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M.I. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 36: NOBEL PRIZE LAUREATES IN PHYSICS FOR 1995-1999

Purpose. Implementation of brief analytical review of the distinguished scientific achievements of the world scientists-physicists,
awarded the Nobel Prize in physics for period 1995-1999. 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 the Nobel bonuses on physics for period 1995-1999. Originality.
Systematization is executed with exposition in the short concentrated form of the known scientific and technical materials,
devoted opening of tau-lepton, experimental discovery of electronic neutrino, opening of superfluidity of liquid helium-3, creation
of methods of cooling and «capture» of atoms by a laser ray, opening of new form of quantum liquid with excitations of fractional
electric charge and clearing up of quantum structure of electroweak interactions of elementary particles scientists-physicists.
Practical value. Popularization and deepening of scientific and technical knowledges for students, engineer and technical
specialists and research workers in area of modern theoretical and experimental physics, extending their scientific range of
interests and further development of scientific and technical progress in human society. References 25, figures 13.

Key words: modern physics, achievements, tau-lepton, electronic neutrino, superfluidity of liquid helium-3, cooling and
«capture» of atoms, quantum liquid with excitations of fractional electric charge, quantum structure of electroweak
interactions of elementary particles, review.

Ilpueeoen Kpamkuil ananumuveckuii 0030p GblOAIOWAUXCA HAYUHBIX OOCMUNCEHUIL YUeHbIX mupa, ommeuennvix Hobenesckoi
npemueit no ¢usuxe 3a nepuoo 1995-1999 ce. B uucno maxux O00CMUMCEHUII GOWLIU OMKDPbIMUE MAy-1eNMOHd,
IKCREpUMEHMAnbHOe O0OHapyiceHue INeKMPOHHO20 HeUmpPUHO, OMKPbIMUE CEEPXMEKYUeCmU MHCUOK020 2enus-3, co30aHue
MEmMo008 OXNANHCOEHUA U «NJIEHEHUA) AMOMOE C HOMOWIbIO N1A3ePHO20 CGenmd, OMKpbimue HO60U (opmbl KEaHMO80ll
HCUOKOCIU C 6O30YHCOCHUAMU OPOOHOZO IIEKMPUUECKO20 3apA0A U RPOACHEHUE K8AHMO60U CHPYKMYpPbL INIeKmPOCca1adblx
e3aumodeiicmeuil 3nemenmaphslx wacmuy. butdn. 25, puc. 13.

Kniouesvie cnosa: coBpeMeHHast (u3uKa, JTOCTHKEHMs, Tay-JelNTOH, 3JeKTPOHHOe HeHTPHHO, CBePXTeKy4YecTb KUIAKOIO
re;ius-3, oxJaxkaeHue M «IUIEHeHHe» aTOMOB, KBAHTOBAaSl 'KUIKOCTh € BO30Y:KIeHHUSIMH APOOHOIr0 3JeKTPHYECKOro 3apsiaa,
KBAHTOBasl CTPYKTYPa 3JIeKTPOCIa0bIX B3aHMOACHCTBUIA 3/1eMeHTaAPHBIX YacTHLl, 0030p.

Introduction. The Nobel Prize has been more thana  particles tau-leptons are the third generation of

century is one of the most prestigious international awards
in the world. It is awarded by the Nobel Committee of the
Royal Swedish Academy of Sciences for outstanding
scientific research, revolutionary invention, a major
contribution to culture and the development of human
society [1]. Nobel Prize in physics, chemistry,
physiology, medicine, literature and peace were
established in accordance with the will-known Swedish
engineer and inventor of dynamite Alfred Nobel (1833-
1896) according to which for these purposes, and the
financial support of Nobel laureates was created fund
Nobel. They are handed to 1901 in the capital of Sweden
— Stockholm (except for the Nobel Peace Prize award
ceremony which takes place in the capital of Norway —
Oslo). Traditionally, the annual awards ceremony for the
winners of this prestigious award is held on the day of the
death of A. Nobel — December 10th. Note that in 1968 by
the Bank of Sweden Prize in Economics in memory
of A. Nobel (Nobel Prize in Economics) was established
[1]. The size of remuneration of the Nobel Prize, for
example, in 2012, amounted to 8 million SEK (1.2 millon
USD). Until 2012, this amount was considered the award
of 10 million SEK. The Board of Directors of the Nobel
Foundation in the summer of 2012 was forced to take a
decision on the «cuts» monetary reward laureates for
20 % due to the need to «preserve the fund's capital in the
long term» [1].

1. The discovery of the tau-lepton. According to
the classification adopted in the physics of elementary

microparticles [1, 2]. American experimental physicist
Martin Lewis Perl (Fig. 1) working at Stanford heavy
duty linear electron accelerator at energies up to 21 GeV
with the length of the accelerator «tube» in 3200 m (USA)
[3] in 1975 opened a new elementary particle tau-lepton
(in other words, a «heavy» electron) [4]. This is an
important discovery in high-energy physics and
elementary particles confirmed the theory of «Big Bangy»
in the creation of the Universe [1, 5].
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Fig. 1. Prominent American experimental physicist
Martin Lewis Perl (1927-2014),
Nobel Prize Laureate in physics for 1995
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For this fundamental scientific result M. Pearl in
1995 was awarded the Nobel Prize in Physics [4, 5].
This award he shared with other prominent American
physicist Frederick Reines (Fig. 2) who discovered the
neutrino [4, 6].

Fig. 2. Prominent American experimental physicist
Frederick Reines (1918-1998),
Nobel Prize Laureate in physics for 1995

2. The discovery of the neutrino. In 1930, an
outstanding Austrian theoretical physicist Wolfgang Pauli
(1900-1958) advanced the hypothesis of the existence of
such «light» of elementary particles like the electron
neutrino v, according to the relevant [2] to the absolutely
stable particles with no charge and rest mass [4 6].
Working in creative tandem with the renowned American
experimental physicist at Los Alamos National
Laboratory (New Mexico, United States) Clyde Cowan
(1919-1974), F. Reines in 1956 to reverse the radioactive
beta decay of atomic nuclei (8% — decay) on the
experimental nuclear reactor found in the decay products
of the electron neutrino v, [6]. By the time of the award of
F. Reines said Prize for 1995 K. Cowan was no longer
alive. Therefore his name was not on the list of Nobel
Prize winners (according to the current position of this
award is only awarded to applicants living this prestigious
award).

3. The discovery of superfluidity of liquid
helium-3. In 1972, American physicist David Morris Lee
(Fig. 3), working in the US as Professor at Cornell
University, in collaboration with another Professor of this
University Robert Coleman Richardson (Fig. 4) and
graduate student Douglas Dean Osheroff (Fig. 5) have
published research results opening at a temperature of
about 0.001 K of superfluidity in the isotope helium ,’He
— liquid helium-3 [7-9]. Recall that in 1937 the
outstanding Soviet experimental physicist Peter Kapitsa
(1894-1984), Head of the Institute for Physical Problems
(IPhP) of the Academy of Sciences of the USSR
(Moscow), with the absolute temperatures below 2.19 K
was discovered a unique physical effect in the material —

the phenomenon of superfluidity in the isotope helium
,*He — liquid helium-II [10]. For the «basic inventions
and discoveries in the field of low-temperaturey
Academician of the Academy of Sciences of the USSR
P.L. Kapitsa was awarded the Nobel Prize in physics for
1978 [4, 10]. Taking into account the fundamental nature
of obtained by D.M. Li, R.C. Richardson, and D.D.
Osheroff scientific results, in 1996 they were awarded the
Nobel Prize in physics [4, 7-9]. The discovery of
superfluidity of liquid helium-3 promoted promising
fundamental and applied research in many fields of
physics [4, 7].

Fig. 3. Prominent American experimental physicist David
Morris Lee, born in 1931,
Nobel Prize Laureate in physics for 1996

Fig. 4. Promnent American physicist
Robert Coleman Richardson, (1937-2013),
Nobel Prize Laureate in physics for 1996
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Fig. 5. Prominent American experimental physicist
Douglas Dean Osheroff, born in 1945,
Nobel Prize Laureate in physics for 1996

4. Creation of methods to cool and «capture» of
matter atoms. American Research Center of Bell
Laboratories in the number of Nobel Prize winners take
on today's leading position in the world [11]. In this well-
known scientific centers in 1983 as head of the
Department of quantum electronics future Nobel Laureate
Steven Chu worked (Fig. 6). While addressing the
supercooling and the «capture» of atoms using laser
technology, in 1985. S. Chu and his colleagues William
Daniel Phillips (Fig. 7), and Claude Cohen-Tannoudji
(Fig. 8) achieved great success [11-15].

Fig. 6. Prominent American experimental physicist Steven Chu,
born in 1948, Nobel Prize Laureate in physics for 1997

Fig. 7. ProminentAmerican physicist William Daniel Phillips,
born in 1948, Nobel Prize Laureate in physics for 1997

Fig. 8. Prominent French physicist Claude Cohen-Tannoudji,
born in 1933, Nobel Prize Laureate in physics for 1997

It is well known that in the microcosm of the atom
of matter the temperature measure (molecules) or
particles their kinetic energy [2, 11]. A great contribution
to this energy and, respectively, in the temperature gives
the translational velocity of said microscopic objects. A
smaller contribution of this indicator makes the frequency
of natural oscillations [2, 11]. Therefore, the faster
moving and more micro-object vary, so it will be «hot».
By physicists it was found that at «minus» 270 °C (about
3 K) translational velocity substance atom is about 100
m/s [11]. T the ambient temperature («plus» 20 °C)
atoms, this velocity value is close to 1000 m/s [2, 10, 16].
If we reduce the speed of 0.01 m/s, then the atom is

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.1 5



virtually «frozen». This can be done by various physical
methods. Studies conducted in the United States by
S. Chu, W. Phillips, and C. Cohen-Tannoudji showed that
the most convenient for this method is the method of laser
cooling of atoms [11-15]. This group of physicists in the
study using a laser beam of atomic processes have
achieved the absolute temperature of the substance of the
neutral atoms of the order of 10° K [11]. It is for this
phenomenal achievement S. Chu, W.D. Phillips and
C. Cohen-Tannoudji were awarded the Nobel Prize in
physics for 1997 [4, 11-15]. Developed laser method of
supercooling and the «capture» of the atoms in this way is
currently used in the design of high-precision atomic
clocks, as well as precise positioning and satellite
navigation [13]. An important fact characterizing S. Chu
like an unusual and talented person, is that S. Chu during
the 2004-2008 biennium was the director of the world-
famous Ernest Lawrence National Laboratory Lawrence
(if the state is 4 thousand employees and an annual budget
of 650 million US dollars) and is actively involved in
alternative sources of energy (in particular biofuels,
artificial photosynthesis and methods of generating
electricity from solar radiation), and in the period 2009-
2013 — Minister of Energy of the United States [12, 13].

