 cm*/m?).

3. A moisture meter with distributed type MT in the
form of SICR makes it possible to measure the moisture
content of emulsions based on nonpolar liquid dielectrics
with lower limit of 10 cm’m’ without preliminary
calibration operations.

4. Metrological characteristics of a moisture meter
with distributed type of MT in the form of SICR exceed
the analogous characteristics of the known dielcometric
moisture meters presented in Table 1.

Conclusions.

The proposed  and  practically  realized
multifrequency algorithms for determining the volumetric
moisture content of liquid emulsions by the method of
resonance dielcometry, taking into account parasitic
parameters of MT and MG, solved the problem of
«varietal uncertainty» of the liquids under investigation,
significantly improving the metrological characteristics of
the dielcometric method, and measuring the volume
moisture content of liquid nonpolar dielectrics up to 107,

The correctness of the results of theoretical
investigations is confirmed experimentally with a
maximum value of the relative discrepancy of not more
than 5.2 %.

A promising direction for the further development of
the proposed multifrequency algorithms in order to
improve the metrological characteristics can be the
consideration of their systematic errors.
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A.Yu. Chernukhin

INFLUENCE OF CORONARY DISCHARGE PARAMETERS ON THE EFFICIENCY
OF LIGHTNING PROTECTION SYSTEM ELEMENTS

Purpose. Investigation of the formation of space charge in the region of the apex of lighting rod, under the action of the electric
field of a thunderstorm cloud, to evaluate the efficiency of elements of lighting protection systems. Methodology. We have applied
the mathematical simulation of electromagnetic field distribution on the top of metal rod by different forms. As a mathematical
apparatus, we use the finite element method. We considered two forms of the rod section: round and square. The round
(cylindrical) rod has a sharp apex. The square rod has a flat top. The experimental study investigates the features of corona
discharge formation. A high-voltage test equipment is created an electric field. Experiments carried out using a configuration
consisting a potential plate and vertical rod electrode on grounded plate. The electric field strength varied from 1 kVm™ to 100
kVm™. This range corresponds to the thunderstorm condition. Results. We have obtained a correlation between the corona
current and the strength of the electric field for various shapes of the rod top. The results of experimental studies confirmed the
correctness of the conclusions of theoretical estimates. We show that the time parameters of streamer current pulses vary by no
more than 30%, but a streamer charge increase to three time with increasing electric field strength. We proposed and applied a
method for measuring the velocity of motion of a streamer in the discharge gap. As a result, it is established that the streamer
speed is nonlinear in time. For a discharge gap of 1.2 m, the speed varies from 1.8:10° m/s to 1.1-10° m/s. Originality. For the first
time, we have carried out a complex of studies of corona discharge parameters from lightning protector rod to apply for the
certification procedure of ESE terminals. Practical value. Based on the set of obtained results, it is obviously that the standard NF
C 17-102:2011 will not be introduced as a national standard of Ukraine before full introduction of scientifically justified data will
be include into the requirements of the standard. References 10, tables 4, figures 9.

Key words: rod lightning terminal, pulse corona, electric field intensity of thunderstorm cloud, corona current, streamer
speed.

Ilpugedensvt pesyrvmamovl meopemuueckKux U 3IKCHEPUMEHMATILHBIX UCCIE006aHUIl RPOUECCO8 (Hopmuposanus 00bemMHoz0
3apa0a 6 00nACMU GePUIUHBL CIEPHCHEE020 Monnuenpuemnuka. Paccmompenst ocodennocmu gpopmuposanus cmpumepnoi
KOPOHbBL HA CHEPHCHEBBIX MOJIHUENPUEMHUKAX C PAZTUYHBIMU KOHDUIYPAUUAMU 6EPUIUHDL 8 IIEKMPUUECKOM NOJIE 2PO306020
obnaxa. Ycmanoenenst 3a6ucuMocmu CUibl MOKA KOPOHbL OM HARPANCEHHOCIU IJIEKIMPUYECKO20 NOIA U 8bICOMBL 0N KAHCO020
eapuanma cmeporcus. ITokazano, umo npu 3mom epemennvle napamempsl UMRYIbCO8 MOKA CIMPUMEPA MEHAIOMCA He folee uem
na 30%, a 3apao cmpumepa, u Kak cieocmeue, Cuna MmMoOKa KOPOHbL YEeIUHUGAIOMCA NO Mepe POCMA HANPANCCHHOCMU
Inekmpuyeckozo nons. Ilpeonoxceno memod usmepenus ckopocmu npoosudxcenus cmpumepa. Memod ocnoean Ha
00HOBPEMEHHOM UBMEPEHUU HANPANCEHUA U MOKA HA pazpaonom npomexcymrxe. Pezynomamer npednazaemcs yuecmv npu
cepmupuxayuu monnuenpuemnuros. butin. 10, radn. 4, puc. 9.

Kniouesvie cnosa: cTepiaHeBOil MOJIHHENPUEMHHK, HMILYJIbCHASI KOPOHA, HANPSKEHHOCTh 3JIEKTPHYECKOr0 MOJIsI TPO30BOI0
006J1aKa, TOK KOPOHBI, CKOPOCTH CTPHUMepa.

Introduction. The basis of lightning protection
systems for buildings and structures from direct lightning
strikes are metal structures in the form of rod, cable and
grid lightning receivers. The requirements for the device
of such systems are regulated by the Standards IEC
62305-1: 2010 and IEC 62305-3: 2010. In contrast to the
systems mentioned above, which can be conditionally
called «passive», attempts have been made in the world
over the last decade to create active devices that provide a
significant increase in the size of the protection zone,
compared to the protection zone of the classical Franklin
lightning detector (hereinafter referred to as the passive
rod lightning detector — PRL). Such devices include the
so-called «Early streamer emission terminals (ESE)»,
which, according to the developers, provide a faster,
compared with the PRL, the creation of a counter
streamer that facilitates the interception of lightning. The
declared radius of protection ESE of lightning receivers is
directly proportional to the lead time [1]. The basis of
such an approach is the fact of experimenting repeatedly
formed by the formation of counter leaders from metal
objects, both grounded and not having contact with the

ground. However, not all the features and conditions for
the formation of the counter leader have been sufficiently
studied. In particular, the probability of meetings of the
channel of the descending lightning with the ascending
leaders is of a probabilistic nature. In addition, the speed
of advancement of the oncoming ascending leader
depends on the potential of the head of the lightning
channel, which also has a random value.

The market also offers various options for devices
called dissipaters, which reduce the likelihood of
lightning striking the object by creating a volume of air
around the top of the object, saturated with charged
particles. This effect provides a reduction in the electric
field strength above the top of the object, as a result of
which the counter leader appears at high values of the
electric field strength formed by the lightning channel,
which leads to a decrease in the probability of the object
being struck by lightning.

At the Scientific-&-Research Planning-&-Design
Institute Molniya» of the National Technical University
«Kharkiv Polytechnic Institute» (NIPKI «Molniya» NTU

© A.Yu. Chernukhin
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«KhPI») over the past 10 years, more than 20 types of
different ESE lightning detector and dissipater samples of
almost all companies presented on the world market. In
2007, comparative tests of the ESE terminal of ERICO
Company (USA) were conducted at the laboratories of the
Technical University of Valencia (Spain) and NTU
«KhPI» (Ukraine). The results of the tests showed that the
provisions of the first edition (1995) of the Standard of
France [1] are not sufficient for a reliable estimate of the
size of the protective zone of ESE lightning detectors.
During the discussion of the results it was proved [2] that
it is necessary to introduce additional requirements for the
variance of lead time and to establish the parameters of
the reference PRL. In the new edition (2011) of the
Standard [1], these recommendations are taken into
account.

A significant part of the scientific community,
united in the framework of the International Conference
of the International Conference Lightning Protection
(ICLP), categorically denies the scientific validity of the
provisions of the standard [1]. The main aspects that do
not have the proper experimental confirmation are:

— estimation of the radius of the ESE lightning
protection zone is carried out by multiplying the advance
time (defined as the arithmetic mean value of 100 digits)
by the speed of advancement of the oncoming leader from
the lightning detector, which is set equal to 10° m's™. The
experimental velocities obtained with the help of high-
speed video cameras lie in the range (10° — 10°) m's™;

— the lack of a documented experimentally confirmed
larger protection radius compared to the PRL. Repeated
joint tests on simulations did not confirm this fact.

Another part of the community, which is mainly
composed of manufacturers and distributors of the
devices under consideration, is integrated within the
International Lightning Protection Association (ILPA),
which conducts its own scientific symposia.

The arising contradiction has not only a scientific
aspect, but it causes important problems of practical
application of new devices. The erroneous determination
of the size of the protection zone causes a decrease in the
probability of interception of lightning by the lightning
protection  system, which can have negative
consequences. Nevertheless, to date, the Standard [1] has
been implemented in a number of countries, including
France, Spain, Kazakhstan, Latvia, which have actually
legalized the use of ESE lightning detectors in view of the
design protection zone. Persistent attempts are being
made to introduce the Standard [3] in Ukraine. The
current circumstances prompted NIPKI «Molniyay NTU
«KhPI» and the Technical Committee of Ukraine on
standardization in the field of electromagnetic
compatibility (TC 22) to initiate research in order to
understand the physics of the accompanying phenomena.

The basis of the principle of operation of both types
of new devices is the processes of corona discharge from
metal rods and needles. Therefore, the scientific
justification of the real protective properties of such
devices requires a detailed study of the physics of corona

discharge in conditions of finding products in the electric
field of a thunderstorm cloud.

Analysis of recent investigations and
publications. Studies of corona discharge processes have
been carried out for many decades. However, they
continue to this day. The reason is that the processes are
of a probabilistic nature, and the completeness and
reliability of the results of the research depends to a large
extent on the means used to measure the electrophysical
quantities and the speed of the video recording. Naturally,
the information received in recent years, more accurately
due to a qualitatively new level of the technology
mentioned above.