5. Discovery of a new form of quantum fluid with
fractional excitations of electric charge. The physical
concept of «quantum fluid» was introduced in the period
1937-1941 by outstanding Soviet theoretical physicist
Lev Davidovich Landau (1908-1968) is being developed
at that time in the IPhP of the Academy of Sciences of the
USSR (at the Academician of the Academy of Sciences of
the USSR P.L. Kapitsa then worked fruitfully in the field
of  low-temperature  physics and discovered
experimentally in 1937 the phenomenon of superfluidity
of liquid helium-II) the quantum theory of superfluidity of
liquid helium-II [10, 17]. For a quantum fluid
characteristic it is that it decisive role in the behavior of
its microcomponent (constituent elements) are beginning
to play the quantum effects. In this liquid, quantum
uncertainty traces its origin (e.g., atoms) according to the
Heisenberg uncertainty relation [2, 17] are starting to
significantly exceed the current mutual distances between
them. Therefore, the physical properties of these liquids
will be determined solely by stochastic laws of quantum
physics. In the period 1981-1982 research groups of Horst
Ludwig Stormer (Fig. 9) and Daniel C. Tsui (Fig. 10) who
studied «the integer quantum Hall effect opened in 1980
by Klaus von Klitzing (born in 1943) at «heliumy»
temperatures (till 1 K) and strong static magnetic fields
(at magnetic flux density till 30 T) in the silicon field
effect transistor and the award of the Nobel Prize in
physics for 1985 [4, 18], using a two-dimensional ultra-
pure gallium arsenide films at lower temperatures (below
1 K) and stronger permanent magnetic fields (for the
magnetic flux density over 30 T) opened new «fractional
quantum Hall effect» [18-20].

Fig. 9. Prominent German experimental physicist
Horst Ludwig Stormer, born in 1949,
Nobel Prize Laureate in physics for 1998

|

Fig. 10. Prominent American experimental physicist
Daniel C. Tsui, born in 1939,
Nobel Prize Laureate in physics for 1998.

For a better understanding of a difficult material
should be noted that even in 1879 young American
physicist Edwin Herbert Hall (1855-1938) exploring the
flow of direct current strength along the /j; thin gold plate
placed perpendicular to the lines of induction By external
constant magnetic field discovered the phenomenon arises
between the «free» edges of the plate electric potential
difference or voltage Uy («Hall effect») [16]. As is known
the cause of the rejection of Uy is drifting plates of
electrons from the main direction of their drift to its
«free» edges of the corresponding action on them in a
magnetic field Lorentz force [2]. The value of Uy was
directly proportional to the current /i and By induction. In
addition, the «Hall» Ry resistance equal to the ratio Uy/Iy

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.1



described by the relation of the form [18]: Ry=By/(n.ep),
where n, is the average density of free electrons with the
electric unit charge ¢,=1.602:10""° C in the material of the
flat-plate conductor. That is why the Hall effect could be
used for measuring the magnetic field, and determining
the concentration of charge carriers (positive «holes») in
conductors and semiconductors. E.H. Hall performed his
experiments at room temperature (about 293 K) and the
levels of magnetic induction By less than 1 T [18]. In the
early 1980s by K. von Klitzing at the above-mentioned
extreme conditions it was found that the «Hall» conductor
resistance Ry (semiconductor) with increasing levels of
exposure to it the magnetic induction By does not change
continuously, but jumps, taking discrete (quantized)
values RHl:h/(ieoz), where i=1,2,3,.. are the integer
quantum numbers i; h=6,626:10>* Js is the Planck
constant [2]. Note that in this case the value of h/e,’ is
approximately 26 Q. According to the eminent German
physicist Carl von Klitzing turned out that the «Hall» Ry
resistance, regardless of the type of material under the
action it ultralow temperatures and strong magnetic field
is quantized. The experimentally discovered by K. von
Klitzing «integer quantum Hall effect» was explained
sequential filling of Landau levels (discrete energy levels
of electrons in a magnetic field) with increasing magnetic
induction level. In these experiments by H.L. Stérmer and
D.C. Tsui scientists have discovered new quantum leaps
for the «Hall» resistance Ry =h/(key”) which is three times
higher than the largest Ry, in earlier experiments by K.
von Klitzing. The fundamental difference in this case was
the fact that the value of k is the fractional value
(173, etc.). In 1983, the American theoretical physicist
Robert Betts Laughlin (Fig. 11) proposed a theoretical
justification of this effect.

Robert Betts Laughlin, born in 1950,
Nobel Prize Laureate in physics for 1998

According to the theoretical substantiation by R.B.
Laughlin of the open empirically by H.L. Stérmer and
D.C. Tsui «fractional quantum Hall effect» at the

sufficiently low temperature and very strong magnetic
field, a two-dimensional «electron gas» conductor
(semiconductor) of the Fermi liquid becomes a kind of a
new type of quantum fluid [18, 21]. Electrons with half-
integer values of their spin are part of this «Laughlin»
quantum fluid, and occurring in her excitement starting to
behave like quasi-particles with integer spin (as bosons)
[18-21]. «Laughlin» quantum liquid became a Bose
liquid, for which it is possible Bose condensation, and
hence the phenomenon of superfluidity and
superconductivity. The latter phenomenon was made
possible when driving in this particular quantum fluid is
electrically charged. R.B. Laughlin in the proposed theory
suggests that these quasi-particles in the quantum liquid
are collective entities whose existence is ensured by long-
range interaction between electrons and a strong magnetic
field. According to R.B. Laughlin a composite quasi-
particle (boson) in the «Laughlin» quantum liquid is a
combination of an electron and three magnetic flux quanta
[18, 21]. New «Laughlin» quantum liquid characterized
by unusual physical properties added to it the electron is
so energetically unfavorable for it, that it be born
excitation with a fractional electric charge ey/3 [18]. R.B.
Laughlin  first  theoretically = demonstrated  that
quasiparticles in condensed state of matter can have
fractional electric charges. This theoretical approach by
R.B. Laughlin allows individuals to explain the
«fractional quantum Hall effect» previously set by H.L.
Stormer and D.C. Tsui. For the fundamentality and
«discovery of a new form of quantum fluid with fractional
electric charge excitations» H.L. Stormer, D.C. Tsui, and
R.B. Laughlin was awarded Nobel Prize in physics for
1998 [4, 18-21]. It should be noted that despite the fact
that fractional electric charge quasiparticles participating
in the course of events «the fractional quantum Hall
effect» in a kind of Bose condensate set and measured
now, thanks to the outstanding achievements in
electronics and metrology reliably talk about the direct
supervision of the microparticles with charge is
premature. However, the research results of the new
Nobel Laureates allow us to state that there was an
important event in the scientific world, which forces
scientists to reconsider many of the provisions in our
current understanding of the world around us.

6. Clarification of the quantum structure of
electroweak interactions of elementary particles. In the
1960s, by prominent American Sheldon Lee Glashow
(born 1932), Steven Weinberg (1933-1996) and Pakistani
Abdus Salam (1926-1996) theoretical physicists, quantum
theory of weak and -electromagnetic interactions in
microcosm has been developed using the principle of
gauge invariance [22]. This theory was based on the fact
that in the microcosm the weak and electromagnetic
interactions are manifestations of a single electroweak
interaction. The practical application of this theory to
calculate the physical properties of elementary particles
which it should predict had no good results [23]. In the
1970s to address the problem in the field of elementary
particle physics actively involved physicists of the
University of Utrecht (Netherlands), Martinus Veltman
(Fig. 12) and Gerard Hooft (Fig. 13). They do a
mathematical formulation of gauge theories and
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renormalization theory of so-called non-Abelian gauge
theories which are the foundation of all modern physics of
elementary particles [24]. Developed by these theoretical
physicists mathematical apparatus and, based on a
computer program showed that many of the most
problematic aspects of a non-Abelian gauge theories — the
theory of electroweak interactions in the process of
mathematical calculations are compensated [22-24]. This
program became the foundation for the difficult work of
scientists to verify the different approaches to the
renormalization theory, which would allow to obtain a
reasonable prediction of particle physics.

Fig. 12. Prominent Dutch theoretical physicist
Martinus Veltman, born in 1931,
Nobel Prize Laureate in physics for 1999

Fig. 13 Prominent Dutch theoretical physicist
Gerard Hooft, born in 1946,
Nobel Prize Laureate in physics for 1999

Developed by G. Hooft and M. Veltman new
mathematical methods of renormalization of Yang-Mills
fields as massless, and the weight was due to spontaneous
symmetry violation in the microcosm of the laws, allowed
to predict some effects of electroweak interactions of
elementary particles [22-24]. So, in 1977, it based on
these methods and theoretical approaches failed to predict
the mass of the top quark, experimentally discovered in
1995 at the Enrico Fermi National Laboratory of Nuclear
Research (USA) [22]. In addition, by using the proposed
by G. Hooft and M. Veltman quantum theory of
electroweak interactions were predicted mass of the
intermediate vector bosons W and Z’ — two new
elementary particles discovered thereafter experimentally
at the Large Hadron Collider [3] at the European Center
for Nuclear Research (CERN, Switzerland) [22, 24]. One
of the Nobel Prize Laureates in physics in 1979,
Sh.L. Glashow (the Prize «for his fundamental
contribution to the theory unifying weak and
electromagnetic interactions» in the field of elementary
particle physics, he shared with his fellow physicists and
collaborators S. Weinberg and A. Salam [4, 25]) on the
scientific achievementsof M. Veltman and G. Hooft said
the following [24]: «... the theory of electroweak
interactions cannot be engaged in earnest without
computing innovations introduced by Veltman and
Hooft». In 1999 «for clearing the quantum structure of
electroweak interactions» M. Veltman and G. Hooft were
awarded [4, 22-25] Nobel Prize in physics. In subsequent
years, M. Veltman and G. Hooft in the field of elementary
particle theory fruitfully engaged in so-called «Higgs»
problem associated with superheavy Higgs boson H*
which field is, according to physicists, generates mass of
all existing in the microcosm particles [24].
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INVESTIGATION OF MECHANICAL STRESSES IN THE DRIVE SHAFT
OF MV VACUUM CIRCUIT BREAKER

Introduction. In the last 10-15 years a dominant position in the market of medium voltage circuit breakers, vacuum circuit
breakers have taken in which as an actuator mono- or bistable actuators with permanent magnets are used. Such circuit breakers
are characterized by simplicity of design, high reliability, require preventive maintenance for many years. Development, research
and improvement of vacuum circuit breakers are carried out at the Department for Electrical Apparatus, National Technical
University «Kharkiv Polytechnic Institute». While working on the circuit breakers, developers have to deal with two related
objectives — electrical and mechanical. This paper considers the solution of one of these problems — calculation of mechanical
forces in the drive shaft of the vacuum circuit breaker in static and dynamic modes. This work was preceded by the failure of the
results of measurements of the prototype circuit breakers’ contacts. Measurements have shown that these values do not match the
expected values (there were less than the value of 0.8 to 1 mm). The assumption about the reasons for this discrepancy needed to
be detailed checked. The results of the work done are presented in this paper. Purpose. Investigation of static and dynamic
mechanical stresses and strains in the drive shaft of the vacuum circuit breaker mechanism to determine its characteristics and
material selection. Methods. The investigation of mechanical processes is performed by the finite element method in the
COMSOL software package. Results. We obtain the static and dynamic characteristics of the circuit breaker drive shaft:
deformations, reaction forces, stresses. These characteristics made it possible to determine the actual course of the contacts, select
shaft material and calculate the forces acting on the bearings. Conclusions. It is shown that the contact velocity and contact
pressure are different from the theoretical value due to the deformation of the shaft. The forces acting on the thrust bearings
dynamically are by 16-39% higher than the static ones. It is assumed that further refinement of the mathematical model takes into
account the traction insulators and housing, as well as dynamics of the circuit breaker. References 19, figures 12.

Key words: vacuum circuit breakers, mechanical calculations, shaft deformation.

B cmampve uccnedyromca npoyeccovl, Komopbvle Onpeoensiiom MeXaHUHUecKue HANPA}CeHUs 6 NPUGOOHOM 6ajle 6aKyYMHOZ0
GLIKTIIOUAQMENA 6 CIMAMUUECKOM U OuUHAMUYecKom pesicumax padomwl. Iloxkazano, umo mexanuueckaa Oegopmayua eana
6bi3bleaen yMeHbULeHUEe NPOBAIa KOHMAKMOE Ha eeniuduny 00 30% u cun konmaxkmnozo naxcamus na (10-11)%, smu 3navenusn
He KpUmuy4Hsl U Mano enuaom na pavomy evikniouamens. Ilonyuenst 3nauenus cun, oeiicmeyioujux na onopui éana. Ilokazano,
umo ounamuueckue ycunusa 6 onopax Ha (19-38)% 6onvwe cmamuueckux. Ilonyuennvie 3nauenua ycunuil nO3801AI0M
evlOpams mamepuan eéana u noowunnuku. budn. 19, puc. 12.

Kniouesvie cnosa: BAKyyMHBbIE BBIKJIIOUATEIH, MEXaHHYeCKHe HANPsKeHus, Aepopmanus Baaa.

Introduction. In the past 10-15 years a dominant
position on the market of medium voltage (MV) circuit
breakers, vacuum circuit breakers have taken in which as
a drive bistable electromagnetic actuators with high-
coercive permanent magnets are used. The leader in this
area is the concern ABB, the first provided such a circuit
breaker (VM1) in 1990 [1]. In Ukraine, these circuit
breakers are manufactured by CJSC «High Voltage
Union» and «<AVM AMPERE» [2]. In the circuit breakers
BB-TEL («Tavrida Electric» [3]) the electromagnetic
actuators with low-coercive permanent magnets are used.
Vacuum circuit breakers with electromagnetic actuators
are characterized by simplicity of design, high reliability

Fig. 1. Circuit breaker’s drive shaft, where 1 — shaft mount axes
in bearings; 2 — planes of force application of OFF springs;
3 — electromagnetic actuator’s rod mounting axis; 4, 4' — moving
contacts’ rod mounting axes in the end and medium poles;
X, ¥, z — coordinate system axes

Problem definition. During investigation of the

and they do not require preventive maintenance for many
years.

At the Department for Electrical Apparatus, NTU
«KhPI» for more than 10 years works are underway
related to research, improvement and development of new
configurations of vacuum circuit breakers and MV
contactors [4-7]. One of the directions of such works is
investigation of mechanical processes in circuit breakers
with vertical (relative to the drive module) poles with
vacuum interrupters. The design of these circuit breakers
provides transfer of motion from the actuator to the
movable contacts through the drive shaft (Fig. 1) the
actuator through the axis 3 rotates the shaft which axes 4
are connected to the movable contacts through traction
insulators.

circuit breaker drive operation on research prototypes the
following have been founded:

— on the shaft which is mounted in two bearings
without intermediate supports, significant load are applied
so the shaft is deformed, and the failure of contacts and
forces of their preload decrease (relative forces calculated
for a absolutely rigid shaft);

— shaft deformation has complex nature (bending and
twisting) and as a result in bearings there are not only
radial but also axial forces;

— shaft torsional vibrations arising in dynamic modes
affect the course and contacts preload.

In this regard, it has been defined range of questions,
the answers to which lead to an understanding of

© E.I. Baida, B.V. Klymenko
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directions of design of such devices, namely: 1) whether
the critical is reduction of the forces of contact pressure
due to deformation of the shaft? 2) whether the contact
bounces at vibrations of the shaft are possible? 3) how
critical are axial forces in the bearings? 4) how the course
and preload of the contacts at they wear do change?

The aims and goal. The aim of the work is to create
a mathematical model to calculate the forces and
deformations of the drive shaft in static and dynamic
modes, in order to determine the effect of these
parameters on the operation of the vacuum circuit breaker
of the configuration under consideration, which could
serve as the basis for making recommendations for the
design of devices of this type.

Despite the fact that in the literature the shafts
calculation is widely presented ([8-11] show the most
basic research), the problem is that the calculations of
shafts of such a design under such conditions of
mounting (Fig. 1) are absent. As shown in [12],
calculations of complex structures can be carried out only
by numerical methods, so all calculations in this paper
were carried out in the COMSOL package by the finite
element method.

The 3D model of the shaft (Fig. 1) has been created
in the AutoCAD environment, and then exported to the
COMSOL environment.

The calculation of the circuit breaker shaft of the
accepted model. As an example, here is an example of
calculation of the shaft of the experimental MV vacuum
circuit breaker. Initial data: steel shaft length — 574 mm;
sectional shape — hexagon with inscribed circle diameter
of 32 mm; the ratio of actuator axis stroke and traction
insulators axes — 1.5; total force of OFF springs (acting on
the surface 2 of Fig. 1) — 1000 N; the total force of the
initial compression of the contact springs (applied to the
axes 4 of Fig. 1) — 6600 N (2200 N per pole); move of the
axis 3 (Fig. 1) of the actuator after the contacts touch —
6 mm; theoretical course of traction insulators axes after
touching the contacts (failure of contacts at absolutely
rigid shaft, the axes 4 of Fig. 1) — 3.92 mm, by the far
point of the axes diameter — 4.3 mm; contact spring
stiffness — 280 kN / m; the total reaction force of the
contact springs at the absolutely rigid shaft (applied to the
axes 4 of Fig. 1) in the final position of the shaft — 9900 N
(3300 N per pole).

The assumptions adopted in the calculation:
mounting of the shaft supports are rigid; shaft ends rest on
the non-deformable bearings; OFF springs stiffness is not
taken into account (by order of magnitude less than the
rigidity of the contact springs). The boundary conditions:
displacement of the axis 3 in the direction minus y (Fig. 1)
in the range 0 mm ... 6 mm is given; on planes 2 (Fig. 1)
specific values of OFF spring forces are given; on the
axes 4 specific values of the forces of contact springs with
regard to their preload are given; on the surfaces 1 and the
ends of the shaft conditions A-7i =0 are given(where A
is the displacement vector, 7 — is the normal to the
surface). The last condition ensures rotation of the shaft
about its longitudinal axis x without friction and without
axial movement.

The calculation results in statics. Due to the
deformation of the shaft (Fig. 2) the values of stroke of
contacts rods and forces of contact pressure as compared
with the calculation results at absolutely rigid shaft
change. Appropriate calculated dependences are shown in
Fig. 3.

-
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P i e

o

<.-\" i\4

Fig. 2. Shaft deformation at 20 times magnification

As it follows from Fig. 3,a, in the final position of
the travel distance is less than at the absolutely rigid shaft
at 1.05 mm for medium pole and at 1.3 mm for the outer
poles. This reduction in travel causes the reduction in
contact pressure forces (Fig. 3,b). In particular, the initial
pressing is reduced compared with pressing for the non-
deformable shaft to 140 N, final for the extreme pole — to
340 N for the medium — to 280 N which is 10% ... 11% of
the contact pressure and has little effect on the circuit
breaker operation.

45— —— 3400,
4 ; A L 2 H
15 ; | | 3200 . (. i 2
T3 1 3000
=) 4
am 2,5 4
T; 2 5 2400
g s 2 24001
S g
£05 3 2400
3
0
/ 2200
-0,5 / 1
-1 2000
0 3 6 0 3 6
actuator travel, mm — actuator travel, mm —

a) b)

Fig. 3. Dependencies of contacts rods travel («) and contact
pressure (b) as a function of the actuator travel: 1 — the initial
value for the rigid shaft (contact touch); 2 — the final value at the
absolutely rigid shaft; 3 — the calculated value in the end pole;
4 — the estimated value in the medium pole

One of the important calculated parameters are the
values of the forces acting on the shaft from the circuit
breaker housing or forces acting on the bearings (final
values are presented at the maximum travel). As a result of
calculations, the values of forces by the coordinates are

obtained (Fig. 1): R, = 3428 N, R, = 5275 N, R. = 4969 N.
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Longitudinal force R, arises from the shaft ends stop
to the bearings and bending of the shaft. This radial force
will be equal to:

F, =,|RZ+R} =7245N. (1)

Obtained values make it possible to evaluate the
operating conditions of bearings and choose their sizes.
Design load corresponds, for example, 6304-2RSH-SKF
bearing (Sweden) with dimensions 20x52x15 with
acceptable loads: dynamic — 15.9 kN and static — 7.8 kN.
It is supposed that the permissible axial force reaches
70 % of the radial load unused. Consequently, the
permissible axial load is (15900 — 7245) - 0.7 = 8655 N.
Thus, both radial and axial loads are less than the
allowable value found.