The operating principle of the ESE terminal is based
on the assumption that the occurrence of a streamer
passing to the leader of a downstream zipper from the
terminal takes place earlier than from a conventional rod
lightning detector [1]. Therefore, the lead time value is
the main technical characteristic of the ESE terminal. At
the same time, the upstream streamer appears against the
background of the corona discharge, which is an integral
part of the process. Therefore, the solution of the problem
in our institute is begun with the study of the regularities
of the development of the streamer corona and its
transition to the counter leader [2].

To a certain extent, the appearance of the crown
adversely affects the protective properties of the lightning
receiver its presence hinders the development of a counter
leader. Many studies have been devoted to the study of
the corona discharge process, including [3-6]. To ignite
the corona, the magnitude of the electric field at the tip of
the corona electrode should exceed a certain critical value
(E,). This value was first obtained empirically by the Peak
for a cylindrical electrode:

(5R)1/2

where E, is the critical value of the field strength, kV/cm;
0 = N/No, N, N, is the gas density under existing and
normal conditions, respectively, R is the electrode radius,
cm.

E, = 29.85{1 b 03 } (M

The paper [5] presents the formula (2) for an
electrode of spherical geometry with radius R

0.54
(R)l/z } @

A comparison of the results of the estimation with

these formulas for electrodes of radius R<1 cm, for which
the formulas are valid, is presented in Table 1.

E.= 27.8{1 +

Table 1
The values of the critical electric field strength, calculated by
Peak and Baselian formula [5]

R, cm 0.1 0.5 1.0

E. kV/cm 58.5 42.6 39.0

75.1 48.9 42.8

E.[5], kV/cm
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Obviously, the discrepancy between the values of
the critical strength increases with decreasing radius of
the electrode.

In the intervals with a high degree of inhomogeneity
of the electric field, the plasma region arising from the
corona discharge can penetrate into the zone with a low
intensity only in the form of a thin channel — a streamer.
When the streamer enters the weak field, its speed slows
down, it can stop. Such an incomplete process is called an
impulse or streamer crown. The propagation continues as
long as the electric field strength is greater than the
minimum allowable. The average value of the electric
field strength E; along the streamer channel with positive
polarity is in the range 450 kV-m' — 500 kV-m™" [3].
Waters (1987) and Gallimberti (1979) show that
increasing the length of the streamer L is directly
proportional to the growth of the voltage U,, as long as L
is small compared to the length of the discharge gap. The
coefficient of proportionality is equal, respectively, to the
mentioned authors: 0.145 cm'kV "' 1 0.152 cm'kV .

According to the authors of [5], blunt lightning rods
are more effective in intercepting lightning than sharp
ones. On the contrary, it is stated in [7] that, by varying
the radius of the lightning-conductor within rather wide
limits (practically significant), it is impossible to
influence the magnitude and distribution of the space
charge of the corona in its vicinity. This contradiction also
requires experimental verification.

The boundary velocity of the rise of the pulse front
for a quasi-stationary regime, when the voltage variation
during the development of streamers can be neglected, is
50 kV-pus~'. According to formula (2) from [7], it follows
that for a linear increase in the electric field strength, the
corona current increases linearly, and when FE; is
stabilized, the current decreases with time. The data of
experimental studies [6] do not confirm this fact. If the
steepness of the front is above the boundary, the streamer
moves forward during the entire time of voltage growth at
the gap, while its velocity increases.

A strong streamer flash injects so much charge into
the gap that the field on the entire anode falls far below
the ionization threshold, as a result of which there is a
pause in the development of the discharge [7]. If the
voltage across the gap does not change or changes slowly,
the pause time can be long — about the time of ion drift by
a distance comparable to the anode radius (for r, ~ 10 cm
and average electric field strength of 5 kV-cm’
At ~ 107 s). This phenomenon is characteristic of a rod
with an acute conical vertex, because the element that
injects the charge has a point size. Consequently, a flat
top of the rod should have advantages in creating a stable
streamer sequence.

The goal of the paper is investigation of the
formation of space charge in the region of the apex of a
rod lightning detector under the action of the electric field
of a thunderstorm cloud to evaluate the efficiency of
elements of lightning protection systems.

Results of theoretical investigations. Obviously,
the lightning receiver, the conductor connected to the

ground, has a zero potential. As the thundercloud
approaches, an electric charge is induced on it, the surface
density of which is determined by the strength of the
electric field at the top in the region of greatest
inhomogeneity. Under certain conditions described above,
there is a corona discharge and streamers, which
subsequently grow into a leader facing the lightning.

The speed of the lightning detector depends on the
degree of ionization of the surrounding airspace. If
ionization is active, a cloud of charged particles is
formed, complicating the germination of the oncoming
leader. This effect is based on the designs of dissipaters,
which are combinations of thin conductors. If the
ionization is weak, there are no charges necessary for the
formation of avalanches. Hence, we can assume that there
is a design of the top of the lightning detector, which will
provide the corona current optimal for minimizing the
formation time of the oncoming leader. This fact is
important for the selection of a standard sample of the
lightning detector, the need to determine which was
initiated in [2] and confirmed by the standard [1].

In order to study the initial phase of the formation of
a stationary corona at the apex of a rod lightning detector,
the mathematical model is maximally approximated to the
real conditions when testing in accordance with the
standard [1]. The electrostatic field is formed by two
circular disk-like conductive plates, 10 m in diameter
each. One of the plates (upper) is assigned a potential of
10 kV, the other is grounded (U = 0). The distance
between the plates of the model varies in the range from 3
m to 10 m. The value of the potential is chosen in this
way for reasons of the electric field strength
Ey>1kVm', characterizing the pre-threat situation. The
height of the lightning rod is assumed to be 2 m. The
mathematical model of the problem is as follows. In
airspace, the electric field is potential, and the potential
satisfies the Laplace equation. The boundary conditions of
the problem are given by the vanishing of the potential on
the lower plate and rod; positive potential of 10 kV on the
upper plate; the remaining boundaries correspond to the
condition of continuity of the potential.

The aim of the simulation is to determine the ratio of
the parameters of the rod lightning receiver, in which an
optimum ratio of the maximum field strength near the
vertex and the volume of this region (the stressed volume)
is obtained, which is favorable for the streamer process.

Calculation of the electric field strength on the
surface of the pointed rod is carried out along the
generatrix of the cone of its vertex. The degree of
sharpness of the vertex of the rod is characterized by the
sharpness coefficient (k), which is equal to the ratio of the
height of the tip to the radius of the rod. Variants are
considered when the coefficient takes the values 1; 2; 3
and 4 for a rod with a radius of 0.05 m. The results of
calculating the electric field strength at the tip of a point
of a pointed rod 2 m high, found in an electric field of
intensity 2 kV-m™, are shown in Table 2. The calculated
values of the field strength factor K at the point under
consideration are also given there.
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Table 2
The electric field strength at the tip of the point of a pointed rod

of 2 m high
k 1 2 3 4
E, kV-m’! 220 600 1020 1250
K 110 300 510 625

The results of the solution of the problem for various
variants of the height of the rod (in the range from 1 m to
8 m), the cross section (circle, square, polygons), its size
(from 10 mm to 30 mm) and the shape of the vertex
(plane, point[8]). The simulation results showed that the
maximum value of the electric field strength on the rod
surface increases in direct proportion to the rod height. In
particular, for a rod of square -cross-section, this
dependence is described by formula (3) with an error
<5%.

E,(h)=26.7-Ey-h, 3)
where E,(h) is the maximum value of the strength of the
E-field on the edge of a vertex of a square rod with a flat
vertex, V-m''; E, is the intensity of the electric field in
which the rod is placed, V-m''; 4 is the rod height, m.

In order to verify the results, a comparison is made
with the results of calculations obtained by other
researchers: using the formulas given in [4] for the
grounded half of a spheroid in an external electric field
and the numerical method of work [9]. The intensity of
the E-field at the tip of the rod with a radius of 0.05 m
with a vertex in the form of a hemisphere is calculated.
The input parameters of the model are: H=5m, 7 =2 m,
U = 104 V. According to our estimates, the maximum
value of the electric field strength at the top of the rod is
77210 V-m', that is 36 times greater than
Ey = 2:10° V'm"'. When using graph 10 from [4] for a
spheroid with a height-to-radius ratio of 40, the gain is
determined close to 30. As a result of the numerical
solution in [9], the result is close to 35. Taking into
account some difference between the geometric figures
used in the calculations, And a not too exact scale on the
graph in [4], there are grounds to believe that the results
of the numerical method used by us are reliable. An
illustration of the stressed volume around a rod of square
cross section is shown in Fig. 1.

Fig. 1. The intense volume of the £-field around the rod
square section (model rotated 90° to the left)

In order to generalize the results of the investigation
of the process of corona discharge formation from rod
lightning receivers, computer simulation was carried out
on the basis of a multifactor experimental design. As a
response function, the value of the intensive volume of
space around the vertex of the rod is chosen. The
intensive volume is the volume of pace, in which the

strength of the external electric field exceeds 30 kV-m™.
Based on the analysis of the results of experimental
studies, quantitative and qualitative factors are selected
that fully determine the value of the response function.
These factors are: the strength of the electric field, the
length of the rod, the shape of the cross section, the
dimensions of the section, the shape of the vertex. A
priori, it is assumed that the significance levels of these
factors are comparable. From experience it is known that
the response function has several maxima, depending on
the shape of the cross-section of the rod. Therefore, the
choice of the model zero point is related to the cross-
sectional shape of the rod. The functional relationships
constructed earlier from the experimental data show that
they are analytical and allow one to specify a specific type
of dependence of the objective function on each of their
chosen factors. This allowed us to confine ourselves to a
two-level factorial plan of type 2* (k is the number of
factors). To ensure the possibility of checking the
adequacy of the chosen mathematical model and the
correctness of the determination of constants, an
unsaturated plan was used (the number of experiments
exceeds the number of unknown constants in the model).
A full factorial experiment is performed on the basis of
which the target response function is constructed.

The value of the intensive volume, determined from
the established functional dependence, is compared with
the value of the number of streamer pulses obtained
experimentally. Comparison made it possible to
determine the required minimum stressed volume at
which the corona discharge process begins. In addition,
the value of the length of the initial steamers is
determined, depending on the values of the experimental
factors.