The calculation results in dynamics. Static analysis
does not provide complete information about the stresses,
displacements and acting operating forces. This is
associated with considerable force, speed and the moving
masses in the process of the circuit breaker operation.
Therefore, it is necessary to take into account the
dynamics of the circuit breaker operation.

Accounting _of traction insulators masses. The
masses of moving traction insulators attached to axes 4
(Fig. 1) are taken into account by the increase in the
density of the axes materials according to the formula:

m=p-V, 2)
where m is the known mass of the traction insulator equal
to 0.725 kg; p is the unknown material density; V is the
known volume of the one axis 4.

In the considered example, the density value was
found to be 2.56 -10° kg/m’.

Determination of the damping coefficients. In
transient analysis it is necessary to take into account the
damping parameters that determine the power losses in
the system (damping of vibrations of the system).

Damping by Rayleigh [13] suggests a method of
accounting damping parameters depending on the mass of
moving bodies and the rigidity of the system and includes
the definition of the parameters of the diagonal matrix of
stiffness or damping:

Ci =a(M)+ f(K)-of, 3
where C; is the stiffness matrix; o(M) is the attenuation
coefficient depending on the mass M of the body; AK) is
the attenuation coefficient depending on the system
rigidity K; @, = 2-7f; is the angular frequency of the i-th
mode; f; is the corresponding frequency of the i-th mode.

Rigidity of the i-th mode can be represented as

Ci=2¢ v “)

there &; is the viscous damping coefficient.

If damping coefficients for the i-th and j-th modes
are known, the coefficients (M) and A K) are determined
by the expression:

2

i
il

)

a(M)‘
B(K)

@

For steel the losses factor 77 = 0.2 is known [14].
Then, assuming that & = & and taking into account that
&= /2, we obtain

& =¢;=0.1,
and corresponding values of a(M) and AK).

Natural oscillation frequencies calculations were
carried out in a special mode of the COMSOL software.
Fig. 4 shows the shaft shapes for the first and the second
modes (enlarged).

W= N -
Fig. 4. Shapes of the first (a) and the second (b) modes of the
shaft oscillations

As a result of calculations the following frequency
values were obtained: f; = 242.8 Hz, f; = 338.0 Hz.

Based on the frequencies found, by means of (5) the
coefficients of damping of the shaft oscillations were
found:

a=1776s"', p=5510"s.

Formation of the equations of motion of the
electromagnet rod and initial conditions. To calculate the
dynamics it is necessary to set the temporal dependence
of the movement of the actuator rod within the failure of
contacts. Such calculations have been carried out
previously on the basis of the coupled solution of the
electromagnetic field equations, the electric circuit
equations and the equation of motion [15-19]. Taking into
account the location of the coordinate system,
approximating temporal dependence of the actuator travel
will be as follows:

Sy(;):{_6'103 -sin(500-)[m], if 1 < /1000

—6-1073[m], if 7/1000
As the origin the circuit breaker contacts closure
time after which the actuator «takes» the failure of
contacts is assumed.
Initial velocity of the actuator’s rod axes (item 3,
Fig. 1):

(6)

ds , (0)
Vo=—2""=-3m/s. ™
O
Initial velocity of the shaft points:
Voi = OXF . ®)
In (8) we noted:
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e

y+e oz, &)

where / is the distance from the shaft axis of rotation to
the actuator’s rod mounting axis 3 (Fig. 1); 7 is the
distance from points belonging to the shaft to its
longitudinal axis x.

The calculation results at the initial values of the
force and travel of pressure of contacts. Diagrams of
temporal dependencies of contacts rods axes travel
(item 4, Fig. 1) are shown in Fig. 5.

4

contacts rods travel, mm —

time, ms —
Fig. 5. Temporal dependencies of contacts rod axes travel:
3 — travel calculated value in the end pole;
4 — travel calculated value in the medium pole

From Fig. 5 it is seen that the movement of the axes
of contact rods is oscillatory in nature, however, these
oscillations are not critical, as their scope is relatively
small (the largest value is approximately 0.25 mm which
is much less of the pressure travel — about 4 mm) and
does not result in the opening of contacts. Obviously, the
same oscillations and forces contact pressure will be
exposed (Fig. 6).

From Fig. 6 it follows that the final values of the
forces tend to their values in statics — 2961 N and 3016 N,
and the force of the initial pressing (in contrast to the
situation in statics) at the moment of contact closure does
not reduce due to the inertia of the shaft and other
connected design elements.

10000

9500 -

O
(=
S
S

8500 o
8000 |

7500

total contacts pressure force, N —

7000

6500
0

time, ms —
Fig. 7. Total force of contact pressure at absolutely rigid shaft
(1) and calculated force (2)

In the final position after the end of the transient, the
difference between the pressure at the absolutely rigid
shaft and the calculated values is 9893 —-8927 =966 N
which is of the order of 10 % of the theoretical and is not
critical.

Dynamic values of bearing reactions are of some
interest (Fig. 8).

80007 ——
+ 7000
Z 6000 1
& 5000
S 4000
= 3000
g 2000 -
1000

0 T T T T T T T
0 2 4 6 8 10 12 14
time, ms —

Fig. 8. Dynamic reactions of forces in bearings
by coordinate axes

reactio

As follows from the Figure, the maximum dynamic
responses over the static reaction on the axes: x — 1.38
times; y — 1.35 times; z — 1.19 times. Fig. 9 shows the
graph of the radial dynamic force.

Calculations show that the value of the axial force
does not exceed the permissible value. Fig. 10 shows the
permissible axle force on the axle and axial force of the
bearing. The Figure shows that the dynamic axial force
does not exceed the permissible value.

R 3200
2
Z 3000 /\\_//\VA
; 1
£ 2800, L
=
£ 2600
Z /
S 2400
* ool
S 2200
=
S 2000 : : : : ‘ ‘
0 4 6 8 10 12 14
time, ms —

Fig. 6. Oscillation of the contact pressure force at the end (1)
and medium (2) poles

Fig. 7 shows the total force of contact pressure as a
function of time.
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L
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Fig. 9. Radial forces in the bearing
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[R]

reactions in bearings, N —

20001

0 2 4 6 8 10 12 14
time, ms —

Fig. 10. Temporal dependencies of the axial R, and permissible
axial [R] forces on the bearing

The calculation results in_the case of halving
compression _travel of the contacts at their wear
(maximum contact wear during operation). In the process
of operation of the circuit breaker as a result of the
contact wear value of the failure of contacts reduces
which affects the operation of the circuit breaker.
Calculation results with decreasing contact failure twice
(maximum contact wear) are presented below.

The final value of the contact pressure force
decreases: on the end poles from 2961 N to 2545 N; on
the medium pole — from 3016 N to 2550 N as compared
with the values for new contacts. Bearings reaction here
also changes: R, —from 2428 N to 782 N; R, — from
5275 N to 3164 N; R, — from 4969 N to 4320 N.

Fig. 11 shows graphs of temporal dependencies of
contacts rods axes travel (item 4 in Fig. 1) at reduced
course of the compression.

contacts rods travel, mm —

0 2 4 6 8 10 12 14
time, ms —
Fig. 11. Contacts rods axes travel in time:
1 — calculation value of the travel in the end pole;
2 — calculation value of the travel in the medium pole

The graphs shown in Fig. 11 demonstrate that the
contact wear leads to a certain increase in the swing of
oscillations of the contacts rods axes stroke — the
maximum amplitude value increases to 0.3 mm which is
far less even halved pressure stroke — to 2 mm, so here the
contact opening does not occur.

Fig. 12 shows the calculated graph of the changes in
the dynamics of the forces of contact pressure only at the
end poles of the circuit breaker (as at the medium pole the

pushing force is more) at reduced pressure stroke. As we
can see, the force of contact pressure does not drop below
the critical value — 2000 N.

2650

2600
2550
2500
2450
2400
2350
2300

contact pressure force, N —

2250

2200

2150
0 2 4 6 8 10 12 14
time, ms —

Fig. 12. Oscillations of the contact pressure force at the end
poles at halving pressure stroke

In order to verify the adopted calculation assumption
of the stiffness of the circuit breaker housing, calculation
of its deformation in the stationary mode taking into
account the effect on it of respective stationary forces R,,
R,, R. provided rigidly fixing of the lower surface is
carried out. Because of the symmetry of the structure,
calculation of the half of the housing was carried out with
the corresponding boundary condition on the plane of
symmetry. The calculation results show that the
maximum deformation of the housing is observed in the
plane of symmetry (middle) in its upper part and is equal
to 7.2 - 10 m which is much less that shaft deformation.

Conclusions.

1. During the operation the shaft is exposed essential
deformations due to which because of the reduction of the
pressure stroke, contact force decreases by 10% ... 11% in
comparison with the calculated values provided
undeformable shaft. Such a reduction is not critical and
slightly affects the operation of the circuit breaker.

2. Oscillations of contacts rods axes and contact
pressure forces, taking into account the shaft deformations
in dynamics, do not lead to contacts bouncing at ON
operation.

3. Complicated shaft deformation
appearance of the axial forces.

4. Dynamic forces in the bearings are by 19% ... 38%
more than static ones, which should be considered at
selecting bearings.

5. At the contact wear the contacts rods travel and
contact pressure reduce: at double decreasing the pressure
stroke — for 466 N in the medium pole and for 416 N in
the end poles. However, the reduced force (about 2550 N
per pole) ensures normal operation of the circuit breaker.

6. In the case of the maximum contact wear (reduction
in pressure stroke twice), the dynamic vibrations of the
system do not lead to bouncing (vibration) of contacts.

7. To reduce the shaft deformations it is necessary that
end shaft surfaces should stop on the bearings, and the

leads to the
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bearings must be mounted rigidly in the housing which
increases the rigidity of the entire system.