The main results of theoretical studies are as
follows:

— since the zone of increased tension is localized near
the ribs of the rod, the «intensive volume» increases with
the perimeter of the rod;

— the maximum value of the electric field strength and
the magnitude of the stressed volume on the surface of the
lightning receptacle, at other things being equal, is
achieved when using a rod of square cross-section with a
flat top. Such a rod is proposed as a new standard for the
document [1].

Results of experimental investigations. At a
certain value of the electric field strength into which the
lightning detector is placed, streamer flashes with a
current of tens of mA occur against the background of a
«quiet» corona whose current is not more than hundreds
of microamperes. Only a streamer flash can transform
into a leader under certain conditions. Therefore, the
determination of the critical value of the electric field
strength at which streamer flares occur and the nature of
their behavior when the level of electric field strength
varies is an important task. Modeling was carried out on
the high-voltage test bench BBC-1.2 at the NIPKI
«Molniya» NTU «KhPI». To estimate the performance of
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a particular lightning detector, it is proposed to use the
values of streamer parameters that arise when placed in an
electric field.

To reveal the relationship between the parameters of
streamers and the protective properties of the lightning
detector, a set of studies was carried out, including the
determination of the characteristics of streamers at a
constant and pulsed voltage. Investigations at constant
voltage make it possible to evaluate the behavior of the
lightning detector when a thunderstorm cloud approaches,
while the other part of the study is related to the study of

the process of the appearance of streamers when exposed
to a pulsed electric field accompanying a growing
lightning channel.

The investigations were carried out on rod lightning
receivers placed between two parallel metal planes.
Dimensions of the planes: lower — 4x6.5 m, upper —
3.6x5.2 m. The scheme of the test setup for studying the
characteristics of the current of the corona at a constant
and varying voltage and its external view are shown in
Fig. 2 and 3 respectively.
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Fig. 2. Circuit of the test bench BBC-1.2
(C1=0.381 puF; C2 =0.385 pF; C3 =0.4 uF; R1 =300 MQ; R2 =30 kQ; R3 =60 kQ; R4 =510 kQ;
RS, R6 =60 kQ; R, =75 Q; R, =75 Q; Tp — transformer UOM 100/25)

Fig. 3. External view of the test bench BBC-1.2
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In this variant, the lower plane is grounded. The
upper potential plane — it is supplied with a high voltage
of negative polarity. The distance (S) between the vertex
of the rod and the potential upper electrode varied in the
range from 2.5 mto 0.5 m.

Here, the initial value of the electric field strength in
the gap did not change. The results of experimental
investigations are presented in detail in [6-8]. A
generalization of these results allows us to draw the
following conclusions. A typical oscillogram of the
current strength of a single streamer is shown in Fig. 4.
The charge contained in the streamer is approximately
5.85-10"° C. For comparison, in [5], measuring the charge
of the streamer by an alternative method yielded an
average value of 5-10"° C. Taking into account the
difference in the configurations of the vertices of the rods
and the heights of the rods, the coincidence of the results
is satisfactory.
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Fig. 4. Oscillogram of a single streamer from a rod of square
cross section 12x12 mm? with a rod height of 1.7 m,
which is in the electric field of intensity
30 kV-m™ (the signal is received from the 75 Q resistor,
charge in the pulse 58.5 10'° C)

The dependences of the average arithmetic number
of streamer flares on the electric field strength for the
pointed and square rods are shown in Fig. 5.
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The results of statistical processing of the
experimental data are presented in Table 3, 4 for the
pointed and square rods, respectively. It should be noted
that the time parameters (shape) of the current of a single
streamer for all considered cases vary within £ 30 % of
the arithmetic mean. Significant changes are observed
only for the peak value of the pulse, hence, the value of
the charge of the streamer. At each voltage, at least 50
measurements were made. The values of root-mean-
square (RMS) deviation presented in the tables
unambiguously show a much smaller spread of values for
a rod of a square cross-section as compared to a rod with
a pointed vertex. This property is characteristic of a rod of
any length within the limits considered. It is no accident
that the bars of the square section are defined as the
elements of the discharge gap for the standard of high
voltage value (standard IEC 60062).

Table 3
The results of measurement of the streamer frequency for a
pointed rod of circular cross section (diameter 10 mm, sharpness
coefficient k£ = 3, height 3.4 m)

Uy, Ey, Streamer numbers

k\07 kV-fn’l per second, N RMS
14.5 2.9 9.16 1.31
20 4 276 7.02
25 5 636 12.58
30 6 78 15.97
50 10 136.6 59.53
75 15 1460 145.60
100 20 2656 322.20
120 24 3940 523.70

From the presented results, it is evident that a
«dead» zone (in the range from 6 kV-m ' to 10 kV-m ') is
located near the pointed top. The effect is determined by
the point character of the corona element. The presence of
such an effect explains the opinion of the authors of [5]
mentioned above that blunt lightning rods are more
effective at intercepting lightning than sharp ones. It is
important to note that this effect is not observed for a rod
of square cross section.

Table 4
Results of frequency measurements of streamers for a square rod
(12x12 mm?, height 3.4 m)

Point 10 mm U, kV Eo, kVom™ Streamer numbers RMS
5000 v per second, N
2 47 9.4 14.7 1.40
4000
z / 60 12 116 4.81
3000 /,/ Square 1212 mm 75 15 258 4.74
2000 100 20 1302 20.54
- P 120 24 1720 23.85
A | 150 30 3064 32.77
0 5 10 15 0 2% 3 3 40 180 36 4930 93.15
E,kV/m
Fig. 5. Dependence of the streamer frequency on the sharpened
(diameter 10 mm, sharpness coefficient k = 3) and square The dependence of the strength of the corona

(12x12 mm?) rods on the electric field strength.
The length of each rod is 3.4 m

discharge current on the electric field strength, for the
rods described above, is shown in Fig. 6. It follows from
Fig. 6 that with an electric field strength greater than
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15 kV-m ', the current from the square rod is greater than
from the pointed rod, despite the fact that the number of
streamers from the pointed rod is about 2 times larger (see
Fig. 5). The reason for this is due to the large charge of
each streamer from the rod of the square cross section.

100000 1

= [ f quuare 12x12, flat
100 + 1 T T

/Round 10 mm, sharp

104 y &

0.00 5.00 n:lrc- 1 5ch‘- 2000 25,00 30.00 35,00 40,00
E, kV/m
Fig. 6. Dependence of the current of the corona on the strength
of the electric field for the pointed (diameter 10 mm,
sharpness ratio k£ = 3) and square rods.
The length of each rod is 3.4 m

From the presented experimental results, the
following conclusions follow:

— the pointed rod (diameter 10 mm, & = 3, height
3.4 m) begins to react with an electric field strength of
3 kV'm', and a square-section rod (12x12 mm®) of the
same height not earlier than from 9 kV-m;

— corona discharge from the pointed rod in the E-field
intensity range from 6 kV-m ' to 10 kV-m ' stops, which
fully corresponds to the results of [5] cited above in the
introduction;

— at an E-field strength exceeding 10 kV-m ' the
number of streamers from the pointed rod is
approximately twice as large as from the square rod;

— the average peak value of the current of an
individual streamer is higher for a square rod, for
example, at strength £~ 10 kV-m ', this value is 5 mA for
a pointed rod and 60 mA for a square rod,

— the value of the root-mean-square deviation, with
other identical conditions for the case of a square rod, is
less than for the case of a pointed rod.

Alternative method for measuring the streamer
speed. The traditional method of measuring the speed of
streamer-leaders is ultra-fast video recording. To
implement this method requires the presence of a high-
speed video camera, for example, the type FASTCAM
SAS (with the option of up to 10° frames per second) and
a special mode of illumination of the investigated
discharge gap. The limitation of the realization of this
method is not only the high cost of the camera, but also
the fixed sector of the survey, which makes it difficult to
use the method effectively when investigating long (more
than 3 m) discharge gaps.

An important parameter of the pre-discharge
processes is the speed of the oncoming streamer, which is
formed from the grounded object. With higher the

averaged speed, the probability of lightning entering the
object is higher. It is known [10] that the streamer speed
depends on the electric field strength in the discharge gap.
Thus, in a region where the field strength E exceeds 3-10°
V-m’, the streamer speed can reach 10’ m/s. However,
such tension, and, consequently, speed, is possible only in
the streamer zone of the head of the lightning leader. It is
indicated in [10] that the measured average leader speed
is 3.36:10° m/s, the minimum is 810* m/s, and the
maximum speed is 2.6:10° m s. It is proved that there is a
minimum streamer speed, which is 10° m/s in air under
normal conditions. At lower values, the tape drive stops.
Consequently, the range of change of the parameter under
study (the streamer-leader speed) is more than four orders
of magnitude.

It is known [10] that the ionization wave is formed
from the top of the rod and propagates in the
interelectrode gap towards the opposite electrode. As a
rule, in air gaps up to 5 m long (typical for most
laboratory conditions), the streamer-leader has a single-
channel structure without significant branching. A weakly
conducting cover forms around the channel of the
streamer. The streamer model adopted is based on the
following assumptions:

— the channel of the critical streamer is single (not
branching);

— the diameter of the channel, taking into account the
cover, is constant;

— the density of charges in the channel is uniform.

Under these assumptions, the length of the streamer is
directly proportional to the charge in the channel (taking
into account the cover). The integral value of the charge
in the channel is proportional to the streamer current and
time by formula (4). In fact, this is the area under the
curve [(¢), represented on the oscillogram (Fig. 7)

T
0=|1@wyat, @)
0

there O is the charge value in the channel; T is the
duration of the process, /(f) is the dependence of current
on time since the beginning of the process.
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Denote the channel length of the streamer L. It is
obvious that at the moment of contact of the opposite
electrode L, is equal to the length of the air gap L, and
the streamer charge has the value of Q. This moment is
fixed by the abrupt failure of the voltage U(¢) applied
to the air gap.

It should be noted that the moment of closure of the
gap by the streamer cannot be determined from the
maximum streamer current, since the maximum value of
the current strength is reached after closing the gap and is
determined by the magnitude of the discharge voltage in
the discharge loop.