8. On the basis of the calculations as the material of the
shaft we can recommend steel 30 hardened with

c,=11-10 N/m*> or another steel with similar
characteristics.
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EXPERIMENTAL RESEARCH OF MAGNETIC FIELD SENSORS SPATIAL
ARRANGEMENT INFLUENCE ON EFFICIENCY OF CLOSED LOOP OF ACTIVE
SCREENING SYSTEM OF MAGNETIC FIELD OF POWER LINE

Purpose. Experimental research of magnetic field sensors spatial arrangement influence on efficiency of closed loop active
screening system by magnetic field of high voltage power lines developed a three-phase single-circuit high voltage power lines,
creating a rotating magnetic field with the most complex space-time structure. Methodology. Optimal spatial arrangement of the
magnetic field sensors is determined by solving the active magnetic field screening system synthesis problems with which the
system provides the greatest efficiency of the active magnetic field shielding. Synthesis of active screening system is reduced to the
problem of multi-criteria nonlinear programming with constraints in which calculation of the objective functions and constraints
are carried out on the basis of Biot-Savart-Laplace law. The problem is solved by a stochastic multi-agent optimization by
multiswarm of particles which can significantly reduce the time to solve it. Calculated arrangement of magnetic field sensors in a
given space defined by the points at which the values of the corresponding components of the vector of magnetic induction take
minimal values. Results. For the first time experimentally that changes in the position of the magnetic field sensors relative to
their calculated position reduces the effectiveness of screening. The optimum position of the magnetic field sensors are the points
at which the levels of the magnetic induction vector of projections orthogonal to the planes of the compensating coils are
minimum values. Originality. For the first time invited to place sensors closed loop active screening system by magnetic field of
high voltage power lines at the points where the calculated levels of corresponding projections of the magnetic induction vector
orthogonal planes compensating windings are minimum values. Practical value. Practical recommendations for evidence-based
selection of the spatial arrangement of the magnetic field sensors in a given area to ensure maximum efficiency of the active
magnetic field screening system. References 14. figures 6.

Key words: power frequency magnetic field, high voltage power lines model, active screening system model, experimental
research.

IIposedeno IKcnepumenmanvHoe UCCie008anue 6IUAHUA NPOCIMPAHCHIGEHHO20 PACNONONCEHUA OAMYUKOE MAZHUMHO20 NONA HA
Ipdekmusnocms 3aMKHYmMOU cucmemvl AKMUGHOZ0 IKPAHUPOGAHUA MAZHUMHO20 NOAA JUHUIN JNIeKmponepeoayu Ha
pazpadomannom maxeme mpexgaznoil 00HOUEenHoU 6030YWIHON JTUHUN INIeKMpPOonepeoauu, co3oaruiell epawjaruieecs noie c
Haubonee CNOMNCHOIL NPOCMPAHCIMEEHHO-6DCMEHHOIL  CMPYKMYPOIl.  DKCREPUMEHMANbHO NOKA3GHO, UMO HAUOONbULYIO
Ipgpexmusnocms umeem 3aMKHYmMan CUCMeEMA AKMUEHO20 IKPAHUPOCAHUA MAZHUMHO20 NONA, Y KOMOPOU OaMYUKU MAZHUMHOZ20
nonA NpoCMPAHCMEEHHO PACNOJIONCEHbl 6 PACHEMHBIX MOYKAX, NOJYYEHHBIX NPU CUHIME3e CUCMEMbl, 6 KOMOPbIX 3HAYCHUA
COOMEemcmeyIouiUx KOMROHEHM 6eKMOPA MAZHUMHOU UHOYKYUU RPUHUMAIOM MUHUMANbHOe 3Hauenue. bubi. 14, puc. 6.

Kniouesvie cnosa: MarHATHOE 10JIe TIPOMBINLICHHOI YaCTOTHI, MaKeT BO3AYIIHOI JIHHAM YJIEKTponepeaadd, MaKeT CHCTEeMBbI

AKTUBHOI'0 JKPAHUPOBAHUS, IKCIIEPUMECHTAJIbHbIC HCCJICI0BAHUA.

Introduction. Ministry of Fuel and Energy of
Ukraine [1] in 2014 introduced regulatory levels of the
magnetic field (MF) with a frequency of 50 Hz. Many
residential buildings and structures are located in the
vicinity of overhead power lines so that the level of the
magnetic field inside them exceeds these standards. The
use of active screening systems can reduce the levels of
magnetic fields to standard values and continue the
operation of such buildings.

Analysis of existing active screening systems. In
the systems of active screening of man-made magnetic
field of industrial frequency [2-10] as the executive body
they use special winding — active cables, the number of
which is determined by the specifics of the problem being
solved. Active screening system can include one, two,
three, six, twenty-four or more windings. To control these
coils they use a different number of magnetic field meters
— magnetometers: one, two, three, six, twenty-four or
more. Number of magnetometers usually equals to the
number of controlled winding or number of windings
pairs. In particular, with six coils type magnetometer three
Helmholtz coils may be used, located in the center of the
magnetic field shielding region [10] or six magnetometers
disposed in respective planes and orthogonally oriented
with respect to the control windings.

In the synthesis of closed systems of active shielding
magnetic field, power transmission lines an important
issue is to determine the position of the magnetic field
sensors, in which the efficiency of the system has the
greatest value. Typically, a closed system is configured in
such a way that with the help of the given magnetic
windings of the executive bodies to minimize the level of
the magnetic field at the points of the installation of the
magnetic field sensors. One approach to the definition of
the position of the magnetic field sensors based on the
solution of the active screening system synthesis problem
of the magnetic field by providing the maximum
efficiency of the system of active screening of the
magnetic field. Synthesis of active screening system is
reduced to the problem of multi-criteria linear
programming with restrictions, in which calculation of the
objective functions and constraints are carried out on the
basis of the of Biot-Savart-Laplace low [11, 12]. The
problem is solved by a stochastic multi-agent
optimization by multiswarm of particles [13, 14] which
can significantly reduce the time to solve it. Calculated
arrangement of magnetic field sensors in a given space
defined by the points at which the values of the
corresponding components of the vector of magnetic
induction take minimal values.
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The goal of the work is the experimental study of
the influence of the spatial arrangement of the magnetic
field sensors on the efficiency of the closed system of the
active screening of the magnetic field of power lines on
the layout developed a three-phase single-circuit overhead
transmission line, creating a rotating field with the most
complex space-time structure.

The sketch of the transmission line layout, control
windings, as well as the region of space in which the
magnetic field must be shielded are shown in Fig. 1.
Active screening system comprises two compensating
winding forming the compensating magnetic field when
current flows through it, generated by the control system
(CS) in the magnetic field feedback signal function, that
formed by the magnetic field sensors (FS) installed in the
protected space. The CS receives power from the
secondary power source.

S P

~_~ transmission line

windings

Fig. 1. Sketch of the active screening system layout

The coordinates of the spatial location and geometric
dimensions of the compensation coils, as well as the
parameters of the active screening system regulators
determined on the basis developed in [11] the active
screening system MF synthesis method in the course of
solving multiobjective optimization problem. Fig. 2
shows the lines of equal levels of magnetic flux density
with enabled active screening system.

(1] 15 F 25
X, m

Fig. 2. Lines of equal levels of magnetic flux density with
enabled active screening system

Note that the need to use two compensating
windings due to the fact that the three-phase single-circuit
transmission line creates an almost circular magnetic
field. Fig. 3,a shows an exemplary travel time curve
formed by the initial induction vector of the magnetic

field generated by this power line. Therefore, to
compensate for this source of magnetic field must have at
least two compensation coil to generate a circular
magnetic field.

Fig. 3,b shows a locus formed by the vector of the
magnetic field generated by the two compensating
windings. As can be seen from this figure, by means of
compensating windings creates a magnetic field that is
close enough to the original to the magnetic field
generated by power lines.

Fig. 3,c shown in the hodograph formed induction
vector of the total magnetic field generated by power lines
and compensating windings when the active screening
system. As can be seen from this figure, the hodograph
formed induction vector remaining after the screening of
the active magnetic field system has an order of magnitude
smaller unit compared to the initial magnetic field.

Mone nuknn & Touke x=2.7m, z=025m
2FFTTT T T T P T T T

Bz

Fig. 3. Hodographs of vectors of magnetic flux density:
a) the original, created by power lines; b) compensation
windings; c) the total generated by the power lines and the
system enabled
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Layout of the transmission line and active
screening system. For experimental studies the layout of
power transmission lines and active screening system is
developed. Fig. 4,a shows the external view of
transmission line layout, and Fig. 4,b shows the external
view of the compensation system layout. This Figure
shows the compensation coils and magnetic field sensors.

Fig. 4. External view of the layout:
a) transmission line; b) compensation system

These mock-ups were carried out pre-experimental
studies to verify the adequacy of the mathematical models
of the magnetic field on the basis of the Biot-Savar-
Laplace law [11, 12] the real processes occurring in
models of transmission lines and compensating windings
active screening system. As shown by experimental
studies of models of transmission lines and compensating
windings at different currents and different modes of
operation, the deviation of the experimental values of the
magnetic induction generated by power lines layout and
compensating windings of calculated made by the method
of [11] do not exceed 7 %.

The results of experimental investigations. Let us
now consider the experimental study of the active
screening system. The system has two independent
magnetic field sensors in which the channels are closed
current control compensation windings. First, we consider
the experimental study of the active screening system
when magnetic field sensors are arranged in the reference
points of the space in which it is necessary to shield the
magnetic field. These calculated points correspond to

points at which the values of the corresponding
components of the vector of magnetic induction take a
minimum value. To determine these points first solved the
problem of synthesis of active screening system. The
initial parameters for the synthesis of the system are the
parameters of power line — operating current, the
geometry and the number of wires, the location of the
transmission line with respect to the protected space, as
well as the size of the protected area and the characteristic
value of the magnetic field, which should be achieved as a
result of screening. The result of the synthesis system is
the number, shape, spatial arrangement, wiring diagram,
currents compensation coils, as well as the resulting value
of the magnetic field at the points of the protected area, as
well as the parameters of the control system controls.
Based on the resultant distribution system during the
synthesis of the resultant magnetic field in this area are
the points at which the values of the corresponding
components of the vector of magnetic induction take
minimal values.

Fig. 5,a shows the surface distribution of the original
magnetic field power transmission line in the middle
section of the space and the surface magnetic field
distribution-enabled system, and Fig. 5,b shows the
surface level of the compensation magnetic field
induction system such baseline magnetic field of the
power line.

X, m

Fig 5. Surfaces of distribution: a) the magnetic flux density of
the initial magnetic field and the magnetic field of power line
with enabled system; b) the level of compensation of the
magnetic flux density using the system
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Thus, when the system level active shielding of
magnetic flux density in the considered region remains
practically constant and is not greater than 0.5 pT, and
the level of compensation of the magnetic field is more
than 5 uT.