Consequently, the result of the experiment gives such
initial data:

— total channel charge (Q);

— time interval (7), during which the streamer crosses
the air gap;

— the length of the air gap (L).

From these data, it is easy to determine the mean of
the streamer speed at an interval by the obvious
formula (5).

Vy=LT". )

To estimate the instantaneous values of the streamer
velocity at various points in the air gap space, we use the
above assumptions about the nature of the streamer
propagation. The streamer channel, in the form of a
cylinder of length L, of a certain radius (whose value for
the problem under consideration is not essential) is
divided into N equal parts. At each n-th section, the value
of the charge (Q,) is estimated by the formula (6).

0,=0/N. (©6)

Further actions are illustrated in Fig. 8, which shows a
typical curve I(¢) on an enlarged scale. The area under the
curve I(?), giving the value of the charge Q, is determined.
This area is divided into N equal parts. The partitioning
algorithm for some particular cases will be presented
later. The corresponding values of #; are found. The
streamer speed (V,) at any arbitrarily small segment is
determined by the formula (7).

Vy=L(N-4t,)", (7)

where At, is the value of the n-th time interval.

ANln-1 T
T N

0 _Afj

dn=const

Fig. 8. The principle of subdividing the area under the curve

Results of the calculation estimation. Let us
consider particular cases of the functional dependence of
the streamer current on the propagation time. If the
current does not depend on time, the streamer is
distributed with a constant speed. Such an option is
hypothetical, since in experiments is not visible.

As a first approximation, the curve of I(¢)
dependence can be approximated by a straight line
passing at a certain slope angle (k). In this case, the
functional dependence of the current strength on time is
described by formula (8)

1(t)=k-t. ®)

After substituting (8) into formula (4), for the total

charge of the streamer we obtain (9)

0=0.5k-T?. )
The instant of time (#,) of the first segment passing

by the streamer (coincides with the time interval) is found
by formula (10)

(10)

H=—.
N
To calculate the subsequent values of ¢, it is not
difficult to obtain the recurrence formula (11)

2
2 | T 2
tn =(—N \J+In_1.

The character of the curve on the oscillogram (Fig. 7,
lower curve) can be described more accurately by an
exponential dependence. In this case, it is more
convenient to consider the dependence in the inverse time
variant, without taking into account the sign, which
allows us to introduce the function (12):

I(t)=exp(-a-t), (12)
where o is the coefficient determining the decay rate of
the function.

The maximum value of the current is set equal to
unity, since its absolute value does not affect the further
results. The value of the parameter a is easily determined
from the curve I(¢). For this it is sufficient to find the time
moment (Z,) at which the current reaches a value of 0.368.
The parameter o = 7,

The recurrence relation for finding the values of
time (z,) from the previous value (#,), is described by
formula (13).

{2 oo {t-smcam]] -0
a N

This relation makes it easy to find all the values of ¢,
with any given accuracy determined by the number of
partitions N. It should again be pointed out that in this
case the count of the time intervals is realized from the
maximum of the current strength to the beginning.

In the example shown in Fig. 7, the distance from
the top of the lightning collector to the upper potential
electrode was 1.2 m. The time of development of the
process of germination of the streamer, defined as the

(11
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interval from the point of divergence of the curves to the
instant of a sharp decrease in voltage, is 9 us. The
number of intervals is chosen equal to 10. The values of
the corresponding time intervals are calculated using
formula (13). On the basis of the obtained data, taking
into account that each segment of the streamer length is
equal to 0.12 m, a spatial dependence of the velocity,
represented by the graph in Fig. 9.

In the example considered, the streamer speed varied
from 1.8:10% m/s to 1.1-10° m/s. The average value of the
streamer speed in the air gap is 1.3-10° m/s. The
calculated values of the streamer velocity are in good
agreement with the data obtained by other methods [10].
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Fig. 9. Graph of the streamer speed change from the path

The proposed algorithm can be described as follows:

— the integral value of the charge Q (the area under the
curve of the I(f) curve) is determined,

— the number of partitions is chosen, for reasons of
sufficient accuracy;

— the values of the time intervals for which the areas
under the curve are equal are equal to and equal to the
N-th part of Q;

— the speed at a specific spatial gap is defined as the
quotient of the interval length divided by the time it
intersects.

The method can supplement the procedure for
attestation of lightning receivers according to the
standard [1].

Conclusions.

The functional dependences of the streamer
frequency with metal rods with a length of 3.4 m of
circular cross section with a pointed vertex and a square
section with a flat top have been determined
experimentally.

It is established that the frequency of the streamer
follow-up for the case of a rod of square cross section has
a deterministic character: with increasing electric field
strength, the repetition frequency increases monotonically
with coefficient which is close to 0.25 s~V "'m.

The value of RMS, under other identical conditions
for the case of a square rod, is several times smaller than
for the case of a pointed rod.

It has been established that corona discharge from a
sharpened rod in the range of electric field strength from
6 kV/m to 10 kV/m ceases, and the repetition frequency
with increasing intensity reaches 6 kHz.

On the basis of the obtained results of the
investigation of the features of the formation of a streamer
corona from the top of a rod lightning detector with a
height of more than 1 m, it is proposed to take as a
standard lightning detector for testing ESE terminals in
accordance with the standard [1] a square bar
(12x12 mm?) with a flat top with height of 1 m.

Certification of ESE type lightning detectors is
recommended to begin with comparative tests with a
standard lightning detector, by placing them both in the
working volume of the test bed and recording the
discharge frequency in each of them when a voltage
pulse with a front duration of more than 100 ps is
applied to the gap.

A method for estimating the rate of advance of a
critical streamer is proposed, based on the synchronous
measurement of the voltage across the discharge gap and
the streamer current from the lightning detector.

Based on the aggregate of the results obtained, the
standard [1] is recommended not to be introduced as a
national Standard of Ukraine until the introduction of
scientifically justified data into the requirements of the
standard.

The results were obtained within the framework of
the research work (state registration No. 0115U000611),
which was carried out by order of the Ministry of
Education and Science of Ukraine in 2015-2016.

The author thanks P.N. Melnikov and S.P. Shalamov
for their help in carrying out experimental and theoretical
research, and the scientific adviser V.V. Kniazev — for
valuable advices and recommendations.
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MODELING OF AN ADVANCED HEAT EXCHANGE UNIT WITH MICROCHANNELS
FOR A COMBINED PHOTOENERGY SYSTEM

Purpose. Mathematical modeling of the heat exchange unit main parameters for photoenergy system based on general models
with forced circulation of heat transfer fluid. Methodology. To determine the coefficient of heat transfer at a given coolant
temperature and surfaces temperature necessary to determine the temperature gradient in the wall of the heat exchanger.
Temperature gradients can be determined by solving the equation of energy, which depends on the distribution of the flow rate in
the flow. In general, a solution of convective heat transfer fluid to flow along the plane comes to solution of the system of
differential equations. Results. In the paper features of the selection of theoretical basis and mathematical modeling of thermal
processes in the heat exchange unit for combination photoenergy system are presented. As a result of the simulation conducted
we improve and develop high-efficiency heat exchange unit with microchannels. Testing of the proposed unit proved its high
efficiency through the implementation of turbulent flow of coolant with heat transfer coefficient at 18 kW/(m’ K). Analytical
testing of the heat exchanger allowed showing that heat exchanger unit provides a stable operating temperature at less than 50 °C
with the coolant flow rate is less than 0.3 m/s. Originality. Novelty of the proposed heat exchanger is in the optimal design of
microchannels to improve the heat transfer coefficient. Practical value. The use of this heat exchanger will improve the quality
and uniformity of cooling solar panels and reduce energy costs for circulation of fluid. References 12, figures 4.

Key words: heat exchanger unit, coolant, solar panels, combined photoenergy system.

B pabome paccmampugaromcea ocobennocmu noooopa meopemuuecKux 0CHO8 U MAMeEMAmuiecKoe MoOeauposane menioeslx
npoyeccoé 6 mennooOMeHHOM O010Ke ONA KOMOUHUPOSAHHOU omoInepzemuueckon ycmanoseku. Ilo pezynomamam
MOOENUPOBAHUA  NPOBEOCHO CO6EPUIEHCINBOBANUE U  PA3PAOOMKA  GbICOKOIPPeKmuenozo menioo0OMennoz0 010Ka ¢
MUKpOKananamu. Anpoodayus npeonoiceHno20 010Ka noOmeepxcoaem ezo 6blCOKyI0 Idekmusnocms 3a cuem peanusayuu
mypoOynenmnozo pexcuma npomexanus menaonocumena. Hcnonvioeanue maxkozo menioodomeHHUKA NO360UMb NOGLICUND
Kauecmeo u pasHOMEPHOCHb 0XaMHCOEHUA COTIHEUHBIX Damapeil u yMeHb UMb 3ampPamyl IHEPZUU HA YUPKYIAUUIO HCUOKOCHU.
bu6n. 12, puc. 4.

Kniouesvie cnosa: Tenj000MeHHbIH 010K, TeIJIOHOCHTeNb, COJIHeYHasi OaTapesi, KOMOMHHUPOBaHHAas (OTO3HepreTHyecKas

YCTaHOBKA.

Introduction. Global energy market trends and the
associated increase in the consumption of natural energy
resources clearly show the need to find additional sources
of energy that could compensate for the lack of available
resources, and ideally — completely replace them. As the
experience of the USA, Japan, Germany, shows one of the
ways to solve this problem associated with the conversion
of solar energy into electricity using semiconductor
photovoltaic cells (solar cells — SC).

The most common type of SC is devices based on
the structure of mono- and polycrystalline silicon
thickness of 200 pum. The main problem of their
widespread use is the high price of electricity they
produce, due to high material and energy intensity of the
process of manufacture. To reduce the cost of SC
promising is the use of systems operating under
concentrated solar radiation. The use of mirrors allows
hundreds of times lower cost of SC. However, the use of
silicon SC based on traditional designs with concentrated
solar radiation reduces the efficiency of the order [1, 2].
At the same time, the use of silicon multijunction SC with
vertical diode cells with increasing intensity of solar
radiation demonstrates the increased efficiency [3, 4].