Note that the deviation of the experimental values of
the magnetic flux density layout enabled active screening
system from the calculated obtained in [11] does not
exceed 10 %. Moreover, these variations are mainly due
to inexact installation of the magnetometer, and the error
operation controls open and closed control channels.

Fig. 6 shows the same distribution surface, as in
Fig. 5 when placed in a magnetic field sensors central
area shielding. With this arrangement, the sensor system
has the greatest shielding effectiveness in the central part
of the screening space — precisely where the magnetic
field sensors are arranged. However, with this
arrangement, the sensor system is active shielding has a
higher level of residual magnetic induction in virtually all
areas where it is necessary to shield the magnetic field.

.
[ R

Fig. 6. Surfaces of distribution: a) the magnetic flux density of
the initial magnetic field and the magnetic field of power line
with enabled system; b) the level of compensation of the
magnetic flux density by the system when placing
field sensors in the central area of the screening

Conclusions.

Thus, it is experimentally found that the change of
the position of magnetic field sensors relative to their
calculated position reduces the efficiency of the screening
system. The optimum position of the magnetic field
sensors is the points at which the levels of projections of
the magnetic flux density vector orthogonal to the planes
of the compensating coils have minimum values.
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N.J. Khlopenko, I.N. Khlopenko

STRUCTURAL SYNTHESIS OF A STABILIZING ROBUST CONTROLLER
OF THE ROTOR FLUX LINKAGE

Purpose. The aim is to structural synthesis of robust stabilizing control of the rotor flux vector control system of induction
motor. Methodology. Synthesis controller structure was carried out in two stages. The first stage constructed a
mathematical model of the channel of the rotor flux with parametric uncertainty and calculated transfer function of H .-
suboptimal controller by method of the mixed sensitivity. The second stage was carried out the expansion of the transfer
function of the continued fraction for the Euclidean algorithm. This fraction was used to construct the controller
structural scheme. Results. Computer modeling of the transfer function of H.-suboptimal controller. Achieved
decomposition found the transfer function of the continued fraction. The flow diagram of suboptimal H -controller with a
proportional and integrating links and a few summers. The curves of transient rotor flux linkage in packages Robust
Control Toolbox and Simulink. They coincide in the steady state, but differ among themselves in the transition. Originality.
We developed the method of structural synthesis of robust stabilizing controller of the flux linkage rotor, H -suboptimal
structural scheme of which is presented in the form of simple compounds integrating and proportional elements of the
same order as the controller with the strictly correct transfer function, and takes into account the parametric uncertainty of
control object. The results of the simulation of transient processes in a variety of packages MATLAB applications confirms
the adequacy and small sensitivity of the system to parametric perturbation. The practical value. The resulting structure of
the controller makes it possible to carry out the modernization of electric control systems, in use, with minimal financial
costs. References 10, figures 6.

Key words: electric drive, vector control, flux linkage channel, structure of H,-optimal controller.

Llens. Ienvio pabomwvr Aenaemca CMPYKMYPHOIH  CUHME3  CHMAOUAUSUPYIOWE20  POOACHMHO20  PezynAmopa
HOMOKOCUENIeHUA POMOPA CUCMEMbL 6EKMOPHOZ0 YNPAGNCHUA ACUHXPOHHO20 INeKmponpueoda. Memooonozusa. Cunmes
cmpyKmypul pezynamopa nposeoounca é oéa smana. Ha nepgom 3mane cmpounaco mamemamuueckas mooenv Kanania
nOMOKOCUENIeHUA POMOPA C NAPAMEMPUUECKOI HEONnPeoeNeHHOCMbIO U paccuumuiéanacy nepeoamounan Qynxyua H. -
CYOORMUMANbHO20 pezynamopa no memody cmewiannoi uyecmeumensuocmu. Ha emopom smane e¢vinonnanocs
Pasznoxcenue HAllOeHHOU nepedamoyuHoll GyHKyuu é yennyo opoos no anzopummy Eexnuoa. Ima 0poov ucnonvizoeanacsy
Ona  nocmpoenus cmpykmyphoi cxemwvl pezynamopa. Pesynomamui. IIpogedeno komnvlomepnoe modenuposanue
nepeoamounoii yukyuu H,-cybonmumanvnozo pezynamopa. Bwinonneno pasnosicenue HaildeHHOII nepedamouHnoil
dynkyuu ¢ yennyio opoés. Ilocmpoena cmpykmypuaa cxema H.-cybonmumanvnozo pezynamopa ¢ unmezpupyroumjux u
NPONOPUUOHATILHBIX 36€HbEE U HECKONbKUX cymmamopos. Tlonyuenvl Kpugvie nepexoonsix nPoyeccos nOmMoKoCHenIeHus
pomopa ¢ naxemax Robust Control Toolbox u Simulink. Ouu coeénadarom na ycmanosugwiemca peixcume, a Ha
nepexoonom Heckonvko omauuarwmesa mexncoy cooou. Hoeusna. Ilocmpoena mamemamuueckas moodenb Kanana
nomokocuenienusa pomopa c napamempuueckoii neonpeoenennocmeoio. Pazpabomana memoouka cmpykmypnozo cunmesa
pobacmnozo pezynamopa cucmemsvl YHPAGIEHUA HOMOKOCUEnIeHuem, Komopas obecneuueaem HAXO0MNCOeHUE
ONMUMANbHOU nepedamounoil GYHKUUU pezynamopa ¢ napamempuieckoil HeonpeoeieHHoCmblo 6 Gude CHMPYKMypbl,
cooepiicaujell unmezpupylouwiue u NPONOPUUOHANbHBIE 36eHbA U cymmamopyl. IIpakmuueckoe 3nauenue. Ilonyuennan
cCmpyKmypa peyaamopa o0aem 603MOMCHOCHb NPOEOOUMb MOOEPHUSAUUIO CUCIMEM YRPAGIEeHUA INEKMPOnPuUooos,
HAXO0O0AUUXCA 6 IKCRAYAmMayuu, ¢ MUHUMATbHOIMU PuHancosvimu 3ampamamu. bubn. 10, puc. 6.

Knrouesvie cnoea: 31eKTPONPHBOJ, BEKTOPHOE YIpPaBJIeHHEe, KAHAJ IOTOKOCHEIUIeHHs, CTPYKTypa H, -onTuMajbHOIO
peryasitopa.

Introduction. Stricter quality requirements for the
functioning of the vector control of induction electric
drives in conditions of uncertainty leads to the need to
stabilize the rotor flux. This is essential problem of
structural synthesis of robust stabilizing controller.
However, such a regulator is usually of higher order
which makes it difficult to use the vector control system.
Decomposition of robust regulator on the elementary
units allows you to get rid of this shortcoming. Its essence
is to control the representation of a structure consisting of
standard units. To create a regulator of such links element
base exists. Realization of control on the basis of this
framework permits to stabilize the rotor flux linkage, as
well as to modernize the control systems in use, with little
financial cost.

The issues of stabilization of the parameters of
vector control systems with uncertainties involved many

researchers [1-6]. They built mathematical models and
synthesized robust controls for many kinds of systems.

The goal of the work is structural synthesis of
robust stabilizing control of the rotor flux vector control
system of induction electric drive.

The theoretical basis for the structural synthesis of
robust control knob served H,-theory [7] and the theory
of continued fractions [8]. Calculations were carried out
with the assistance of MATLAB-7 expansion packs [9].
The studies were discussed at the VII International
Scientific and Technical conference «Innovations in
Shipbuilding and Ocean Engineering» (Ukraine,
Nikolaev, 2016).

Methods and results of investigations. Fig. 1 is a
block diagram of the channel of the rotor flux linkage in
the space of signals «input-output» [10], which includes

© N.J. Khlopenko, I.N. Khlopenko
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the transfer functions of the frequency converter and the
stator windings 1 and rotor windings 2 of induction motor
with squirrel-cage rotor.

U K. | E | 1R | I
T.p+l|  |TeqP*

Fig. 1. A block diagram of the rotor flux linkage channel
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In this scheme, the uncertainty of the parameters that
are most sensitive to changes in the object model, the gain
of the frequency converter have been chosen Kg.,
equivalent active resistances Rj.q and R,, inductances L;,
L, and mutual inductance L, of stator winding 1 and rotor
winding 2, and Ry = R1+(k2)2R2 (R, is the active
resistance); k, = L1,/L,.

We proceed from the block diagram of the equations
of state in the normal form of the operator:

K

pE:—LE+iU;

fc ch
pl=- ! 1+;E; (1

Tleq Rlequeq

1 L
pY=——w+227],

) )

where p is the Laplace operator; E is the EMF of the
frequency converter; U is the control action (the
projection of the stator voltage vector in the direction of
the vector of the rotor flux linkage); / is the current in the
channel of the rotor flux linkage; T, is the time constant
of the frequency converter; Tieq = Lieg/Rieq 18 the
electromagnetic stator winding time constant; L.q = 0L,
is its equivalent inductance; ¥ is the magnitude of the
rotor flux linkage; 7, = L,/R, is the rotor winding
electromagnetic time constant; o = 1 — (L1,)*AL,L,) is the
scattering coefficient of the magnetic field.

Coefficients k, and o are assumed constant. We
introduce the dimensionless quantities

where 7 is the index of nominal quantities.
We proceed in the equations (1) to dimensionless
quantities (2):

1 Lyl
pxy =X+ 2ty
) LY,
1 E,
DXy =— Xy + X35 (3)
Tleq Rlequeqln
1 KU
Xy = ——x3 4y
ch chEn

Using equations (3), we construct a structural
diagram of a system in the state space (Fig. 2).