Developed earlier [5] photoenergy plant based on
silicon multijunction SCs with vertical diode cells or SC
based on gallium arsenide, which has a positioning and
control system, thus increasing the amount of light energy
that comes to the surface power plant has many
advantages. Such a photoenergy plant will produce not
only electricity but also heat water. But along with this,
there were severely difficulties in uniform cooling of

installed SC that are needed to specifically address [6-8].
The conventional notation [9, 10] is used in this article.

The goal of the work is mathematical modeling of
the main parameters of the heat exchange unit for
photoenergy plant based on general models of heat
transfer at forced circulation of fluid.

1. Investigation technique. In accordance with the
general standard requirements for photoenergy plants for
industrial equipment, the output voltage of the solar
battery (SB) must not exceed Uy, = 48 V; load current —
Iy = 10.4 A; electric power that SB transits to the load —
Py up to 500 W. Hence, at the Sgz = 100 cm’ specific
electrical power Py, can be calculated, which is given to
the load by 1 cm’® of such SB and which is equal to
5 W/cm®’. However, along with this, at the maximum
possible efficiency of SC, for example based on gallium
arsenide, at 30%, to provide the necessary parameters, to
the SB surface light with power density of at least
16.7 W/cm® has come. So the power of 11.7 W/em® is
excessive and will come to the SB and the heat exchanger
in the form of heat, which will lead to significant and
rapid overheating of SB.

The aperture area of the mirror system that
concentrates, S, ~ 2.4 m>. At the solar radiation power
P, = 1000 W/m* the energy coming to this area
O, = 2396 W. By selecting better material for the mirrors,
the proportion of energy supplied to the photodetector
plate after accounting reflectance of mirrors (r, = 0.95),
and the processes of reflection and absorption system
plate — glass, which takes into account absorptive capacity
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(rn) [9] we have Oy = r.Qs (r,) = 1761 W (this
corresponds to the effective concentration factor
K= 386). After conversion of the part of this energy into
electrical energy with efficiency 7 = 30%, giving
Oy = 528 W of electrical energy, into thermal energy
Og = Os(1-n) = 1233 W transfer.

To determine the coefficient of heat transfer at given
temperature of the coolant and the surface temperature
that flowed it is necessary to determine the temperature
gradient in the wall of the heat exchanger. Temperature
gradient can be determined by solving the equation of
energy, which in turn depends on the distribution of the
flow velocity in the considered flow region. In general
terms, solving the problem of convective heat transfer
fluid for fluid flow along the plane comes to solving the
following system of differential equations (1) [9]
ow,,

iai+%+7):0;
por Ox 0Oy
ow 2 2
6wx+wx v, y@wx M OTwye  OTwy la£+gx;
or ox pla?r @ p Ox
2 2 1

ow, y o owy [ Pwy, Pw ) 1gp D

W S 2 2 8ys
or Ox a4 ox dy p oy

H
Yol
or  or. or_ /1[52T+62 }

Such a system of equations in general defies analytic
solution, therefore special cases are considered.

1.1. Heat transfer at the motion of fluid in direct
smooth pipes. At moving liquids and gases in pipes and
channels there are laminar (Re;; < 2300), turbulent
(Repq = 10* and the transition from laminar to turbulent
(2300 < Re;, <10*) regimes of fluid flow.

Definitive the parameters for calculating the
Reynolds criterion: T = Ty = 0.5/(Ty, + Tyow) — the
average temperature of the fluid in the; R, = d;, — internal
pipe diameter; wy, = G/(p:f) — average by the pipe section
velocity of the fluid movement.

1.1.1. Heat transfer in laminar fluid flow regime
in pipes (Re < 2300). Heat pipes at a stabilized flow and
stabilized heat transfer can be calculated at T, = const and
q,, = const by the approximate formula [9]:

N, =4s;, )
where the amendment ¢, is calculated by the formula
Prﬂ 0.25
E, =
t Pr, . 3)

In laminar regime of the movement in the direct
smooth pipes and presence of sections of hydrodynamic
and thermal stabilization for a more accurate
approximation of the experimental data there are two
subregimes: laminar viscous and laminar viscous-
gravitational. Laminar viscous flow regime occurs when
Rayleigh numbers Rz < 8:10° and laminar viscous-
gravitational mode when Ra > 8:10°.

Heat transfer at the laminar viscous flow regime in
pipes (Re < 2300; Ra < 8-10°). Average by the internal

surface of the pipe of length / heat transfer coefficient is
calculated by the formula obtained at //(Re-d) < 0.05 and
0.07 <,/ 1y <1500 [5]:

Nu=1.55(Re-dyy 1) (s 1, P15 @)

The value ¢ of amendment taking into account the

impact on heat transfer of hydrodynamic flow
stabilization in the initial section of heat:
— at:
_1
! <0.1—e3,:0.6L 1+2.5—— ! , (5)
Re-d Re-d ( e-d))
— at:

[/(Re-d)<0.1—g; ~1. (6)

Heat transfer at the laminar viscous-gravitational

fluid medium mode in pipes (Re < 2300; Ra < 8:10°).

Average heat transfer coefficient at the laminar viscous-

gravitational medium mode can be calculated by the
M.A. Mikheyev criterion equation [10]:

Nu=0.15-Re)3} - P33 (Gry g - Prp g2 (7)

Correction factor g taking into account the impact
on heat transfer of the process of hydrodynamic flow
stabilization in the initial section of heat transfer equal to:

— at I/d < 50 values of & are founded by experimental
data [6];
—atl/d>50-g=1.

1.1.2. Heat transfer at the turbulent fluid
movement mode in pipes (Re > 10%). Average heat
transfer coefficient at the turbulent fluid flow in direct
smooth pipes is calculated by the M.A. Mikheyev
formula [10]:

Nus g =0.021-RelfSy -Pri® e, 50, (8)

Correction factor g taking into account the impact
on heat transfer of the process of hydrodynamic flow
stabilization in the initial section of heat transfer equal to:

— atl/d <50-g ~ 1+2d/1;
— atl/d>50-g=1.

Values of & depending on the Reynolds criterion are
presented in [9].

1.1.3. Heat transfer at the transition fluid flow
regime in pipes (2300 < Re < 10%). The transitional flow
regime is characterized by mixing laminar and turbulent
flows. In this case, the heat transfer coefficient can be
calculated by the formula [10]:

Nuf’d ZKO'PV})"43'8t'€1, (9)

where the complex K, depends on the Reynolds number
[10], and the amendment & is calculated like at turbulent
mode of the fluid flow.

1.2. Heat transfer at the motion of fluid in the
channels of arbitrary cross-section. All of the above
criterion formula for calculating heat transfer in
circular pipe have been used for the calculation of heat
transfer during the flow of liquids and gases in
channels of other (non-circular) cross-sectional shapes
(rectangular, triangular, ring, etc.), the longitudinal
washing of pipes beams entered to the channel of
arbitrary cross-section, and at the fluid flow that does
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not fill the entire cross-section of the channel. Here, as
the characteristic size equivalent or hydraulic diameter
of the channel should be used:

Ry=dy,=d.=4f/P, (10)
where f is the area of the flow cross-section, m?;
P is the wetted perimeter of the channel, m.

1.3. Heat transfer at the turbulent motion of fluid
in the curved pipes. At the movement of liquid in curved
pipes (laps, coil) there is its additional turbulence and,
consequently, increasing the heat transfer coefficient [11].
To calculate the heat transfer in the curved pipes it is
necessary to multiply the Nusselt number the on
correction factor:

Eg =1+1.8-d;,/ Ry, (11)

where d,, is the internal pipe diameter, and R, is the bend
radius.

2. Results of investigation and their discussion. As
shown earlier [5] to reach acceptable temperatures of SB
the intensity of the heat transfer should be increased. You
can use either increase of the area of heat transfer through
the use of radiator, or try to use turbulent flow of coolant
to increase the heat transfer coefficient [12].

Based on the proposed theoretical study, two options
for designs that are shown schematically in Fig. 1 are
considered. The design shown in Fig. 1,a has a large area
of the heat exchanger, and the design shown in Fig. 1,0
has a large coefficient of heat transfer at the heat
exchanger area close to the area of the heat receiving
plate.

Fig. 1. Schematic representation of the designs of the cooling
block with plate radiator (a) and ram with a small gap width
between the plates (b): 1 — cover of the cooling block, 2 — the
cooling block housing, 3 — radiator plates, 4 — tube for feeding
coolant 5 — tube for cooling output

To calculate the heat exchange unit with a radiator
with a large area of heat exchange surface (Fig. 1,a), and
industrial copper radiator used to cool the elements of
computer circuits was chosen as a model. It has the
following dimensions: 91x91x25 mm, 56 plates, the
distance between them is 1 mm, i.e. there are 55 channels
for water leaking of the cross section 1x20 mm (including
the thickness of the upper plate of 5 mm), but at the
central water supply there are efficiently 110 channels. At
coolant (water) consumption in the first closed loop of
10 /min (0.016 kg/s) the flow velocity (w) in gaps
between the plates is 0.0682 m/s. At an average
temperature of cooling water ~ 50°C kinematic viscosity
of water v = 0,556 10° m?s. Taking into account the
effective diameter d, = 1,9:-10° we obtain Reynolds
number Re = wd,/v = 234, corresponding to laminar flow.
Calculating the Grashof (495) and Rayleigh (1752)
numbers we determine that in the selected radiator with
indicated coolant consumption the laminar viscous flow
regime takes place. Calculation of heat transfer coefficient
between the coolant and radiator plates gives
Nu = 1.838 W/(m*K), which is insufficient for effective
heat dissipation, and such a heat exchanger cannot be
used in the photoenergy unit.

To calculate the heat exchange unit with radiator
with a large heat transfer coefficient (Fig. 1,b) it was
proposed the following dimensions of the section of the
water strait 1x80 mm with length of 60 mm. At such
sizes and water consumption as above the flow velocity
in gaps between the plates is 1.875 m/s. Taking into
account the effective diameter d, = 1,98-10° m we
obtain the Reynolds number Re = wd./v = 6661,
corresponding to the transition mode of the flow
leakage. Calculation of heat transfer coefficient
between the coolant and the upper plate of the radiator
provides Nu = 13931 W/(m*-K). Reducing the distance
between the plates to critical, in terms of viscosity,
0.5 mm permits to increase the flow velocity to
2.92 m/s, but with less fluid consumptopn, since
hydrodynamic resistance increases and the pump can
provide consumption of 7 I/min that conserves the flow
in transient mode. Here Nu = 18483 W/(m*K).

Based on performed calculations, the basic design of
the flat heat exchanger has been improved with the
introduction to it of microchannels to increase the
coefficient of heat transfer. Block of the heat exchanger is
designed as a complete unit. Fig. 2 shows the design of
the radiator, which is a skirt design. In this design
collecting planes with tubes which feed (outlet) coolant,
and ribs that form microchannels for coolant provided are
provided. The bottom of the radiator is the basis for fixing
SB, thus decreasing the thermal resistance «surface —
coolanty.

Taking into account the presented design and
theoretical investigations the mathematical modeling of
such a heat exchanger operation at different fluid
velocities was conducted. The main criteria for analysis
were uniform cooling surface and its temperature at the
supply of the above mentioned amount of heat. The
corresponding heat pattern is shown in Fig. 3.
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e
Fig. 3. Thermal patterns of the heat exchanger at following
modeling conditions: a — w = 0.1 m/s, maximal surface
temperature 7,,,, = 63.25 °C; b—w= 0.2 m/s, T, = 48.27 °C;
c—-w=03m/s, T, =43.38°C;d—w=0.5m/s,
Tar =39.18 °C; e —w= 1.0 m/s, T, = 35.72 °C

Fig. 2. Pictures of a flat heat exchanger: general (@) cross-
section in microchannels (b) and from the heat transfer plane (c)
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Analysis of the thermal patterns leads to the
conclusion that even when the fluid flow velocity of 0.3
m/s for the proposed design of the heat exchanger
sufficient cooling surface uniformity is reached (Fig. 3,c¢).
Here, the maximum temperature does not exceed 43.5 °C,
that is enough for SB effective operation without reducing
efficiency. At the same time, reduce of the speed of fluid
leads to loss of uniformity of cooling and to significant
increase in the surface temperature to more than 60 °C
that is unacceptable.

It should also be noted that the required heat
exchange parameters are achieved at the speed of 0.3 m/s,
which is much less than 2.92 m/s, which were obtained
for the classic flat heat exchanger. Here, further increase
in the speed of the fluid does not substantially improve
uniformity and reduce the temperature, but will require
additional energy losses to create flow.

Reducing the effective fluid flow compared with the
classic flat heat exchanger indicates higher efficiency of
heat transfer. This is possible only during the transition
from the transitional regime of fluid flow in a classic flat
heat exchanger to the turbulent regime in the proposed
design.

To confirm the mode change of fluid flow
mathematical modeling of fluid flow in the channels of
the heat exchanger was conducted, the pictures are shown
in Fig. 4.

The analysis of fluid flow confirmed the movement
in turbulent regime, which allows maximum heat transfer
coefficient and consequently achieves uniformity of
cooling and low temperature at minimum energy
consumption to create the fluid flow.

Conclusions.

1. The theoretical calculations and modeling of heat
transfer processes in converting solar energy in the
manufactured heat exchange unit of the photoenergy plant
are conducted, which showed that the most efficient is a
plate heat exchanger equipped with the implementation in
it of turbulent fluid flow, which achieves heat transfer
coefficient of about 18 kW/(m*K).

2. Based on calculations an improved heat exchange
unit with microchannels is developed and requirements
correction to specifications of the photoenergy plant
based on it is carried out.

3. Analytical verification of the heat exchanger
permitted to determine that at selected parameters of the
photoenergy plant, the heat exchanger unit provides stable
operating temperature less 50 °C with the coolant flow
velocity less than 0.3 m/s. The indicated temperature is
optimal for solar battery operation at minimum energy
consumption to create liquid flow.

b

Fig. 4. Images of fluid flow modeling pictures
in the heat exchanger as a whole (@) and in its microchannels (b)
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D.G. Koliushko, S.S. Rudenko

A COMPUTER PROGRAM FOR INTERPRETATION OF THE DATA OF VERTICAL
ELECTRICAL SOUNDING VEZ-4A

Purpose. Creating a computer program for interpreting the results of vertical sounding the soil in the form of multilayer model
most typical for Ukraine. Methodology. The algorithm of the program is constructed on determination the soil structure with the
help of the method of point source current, method of analogy and method of equivalent. The option of automatic interpretation
based on Hook-Jeeves method. The program is implemented in the programming language Delphi. Results. The computer
program «VEZ-4A» has a possibility of the interactive and automatic interpretation sounding results in the multi-layered
geoelectrical model. Originality. In first time the computer program for analyzing and interpreting results of the soil sounding by
Wenner configuration was created on the base of the analytical solution for field of current point source located in four-, three-
or two-layer structure . In paper the review is presented and basic functions of our program are analyzed. Practical value. The
program «VEZ-4A» is created and adapted for use in the electromagnetic diagnostics of grounding of existing power plants and
substations. References 7, tables 1, figures 3.

Key words: vertical electrical sounding, grounding, soil, Wenner installation.

B pabome o0vin npeonodcen anzopumm padomel npPozpammuvl OAA  UHMEPRPEMAUUU  Pe3yabmamos 8ePMUKAILHOZO0
INEKMPUYECKO20 30HOUPOGAHUU ZPYHMA 6 PAMKAX OUAHOCHIUKU COCHIOAHUA 3a3emaaoujux ycmpoiicme. Mamemamuyueckuil
annapam 014 peanu3auyuu Aa2opumma NOCMpoeH HA 6aze Memooo8 MOUeUHO20 UCIMOYHUKA MOKA, HAUMEHBUUX K6aOpamoe,
Xyka-/cusca u Ixeusanenmuposanus. llpusedeno onucanue u ocHoenvie Qynkyuu paspadomannoil npozpammel. bubn. 7,

tabn. 1, puc. 3.

Kniouesvie cnosa: BepTUKaIBHOE dJIEKTPHYECKOe 30HAMPOBaHMeE, 3a3eM/IeHHe, TPYHT, ycTaHOBKa BeHHepa.

Introduction. One of the main objectives of the first
phase of the electromagnetic diagnostics of grounding device
[1, 2] of electrical voltages of different classes is vertical
electric sounding (VES) of soil. The quality of the
interpretation of results of VES and definition of the soil
structure greatly affect the accuracy of the calculation of
normalized electrical parameters: resistance of the grounding
device, touch voltage and voltage on the grounding device.

Currently a number of specialized software for 1D,
2D and 3D interpretation of VES are known. The basis
for the method of their construction is Dar Zarruk [3]
method or analytical method based on optical analogy to
solve the problem of the electric field of a point power
source located on the surface of the geoelectric structure.
Here, this source of constant, stationary or quasistationary
current is considered [4, 5]. However, mathematical tools
and specialized programs that define the structure of
multilayer soil based on VES data, serve to resolve
narrow-geological problems and is not adapted for use in
the diagnosis of grounding systems and the use of existing
universal pallets and method modules are expensive and
ambiguous [ 6]. In the frame of the electromagnetic
diagnosis of grounding devices state programs are used to
interpret the VES as two- and three-layer geoelectric
structures, such as «VEZ-2Auto» and «VEZ-3», which do
not allow to cover all existing in Ukraine soils.

The statistical distribution of soils according to the
number of layers in the locations of power Ukraine shows
that the vast majority of soils have a three-layer structure
— 72.7%, about 17% is four-layer and only 8.3% — two-
layer [2]. Thus, development of the software to interpret
the results of the VES with number of layers at least four
will cover 98% of soils in Ukraine in the placements of
power objects.

The goal of the work is development of a software
for interpreting the results of the vertical electrical
sounding of the four-layer soil.

Materials of investigations. The most common for
VES is the Wenner installation, which is a four-electrode
symmetrical system (Fig. 1). Interelectrode distance is
equal between all neighboring electrodes also affects the

size L. Probing depth is half the distance between the
current electrodes AB or 1.5-L [3]. Thus, increasing the
interelectrode distance increases the depth of sensing by
the installation.

Fig. 1. Soil sounding by using the Wenner installation

The result of measurement is the dependence of
imaginary specific electrical resistance (SER) p, on the
interelectrode distance, determined by the known
expression [4, 7]

py = 21 YVES , (1)
lygs
where L is the distance between electrodes; Ujgs is the
voltage measured during VES; [ygg is the current
measured during VES.

For the interpretation as the basis of program the
embedded expressions for imaginary SER p, is used as a
function of the value L in multilayer medium with plane-
parallel outside the division during VES by using the
Wenner installation:

— at the two-layer structure [7]:

- L L
py=p1i1+4Y K" ,(2)

n=l JI2+@nn)? ar? + (2nn)
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where 7 is the depth of the layer division in the two-layer
model and the common measure in the three-layer model;
K> 1= (p;— p)/( po + p1) is the heterogeneity rate; n is the
number of the member of the series; L is the distance
between nearest electrodes;

— at the three-layer structure:

L L
(nh)P 412 +(2nh)?

where g, is the coefficient of expansion of the integrand
function [4].

Formulas (2) and (3) are obtained by using the
expression for the electric field potential of the point
source current in multilayer environment [4], at the
placement of it and the observation point on the ground
surface. In this case, (3) was obtained using the method of
undetermined coefficients.

In the frame of improving the method of
electromagnetic diagnosis of the grounding device based
on the analytical solution of the problem of the electric
field of a point power source located on the surface of the
four-layer conducting half-space with plane-parallel
boundaries of division, the authors have developed
mathematical apparatus [5] for the interpretation of results
of sounding and equivalentiation [2] of multilayer
structures in the computational models.