We assume that undetermined system parameters
Kte, Rieq, Ro, L1, Ly and Ly, change in intervals

Kg=Kgen(1+ Pk, 0%, )3
Rieq = Riegn (1 + PR, SR, )5
Ry =Ry, (1+ pp,dg,) s
Lieq =Lieqn (4 P, 81, )3 )
Ly =Loy(1+pp, 81, )
Lip =Ligy I+ pp,01,),
wherepKfc s PRy, PRy» PrL PL,» PL, ar¢ the

relative values of the coefficients of variance of

undetermined parameters g , 9 Rieg * dg,, © Lieg *
6L2 and SLIZ .
v | K O e O N
Kfcn 1;'0 P
R X2[ 1 [P*2]| 1 R
2~ T | eqn
= Rieq
Lz 1 | PX1]1 X4
o] — = —_— - i
L12n LZ p
R, =

Fig. 2. A block diagram of the rotor flux linkage channel
in the state space

We replace each of the parameters (4) shown in
Fig. 2 a block diagram. The result is a structural diagram
of a system with parametric uncertainty shown in Fig. 3.
We proceed from this block diagram to the vector
equations of state in the operator form:
px =Ax+ Byw+ Byu ;
Z=C1X+D1]W+D12u; (5)

y= C2x+D21w+D22u ,

where
_ R2n R2n 0
L2n L2n
R R
A= 0 _ 'egn leqn ;
Lleq n Lleq n
1
0 0 -——
L ch
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0 0 0 & _pLIZ 0 _pi
L2n L2n L2n
PR,
Bi=| 0 PL, ~7 0 0o 0o o0 |
leqn
PRe 0 o 0 0 0
_ch ,
[0 0 0
0 Rleqn Rleqn
Lleqn Lleqn
0 Riegn 0
Ci=| 0 Ry, 0 ;G =t 0 o]
0 Ry, 0
_R2n R2n 0
L2n L2n
| Ry, 0 0 |
(0 o0 0 0 0 0 0 |
PReq 0 0 0 0
-p
fieq Lleqn
0 0 0 0 0 0 0
D;=[0 0 0 0 0 0 0 |
0 0 0 pr, 0 0 0
0 0 0 PR, PLy _PR,
Ly Iy Ly,
0 0 0 0 0 0 0 |
1
B{:{O 0 —};Dﬁz[l 0000 0 0]
ch

Dy=[0 0 0 0 0 0 0]; Dy, =]0]:

x = (x1, X, x3)T is the phase vector; y is the 1D output
vector by which closes feedback ; z=(z|, z»,..., z7)T,
w=(wi, Ws,..., wy)| are the respectively the input and
output vectors of uncertainty shown in Fig. 3.

The obtained equation (5) corresponds to the transfer
function matrix P(p), which is the standard form has the
form (6):

A B B
P(p)=|Ci Dy Dy |. (6)
Cy Dy Dy
It contains known and does not contain elements of
uncertainty.
The matrix transfer function containing the
uncertainty of the form (7):
) Kp, 0 0 0 0 0 0
0 o L 0 0 0 0 0
eq
0 0 dp 0 0 0 0
leq
Alp)=| 0 0 0 8z O 0 0 (.7
0 0 0 0 9§ 0 0
12
0 0 0 0 0 9§ 0
2
0 0 0 0 0 0 dp
2

It defines the relationship of the vector w(p) with the
vector z(p).This relationship is described by the
expression of matrix w(p)=A(p)z(p) which displays the
system of equations (8):

w =08k, 715 Wy =8, 23
W3 :SRlqu3; Wy =8R224; (8)
Ws :6L1225; We :6L226; wy :8R227 .
This system of equations is obtained by Fig. 3.

Z4 Wy
5’([: . pch
u 1 |PX3 |4 | X
Ty P
R1eqn
X2 |1 px; 1 .
P L‘leqn
Z; Wy
Lieq Ligq
"'"‘R1eqn -
Z, W
R“EQ o R1cq
Z, Wy Zs Ws
5}?2 = p.R2 _-61-12 p‘-u
X4 1 PX4 1
S S s 8 Q=
P L, b
Zg We
o, P,
. Rzn .
Z,; Wy
5R2 i pﬂ‘;

Fig. 3. A block diagram of the rotor flux linkage channel
with undetermined parameters

Thus, a mathematical model of the channel of the
rotor flux linkage in the space of states with parametric
uncertainty is built.

Synthesis of optimal stabilizing K(p) control was
conducted by a mixed sensitivity for the object P(p) the
uncertainty A(p).
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The block diagram of the object P(p) with
uncertainty A(p) and the controller K(p) is presented in
Fig. 4.

The numerical solution was carried out at the
following values of the original data with 73=0.001 s;
Ri=2.65 Q; R,,=2.0 Q; L,,=0.186 H; L,,=0.189 H;
L15,=0.179 H; 6=0.0996 corresponding to the induction
electric drive with motor MDXMA 100-32.

A (P) [=—

1 P(p)
u y
K(p) =—

Fig. 4. The block diagram of the object P(p) with uncertainty
A(p) and the controller K(p)

Quality controlled system by means of three
weighting functions [9] attached to the object P(p). In the
process of solving the mathematical model of H,-
suboptimal robust controller is obtained. Its stripped-
down strictly proper transfer function K(p) (at a frequency
of w.=46.6 rad/s of one of the weighting functions [9])
has the form

5.016-10°(p? +148.963p+1.0612-10%)
P311.451.10% p? +1.262.107 p+3.532-107 - @)
Using the algorithm of the ancient Greek

mathematician Euclid, we expand the transfer function (9)
in the continued fraction [8]:

5.016-10°
1
P*0.6963 . I

4
10 _197p+

» (10)

1
0.5709 1
- +

4
10 osep4t
-

where r=0.2879-107

Structural circuit of the regulator corresponding
fraction (10) is shown in Fig. 5. It consists of three
integrating and four proportional units.

Fig. 6 shows curves (solid lines) obtained by
simulating transient rotor flux linkage in the Robust
Control Toolbox (Fig. 6,a) and the Simulink (Fig. 6,b)
packages with a single step change reference variable, and
the curve in Fig. 6,b is constructed with the assistance of
the controller block diagram shown in Fig. 5. As
expected, the two curves are identical at steady state. In
transition mode, they are slightly different from each
other in character and speed the flow of transients and
overshoot are about 25%. This overshoot is easily
eliminated by the aperiodic links with transfer function
1/(0.32p+1) on the right side of the setting unit setting
signal (dashed line in Fig. 6,0).

Similar calculations were carried out with various
combinations of increased or reduced in 2 times uncertain

parameters. Here, transient deviations from nominal
curves were not observed.

1
—15.016-10° ]

1,436-10"

1

~19,7p

-1,75210"

1
1,256-10°p

3,47310° |=

Fig. 5. Structural circuit of the H,-suboptimal stabilizing robust
controller

0 01 02 03 04t g O 01 02 03 04¢ g
a b
Fig. 6. Transients of the rotor flux linkage
in packages Robust Control Toolbox (@) and Simulink (b):
the dotted line — overshoot 0 %; solid line — 25 %

Conclusions.

The technique of structural synthesis of robust
stabilizing control regulator of the rotor flux linkage is
proposed, H,-suboptimal block diagram of which is
presented in the form of connections of easily integrated
and proportional parts of the same order as the regulator
with a strictly proper transfer function, and takes into
account the parametric uncertainty of the control object.

The results of the simulation of transient processes
in a variety of packages MATLAB confirm the adequacy
and small sensitivity of the system to parametric
perturbations.
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STATISTICAL OPTIMIZATION OF FREQUENCY REGULATED INDUCTION
ELECTRIC DRIVES WITH SCALAR CONTROL

Purpose. Working out of technique of synthesizing statistically optimal controllers of induction electric drives with frequency
scalar control operating under stochastic loads. Methodology. It is shown, that one of the ways of increasing the energy efficiency
of induction electric drives at random changes of loads is to create closed systems of electric drives with statistically optimal
regulators that would take into account the stochastic nature of the disturbances and acted as filters of occasional high frequency
fluctuations. The structure of such controls depends on the statistical characteristics of stochastic loads — correlation function
and spectral density. In this mode, the minimum loss in dynamic mode with random intensive changed loads is provided by
criterion of minimum mean square error of optimal parameter control. In the case of frequency controlled electric drive such a
parameter is the optimum rotor flux. Results. The optimal structures of regulators of electric drives under stochastic loads
according to type of random disturbances are identified. Originality. The technique of statistically optimal synthesis with feature
of the expansion of a random process load on average, served as a useful signal, and high-frequency fluctuations around the
average value, served as barrier, is developed. Practical value. On an example of simulation of work of the electric drive of a
crusher of grain it is shown efficiency of a filtration by statically optimal regulator of the high-frequency components of random
torques of load, reduction of dispersions of its outlet parameters, increase of cyclic indicators of energy efficiency of the electric
drive, such as cyclic efficiency and power factor. References 4, tables 1, figures 3.

Key words: induction electric drive, frequency scalar control, stochastic load, optimal regulator.

Paspabomana memoouka cunmesa CMAMUCHMUYECKH ORMUMAIbHGIX pPeyIAMOPO8 ACUHXPOHHBIX IJIEKMPONPUEOOOE C
YACMOMHBLIM ~ CKANAPHLIM  YRPAGIeHUEM, PAOOMalOWux npu CHOXACIMUYECKUX MOoMenmax Hazpysku. Onpedenensl
onmMuManbHble CMPYKMYypPsl Peyiamopos I1eKMPOnPUe0008 MaAKo2o Kiacca 8 3a6UCUMOCHU OM GUOA CIYHANHBIX 603MYyUieHUII.
Ha npumepe modenuposanus pabomst 2321eKmponpueooa Opodunku 3epHa nokazana 3IPgexkmusnocms Guiompayuu
cmamucmu4ecku ONMUMAILHBIM PeSYIAMOPOM BbICOKOUACHOMHBIX COCMABNAIOMUX MOMEHMO8 HAZPY3KU U NOGblUICHUE
UUKIUYECKUX NoKazamesei IHepzordhpghexmusenocmu rnexkmponpueooa, maxux Kax yukiosvte KITJ[ u korgppuuyuenm
Mmowgpocmu. bubn. 4, tab. 1, puc. 3.

Kniouesvle cno6a: acCHHXpPOHHBIN 3JIEKTPONIPUBO/I, YaCTOTHOE CKAJISIDHOE YNpaBlieHHe, cIy4aiiHasi HArpy3Ka, OnTUMAJIbHBIH
peryasrTop.

Introduction. Wide class of induction electric
drives including those used in agricultural mechanisms, in
housing, in construction have load torque changing at
random laws. They are drives of mechanisms as grain
crushers, shredders, granulators, mixers, conveyors and
more. At random changes since the current electric load,
speed and electromagnetic torque of induction motor (IM)
are also changed by random laws.

Stochastic character changes perturbation of electric
greatly impairs their performance, requires overstatement
installed capacity of motors, causing shocks in the
mechanical parts of the drive makes the current surge in
the motor and networks that worsens the quality of energy
consumption and increases power loss, reduced quality
regulation drives increases the likelihood of overload
induction motor and its failure, makes it impossible for
the realization of optimal modes of energy consumption
in electric closed systems, such as «frequency converter —
induction motor», «voltage converter — induction motor».