To enable the software development, the authors
used the earlier solution [5] of the stated the problem,
provided the location of the observation point on the
surface of the four-layer soil. In that case, the imaginary
SER will look like:

Py =P l+4ZQn \/ 5 ’(3)
L+

lu

py=p1+p12 4K i Z —

K,L
J42? +(2h; +2nf
where Kj.,; is the heterogeneity rate determined as
:M; K, is the factors obtained as a resilt
Piritp;

of the expansion of the function characterizing the
multilayer medium; # is the number of the member of the
series; k,, is the total number of the members of the series.
A function characterizing the multilayer medium has

a form [5]:

s

K,

, |
Fy(2)= 70 (5)

where F; (1) is determined as follows:

FZ (ﬂ,): 1—K2’1€721h —24n +

' Kspe M Ky s
+ K2’1K3’2€_2}“(h2 _hl) + K2’1K4’3€72/1(h3 7h]) +

+ K3,2K4,3€_2/1(h3_h2) - K2,1K3,2K4,3€_2/1(h3_h2_hl)~

The value of K, from the expression (4) is founded
at the solution by the method of least squares of the
system of equations, developed for the function
approximation characterizing the multilayer medium (5),
by the method given in [5], taking into account the
number of layers of soil and /,=2-n.

o |
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Fig. 2. A working window of the software for multi-layer soils interpretation « VEZ-4A»

Based on expressions (1) — (4) and using the method
of least squares for the approximation of the function that

characterizes the multilayer soil, in the software
environment Delphi developed has developed a program
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for interpreting the results of VES as four-layer
geoelectric structure « VEZ-4A», which interface is shown
in Fig. 2.

The developed program permits to perform both
interactive and automatic interpretation of VES results.

When approximating functions characterizing
multilayer medium we should consider the change of the
interval of the dimensionless parameter A€[0; oo]. The
required number of members of series k,, is determined
by the relative error of approximation D,, of the output
function (5), recommend value of it (see Fig. 2) is not
more than 1%. Here, F; (1) =1 at A—>o.

The feature of the program is that in addition to the
standard algorithm also contains the following blocks (see
Fig. 3):

— automatic interpretation block in the form of a two-
layer model Block 1;

— interactive interpretation block in the form of a two-
layer model Block 2;

— interactive interpretation block in a three-layer
model Block 3;

— interactive interpretation block as a four-layer model

Block 4.
/V Begin )

Input of
experimental
data
Py, L

v
\ [ [ \

Block 1 1 Block 2 3 Block 3 1 Block 4 3

Input of
calculation data

Pimaxs Pzmaxs

Input of
calculation
dataps, p2, p3, hy,
ha, Ny, Ny

i !

Pattern search Determined Determined
by Hooke- function function
Jeeves method py=f(ps, p2, h1) =f(ps, p2p3, hs, h)
71 by (2) by (3)

Output of Determined
calculation function p,=f(ps, p2,
parameters P3, Pa, hy, h, hs)
P, P2, i, & by (4)

I
|
Determined the

sample standard
deviation

Input of
calculation data
P1 P2 P3 Par Py,

ha, hs, Np, Ng

Input of
calculation data
P, P2, iy, Ny, Ny

Nimax, P1miny Pamins
1mins Po

Approximation
function of
multilayer

structure (5) by

Least Squares [5]

\
v

Plotting the
curve of
sounding

\
[}

Save project

( End

Fig. 3. An algorithm of the software operation

The standard blocks include the following:
— Input of experimental data p,, L;
— Determined the sample standard deviation;
— Plotting the curve of sounding;
— Save project.

Methods and expressions for the block of
equivalentiation (not specified in the algorithm) that were
used in the program are given in [2].

Start of calculation and graphical display of VES
takes place when selecting the appropriate models (Block
1 — Block 4).

By varying parameters of the models — SER of
layers and their thicknesses — the largest compliance of
the VES curve with experiment is reached. Here, the
control of compliance is carried out in two ways:

1) by visual comparison of experimental points and
calculated VES curve on the graph;

2) by analysis of the value of the standard medium
deviation 4 (its lowest value corresponds to the maximum
precision).

Change the settings of models is also possible in two
ways:

1) direct input of the parameter value to the field;

2) to change by the step by step method using the the
component of Delphi «UpDowny.

Step of the specified component is floating and
depends on the absolute value of the parameter.

For automatic interpretation of the results of VES in
the block «Automatic calculation of two-layer model» in
the «Calculation options» we have to set limiting
parameters of the search (at the beginning they are
automatically set according to the minimum and
maximum values of the experimental VES curve, in the
future they can be changed by the user), the probability of
errors p, (default value 0.05) and reliability of the
calculation 4 (default value 99%). It should be noted that
with decreasing p, and increasing A the calculation time
will increase.

Start of the procedure occurs when you click
«Calculation» button or «Space» on the keyboard, and
graphical display of the VES curve — when selecting the
corresponding component «CheckBox» for each model of
soil.

In the block «Resultsy the software displays
obtained values of model parameters calculation (p;, p,
and /), and maximum deviation of calculation results
from the experimental data J and the reliability of the
model y (accepted values of these parameters are selected
under the terms of the problem solved, recommended
values are 0 < 10 % and y < 95 %). If you obtained too
much value of 0 or low y, then the options to improve the
accuracy of calculation are:

— to increase limiting values of the search parameters
in the section «Calculation optionsy;

— reducing the probability of error p, and (or) to
increase the reliability of the calculation 4;

— to delete clearly erroneous error point from the block
«Initial datay» if it does not meet the trends of placement
of the experimental VES curve.

Conclusions.

1. The authors developed the algorithm of the software
operation the feature of it is the possibility of interpreting
the VES results interactively or automatically as two-,
three- and four-layer soil.

2. The program is implemented for interpretation of the
VES results based on a mathematical model to determine
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the potential of the electric field of a point current source
located in a four-layer half-space.

3. The developed program «VEZ-4A» can cover about
98% of soils in the locations of energy facilities in
Ukraine.

The program for interpreting the results of the VES
has been successfully wused in the conducting
electromagnetic diagnosis of grounding systems state for
10 substation of the voltage class of 150 kV,
20 substations of the voltage class 110 kV and substation
BPII-750 kV of the Rivne NPP in 2015-2016.
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NETWORK-CENTRIC TECHNOLOGIES FOR CONTROL OF THREE-PHASE
NETWORK OPERATION MODES

Purpose. The development of the control system for three-phase network is based on intelligent technologies of network-centric
control of heterogeneous objects. The introduction of unmanned aerial vehicles for monitoring of three-phase network increases
the efficiency of management. Methodology. The case of decomposition of the instantaneous capacities of the fixed and variable
components for 3-wire system. The features of power balance for the different modes of its functioning. It should be noted that
symmetric sinusoidal mode is balanced and good, but really unbalanced, if the standard reactive power is not zero. To solve the
problem of compensation is sufficient knowledge of the total value of the inactive components of full power (value of the inactive
power) without detail. The creation of a methodology of measurement and assessment will require knowledge of the magnitudes
of each inactive component separately, which leads to the development of a unified approach to the measurement and
compensation of inactive components of full power and the development of a generalized theory of power. Results. Procedure for
the compensation of the current of zero sequence excludes from circuit the source, as the active component of instantaneous
power of zero sequence, and a vector due to a current of zero sequence. This procedure is performed without time delay as it does
not require integration. Only a 3—wire system with symmetrical voltage eliminates pulsations and symmetrization of the
equivalent conductances of the phases of the task. Under asymmetric voltage, the power is different, its analysis requires the
creation of a vector mathematical model of the energy processes of asymmetrical modes of 3—phase systems. Originality. The
proposed method extends the basis of the vector method for any zero sequence voltages and shows that the various theories of
instantaneous power three wired scheme due to the choice of a basis in a two-dimensional subspace. Practical value. The
algorithm and software implementation for the decomposition of the zero sequence current, which allocated the procedure of
obtaining null-balanced vectors of phase and interfacial voltage, calculation of active and inactive instantaneous power is zero
balanced mode. The simulation results obtained in the software package Matlab by the method of visual programming in
Simulink. References 9, figures 5.

Key words: network-centric control, unmanned aerial vehicle, losses, quality, monitoring, instantaneous power.

Humezpayua uHmMeN1eKMyanbHolX U CeMeyeHmpUuueckux mexHoN02Uuil 6 Npoyecc YnpaeieHus pedcumMamu padoomol
mpexgaznoii cemu obecneuuearom OnEPAMUEHOCb KOMREHCAUUU HeIUHEeNHOCmell 6 cucmeme 34 cuem OpPMOZOHAIbHOZO0
DPAa3noxceHusa MoKa U UCNOJIb308AHUA MEMO0A DA3UCHBIX PYHKYUIL 014 MUHUMU3ayuu nomeps. bubn. 9, puc. 5.

Kniouesbie crosa: ceTelieHTpHYeCKOe yNpaBjeHHe, OeCIMJIOTHBIN JeTaTeJbHbIH annapar, HoTepH, KauecTBO, MOHHTOPHHT,
MTHOBEHHAsl MOIHOCTb.

Introduction and problem definition. System
processes of intellectualization of Ukrainian electric
power system are based on the introduction of Smart Grid
technologies. The value of this technological
transformation is to redistribute the demand for electric
power at the moments of maximum load, to reduce
additional investments in the reorganization of the power
system in order to increase its productivity [1]. Multilevel
development of the control system of the operation modes
of a three-phase network implies the use of the principle
of network-centricity — the control of heterogeneous
objects of the energy system infrastructure in a single
information and communication management space due
to the formation and maintenance of a single integrated
contextual information environment for all tiers [2].

The concept of network-centric control of the modes
of operation of a three-phase network implies the
formation and maintenance in the actual state of a single
image of the real state in the most understandable and
simple form for the whole system. One of the ways to
achieve these management objectives is to introduce into
the system of operational maintenance of the power
system [1], in addition to the distributed subsystem of
digital measuring modules, a group of unmanned aerial
vehicles (UAV) for monitoring the state of a three-phase
network [3]. Multi-agent technologies for the collection
and transmission of information using UAVs ensure the
continuity of acquisition and the relevance of the
contextual information image of the three-phase network.

Reactivity, asymmetry and nonlinearity of load in a
three-phase system lead to the presence of inactive
components of the total power and causes not only
additional losses of electricity, but also causes the
appearance of pulsations of instantaneous power (IP) —
the energy non-equilibrium of the system. This causes a
decrease in the efficiency, it contributes to the occurrence
of dangerous resonance phenomena during the operation
of the equipment.

Analysis of recent investigations and
publications. The efficiency of the use of electric energy
is determined mainly by the creation of such conditions
for its consumption, under which the required quality of
electric energy supply is provided with minimal losses
[4, 5]. The quality of electricity supply can significantly
affect the power consumption, reliability of the power
supply system [6]. Exceed of the quality indicators of
electric energy above the permissible leads to a reduction
in the service life of the equipment, a decrease in its
efficiency and a violation of the technological process.
Minimization of losses in the 3-phase system is
significantly associated with the possibility of reducing
additional losses that are caused by consumption nodes
with asymmetric and non-linear loads [7].

The goal of investigations is the development of
methods for compensating the inactive component of
instantaneous power in the presence of an asymmetric
load under conditions of network-centric control of the
operating modes of a three-phase network.
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Main materials of investigations. A 3-wire circuit
is a special case of the 4-wire circuit. The introduced
definitions of unbalanced (balanced, really balanced) and
unbalanced (balanced) modes remain valid for the 3-wire
scheme. However, IP of 0-balanced processes are used to
classify modes.

In a 3-wire circuit:

— the active instantaneous power is fully determined
by 0-balanced current and voltage processes

PO =p(0) =i,
— the vector IP coincides with its 0-component
q(t) = qo (1) = q9(D)eg
and is fully determined by gy =qo(t)=ixul e
algebraic projection of the vector IP onto the unit vector
eo which we call a scalar inactive IP.
The decomposition of instantaneous powers into
constant and variable components for:

— active IP:
+T

_ 1 -~
p=r [p@ds pO=p+p@, )
T
where 7> 0 is the arbitrary number;
— inactive (scalar) IP:
+T

D=7 Jaowds GoO=00-70. @

classify processes in a 3-wire circuit.

If active IP has no variable (pulsed) component
Di(#)=0, then mode is balanced. In the general caseB
p=pt)-p#0

obmem ciy4ae and the mode is

unbalanced.
As q(t) =qo(t) = g (¢)eg , then the mode:

— at which inactive IP has no variable component
do =qo(®) =0 is balanced,

— at which the inactive IP is identically equal to zero
qo(t) =0 is really balanced.

Note that the symmetric sinusoidal mode is balanced
and balanced, but it is really unbalanced if the standard
reactive power is not zero.

Decomposition of current in a 4-wire network with
the isolation of zero sequence (ZS). For a 4-wire circuit,
the decomposition of the current i=iy+i, is valid The basis
curves w(f), wy(t) of processes in 3-wire circuit which are
used for the decomposition of the current components, are
complemented by the unit vector of the ZS.

The voltage vector u (measured with respect to an
arbitrary reference point) defines two orthogonal
0-balanced vectors:

— the vector of phase voltages (using a projector
matrix u) = Dyxu ) and
— the vector of phase-to-phase voltages (using a skew-
symmetric matrix uy = K° x u).
At each moment of time, the triple of vectors: wy(?),

wy(f), ey forms an orthonormal basis of the space SO,
since the following orthonormality condition is valid:

L]
w ° ° °
W1 W Wy wy Wy €

W2 0 ° .
x[wiwy [eg]=| whw, wiwy waey | =

1 00
01 0[.03
_. eqwy egwy €€ 0 01
€0
The orthogonal current decomposition is valid:
l(t) = ilwl + i2W2 + ioWO = (i'Wl)Wl + (i.Wz)Wz + io (t)e‘o 9(4)
i iy i i
because i=i+ip, and ipu; gy, then for the
decomposition (4) coefficients is valid the following:
.0
w i ou
iy =i wy = i) o = b= P (%)
e o

u i (mxe
i =i" Wy :(l'!+i()).><—H:—! ( |'u| 0):
e ©

_eplyxuy)®

I

l.()(l‘)zl" € . (7)
Therefore, the decomposition (4) is obtained from
the decomposition for the 3-wire circuit

ﬂ@m+@Qw, ()

uy Uy

iO Zil +i2=

by additional term (7) . This gives decomposition of the
current for a 4-wire circuit (Fig. 1) in vector-matrix form:

p(0)/uy
i(t)=i1+i2 +i0 :[W! W eo]x qo(t)/ll! ,
: ©
(1)
u # 0.
Decomposition is valid at any voltage uy(f) of
0-sequence.
u
U,
U=uy+u
Fig. 1. Current and voltage decomposition in the 4-wire system
(uol]eo)

As po=ugiy, then compensation of current of
0-sequence always compensate power of 0-sequence
(i0=0 = py=0). The converse is not true. In addition, the
part of the vector IP is also compensated.

The proposed basis method expands the vector
method [8, 9] for any ZS voltage u(f) and shows that the
different theories of the IP of the 3-wire circuit are due to

the choice of basis in the 2-dimensional subspace L!z .

Features of compensation by the method of basis
functions. Before the compensation, the current in the
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load network is equal to the current of the source
is(H)=i;(H)=i(t) and can contain the 0-sequence current
regardless of the presence (u( # 0) or the absence (1y = 0)
of the voltage displacement.

Compensation of the current of the 0-sequence i
excludes from the source circuit:

— the active IP of the 0-sequence (both its constant and
the variable components at any 0-sequence voltage);
— the vector IP component due to the ZS.

Moreover, this procedure is performed without delay
in time, since it does not require integration. Integration
and compensation of the 0-balanced current component i,
(collinear phase-to-phase voltage) which determines the
inactive IP, due to O0-balanced current and voltage
processes, does not require integration. Compensation of
currents iy(¢) and i(¢) is equivalent to compensation of the
vector IP and 0-component of active power (if uy # 0) and
is carried out without delay in time. Compensation of
active current:

7 o 20

w = (p (- R) = (10)

! u
is associated with the pulsating component of the active
IP and will require integration. In addition, the expansion
coefficients determine the connection of the current
vector in the aff coordinates of the orthonormal basis in
the 2-dimensional subspace and instantaneous powers and
can be found without intermediate calculations directly
using the measured instantaneous currents i(f) and
instantaneous stress values u(f).

Algorithm and implementation of the current
decomposition program

i) = J410) w0+ q90(®)
w@) @)
ss determined by the following procedures:

— calculation of 0-balanced vector of phase and phase-
to-phase voltage:

w(t)=Dyu(t), uy(t)=K" u(®);

— calculation of active IP and
0-balanced mode:

p!(l) Zi. uy Zi. D! u,

an

w) (1) +ig(H)eg

(12)

inactive IP of

(13)
(14

By the Simulink visual programming method the
program in the Matlab package is implements. The
Matlab package constructs a block diagram of the
program using a palette of mathematical model
components of various specified electrical power devices.
The developed program also implements the current
decomposition (15), the first component of which
provides power supply with constant power:

qo(t)=i* u =i"K°u.

P pi(t t
iZ—W!+p!—()W!+qO—()W!+i0(l)€0. (15)
2] 2] 2]
compensated current
— The simulation results (Fig. 2-5) represent

qualitatively the energy processes in the 4-wire circuit of
power supply, in particular, confirm (Fig. 2) the
theoretically known behavior of the active and inactive
current of pg-theory in the sine-wave mode with

symmetrical voltage: the active current realizing the
active IP and the reactive current realizing the vector IP
(second and third pallets from above) contain a harmonic
of the 3-order.

Bl Pasnoxenme Toka = | B |

SHPLL ABE PAF o

Fig. 2. Oscillograms of total current decomposition onto

components
-rn KemnonenTs sextoproi MM =REN X
8B LLL AE 8% &
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[T |

g
Fig 3. Oscillograms of vector and scalar [P decomposition onto

components
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The active current which realizes the integral active

power:
P

i =u![—2J, (16)
U

(Fig. 5, bottom pallet) and provides a mode of
consumption with current in the source circuit at which:

— current is O-balanced iy(/)=0 < ¢'()=0 (middle
pallet in Fig. 5);

— the mode is really balanced ¢(¢)=0 (top pallet in
Fig. 5);

— the mode is balanced py(¢)=p, =F (bottom pallet
in Fig. 5).

Conclusions. Network-centric technologies for
controlling the operating modes of a three-phase network
using multi-agent methods for collecting and transmitting
information using UAVs ensure the continuity of
acquisition and the relevance of the contextual
information image of the state of the power system.

The case of the decomposition of instantaneous
powers into a constant and a variable component for a 3-
wire system is considered. The peculiarities of the power
balance for different modes of its functioning are singled
out. It should be noted that the symmetric sinusoidal
mode is balanced, but it is really unbalanced if the
standard reactive power is not zero.

The zero sequence current compensation procedure
excludes from the source circuit both the active
component of the instantaneous power of the zero
sequence and the vector component caused by the zero
sequence current. This procedure is performed without
delay in time, since it does not require integration.

To solve the compensation problem, it is enough to
know the total value of the inactive components of the
total power (the value of inactive power) without its
detailed elaboration. The creation of a measurement and
accounting methodology will require knowledge of the
values of each inactive component separately, which
necessitates the development of a unified approach to
measuring and compensating inactive components of full
power and developing a generalized theory of power.
Only in a 3-wire system with symmetrical voltage, the
elimination of pulsations and the symmetrization of phase
conductivities are equivalent problems (the power of
pulsations and the power of asymmetry of phase
conductivities are equal). With unbalanced voltage these
powers are different, their analysis for electrical systems
requires the creation of a vector mathematical model of
the energy processes of asymmetric regimes of 3-phase
systems.

Unbalanced loads, which, in addition to additional
losses, lead to asymmetry in the voltage and pulsation of
the energy flow, cause much greater harm to the power
supply than the symmetry of the reactive phase
conductivities (reactive power).
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