The goal of the work is to develop methods of
statistically optimum synthesis of regulators of
induction electric drives with frequency converters at
random perturbations for mechanisms that do not
require speed control.

Problem definition. One of the ways of increasing
the energy efficiency of induction electric drives at
random character of changes of loads is to create closed
systems of electric statistically optimal regulators that
would take into account the stochastic nature of the
disturbances and acted as filters occasional high load
fluctuations. The structure of such controls depends on
the statistical characteristics of stochastic loads —
correlation function and spectral density.

The problem of optimizing energy consumption in
closed induction electric drive with frequency
converters at a static moment load is sufficiently
developed in Ukraine and abroad [1-3]. At the same
time poorly investigated processes in such systems in
dynamic mode at a variable for process cycle time of
loading, including random law. In this mode, the
minimum loss in dynamic mode with loads of intensive
change at random by law, meets the criterion of
minimum mean square error of optimal parameter
adjustment. In the case of frequency controlled electric
drive such parameter is the optimum rotor flux. This
can be considered two types of frequency control of IM
— scalar and vector.

© Yu.V. Shurub
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When vector control possible direct regulation of
the rotor flux through the separation process and flow
control point. But high quality filtration components
load depends on the quality of stabilization flux path
that is difficult to implement frequency converters with
voltage  source  properties because of  the
electromagnetic connection between circuits regulating
moment and flux [4].

Based on these reasons, this work as an example of
the synthesis of statistically optimal system is considered
«frequency converter — induction motor» (FC — IM) with
scalar control at a constant preset speed.

We know that in order to ensure minimum power
losses in the induction motor by changing the static load
should be regulated optimal flux linkage, which is defined
by the formula

var,

: (1)

1 .
2 rY
I,uan + APconstn (j
I

¢
» "I,

where AP,

onst. are the nominal losses in motor steel;
“tn

APy, are the nominal losses in motor copper; ¥, is the

nominal motor rotor flux linkage; /,, is the nominal
magnetization current; I, I, are the nominal and current
value of the rotor currents; f,, f are the nominal and
current value of the frequency of power; S is the
coefficient depending on the steel grade (here we accept
1.5); R, is the stator resistance.

For an optimal flux linkage (1) at a given speed of
rotation, defined preset frequency, you must submit the
optimum voltage U,, that work in the area of slip can be
determined approximately equivalent circuit IM by the
formula

Uppt = Popt / + 11\ RE +Q2fLy)* )

This can be done using functional circuit closed
system «frequency converter — induction motor», which is
shown in Fig. 1. In this diagram marked: IM -
asynchronous motor, CD — computing device in which the
calculated value U,,, FC — frequency converter, VS —
voltage sensor, CS — current sensor, VR — voltage
regulator, f; — speed signal setting.

Incoming control action of the motor as part of a
closed system «frequency converter — induction motor»
mode optimizing the law is ¥'= ¥,, stator voltage and
frequency, which are connected to each other by (2). This
frequency control circuit stabilizes the speed at a given
level, and wvoltage regulation circuit stabilizes the
optimum flux.

I
3
)
v v
3

CD VR

AA
a
- VS
L £
CS

M

Fig. 1. Functional scheme of the closed system
«frequency converter — induction motor» at scalar control

At static load torque the motor will run with minimal
loss of power provided the relationships (1) and (2). In
dynamic mode at a dramatically changing the law for
random load electric current, electromagnetic torque and
speed IM and replaced by random laws. Moreover, the
stator and rotor currents at the given voltage and
frequency and assuming the work of the linear section of
the magnetization curve is uniquely determined slip. With
the dynamic changes sliding computing device as a result
of electromagnetic and electromechanical inertia will
respond to the change of load inertia that will not receive
optimal treatment in every time. So for implementation
mode power optimization requires stabilization of sliding
(rotor speed) at stochastic dynamic loads.

In scalar control only amplitude adjustable rotor flux
vector using the ratio of U/f and its phase is
unmanageable. Because of this electromagnetic torque is
unmanaged components that do not allow to get high
quality regulation in electric drives with variable control
signals such as tracking, positional drives, but provides a
fairly high quality of stabilization speed at variable loads,
therefore, frequency regulated electric drives with scalar
control can provide power optimization mode.

Results of investigations. Linearized block diagram
of electric system «frequency converter — induction
motor» of the scalar control is shown in Fig. 2.

0
M)+ A ) Ky Tps+1)
W (5)=——4% 22
T T8+ Ts+1
- 5. )
Wreg (8) > ()= ————— >
T + T8 +1

Fig. 2. Block diagram of the electric drive

In this diagram: @, is the setting task (cyclic load
speed); a(?) is the electric drive adjustable output value

_ 0
(cyclic speed); M((t)=M(@)+M(t) is the random

perturbation signal that served as the sum of the mean
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_ 0
M (¢) and centered random process M (), W,(s) is the

transfer function of the regulator, Wy(s) is the transfer
function motor control signal, W,(s) is the transfer
function motor disturbance (torque of resistance).
In the transfer function in Fig. 2 marked:s is the
Laplace operator, 7, is the electromagnetic time constant,
Ty is the electromechanical time constant of the induction
motor, Ky, is the transfer coefficient for signal control; K,
is the transfer coefficient for the disturbance.
Input signal of the regulator
&(t) = w, — () 3)

we call accidental error system.
For optimality criterion we take the minimum
criteria rms random error adjustment &.,,s which in the
case of stationary and ergodicity process load can be

calculated as the square root of the average error of
regulation in time g2 for a sufficiently long period of

observation 7—oc:

T
= lim J’gz(t)dt ~> min.. 4)

0

This paper discusses the problem of statistically
optimal synthesis for arbitrary structure regulator, which
is previously unknown. This problem is formulated as
follows. By according is the statistical characteristics of
the signal disturbance — load M(r) such as its spectral
density Sy/{ ), transfer function and object management —
asynchronous electric drive. Need to find a transfer
function regulator W,4(s) which provides the minimum
mean square error of the system &ys.

For centered stationary random process with zero
expectation root mean square error equal to the variance
of the random error system

Erms =\/E—2=\/D_€’ )

which can be found on the basis of the laws of conversion
statistical characteristics of random process induction
electric closed system of transfer function for the
disturbance

W (s)

W(s)= ) .
A Wyeg () Wy (s)

(6)
In accordance with the Hinchyn-Wiener law

0 . 2
b jl Wy Go) |
& . .
LW () Wy ()|
where Wy(jw), Wy(jw) are the frequency transfer function
for the electric drive control and disturbance, respectively;

Sy (@do, — (7)

We(jow) is the frequency transfer function of the
regulator.

So, in order to minimize &y, it is necessary that the
condition D,—min should be correct.

Because of the complexity of (7) directly used for
synthesis of optimal statistical it can not. Therefore

solution of this problem was the technique of statistically
optimal synthesis feature is the expansion of a random
process load on average M (¢) served as a useful signal

and high-frequency fluctuations around the average value

0
M(t) served as barrier — centered stationary random

process.
After expansion signal load on the signal M () and

0
signal of interference M (¢) dynamic random error system

can be represented as the difference of two output signals
(Fig. 3), one of which is designed with the terms of
optimizing energy consumption at the moment of static
frequency transfer function of a closed system disturbance
. Wy (jo

kotja)=—UD_ ®)

1+ Wy (jo)

and the frequency transfer function of the second system

. Wy (o)
k(jo) = M ©
1+ Wy () Wy ()

is still unknown because the unknown frequency transfer
function regulator W,.,(jw) which sought to ensure the

conditions of minimum mean square error by filtering
high frequency fluctuations.

M (.t)+ﬂg’ (#)
S

k(o)
(Y = m, — wAf)

> ks(ia)

Fig. 3. Block diagram for optimal synthesis
Let Sj;(@) is the spectral density of the useful
signal and S ¢ (w) is the noise signal spectral density.
M

Then the spectral density of random dynamic error
adjustment according to Fig. 3

S5 (@) =|ko (o)~ k(o) - Sy (@) +

2 (10)

+|k(jo)|" S o (@).
M
The dispersion of accidental error of regulation
e8]
N e N2
D, = [ [oGo) - 1=k (o) - Siz @)+

—» (11)

+eGo)* S (@)do,
M
where K(jo)= k(j) )
ko(jo)
After some changes and minimize the expression
(11) we obtain the frequency transfer function statistically
optimal system would be:
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_ ky(jo)- Sz (@)
Siz (@) +50 (@)
M

kopt (]60) ( 12)

Analysis of the frequency transfer function (12) for
loads with exponential and exponentially-cosine
correlation functions shown that it has positive poles of
the variable jw, therefore, such a system can not be
physically realized. To correct solution of this problem
should be made of the frequency transfer function that has
negative poles, and the other part rejected.

For this it is necessary from K,,(jw) to separate the

real
opt

For this first we expand the denominator of (12) in
the complex multipliers

S;g(w)+SAo4 (w)=y(jo)y(-jo),

part k.. (jw) that is physically realized.

(13)

where y(jw) is the function which all poles by complex
variable jw are negative; Y(—jw) is the function which all
poles by complex variable jw are positive.

. . Sy(w)
Now we divide the function —*—— into two
y(-jo)
components:
Sip(@)  [Si@) " [ Sy
—= ; + ; , (14
y(-jo) |y(jo) y(-jo)

Sip(@) " . .
where {—*——" is the component which has negative
y(-jo)

poles of the complex variable jo and can be realized
S (@)
y(-jo)
positive poles of the complex variable jw and can not be
realized physically.

physically, { } is the component which has

Si7 (@)
y(—jo)

Rejecting the part of the function that can

not be realized physically

We obtain closest to the optimum frequency transfer
function of the closed electric drive that can be physically
realized:

k() [Siz.(@)]"

Kot (o) = 2D AT 1)
y(jo) |y(-jo)

For obtaining transfer function of statistically

kreal

opt (8) Itis necessary to present (15) as

optimal system

a ratio of complex variable polynomials j» with following
substitution of the variable j@ by the operator s.
After determining the transfer function statistically

real
kopt

of the regulator with the following relationship which can
be obtained from (9) solving this equation relatively
Wreols):

optimal system (s) we determine transfer function

real ; \
Wreg (5) = W i
kopt (s)- Wy (s)

Calculations showed that under load, which is

(16)

exponential correlation function R(r)zDe_aM by

statistically optimal transfer function of the regulator will
be consistent connection aperiodic link and forcing a first-

. aps+a .
order link W,,q(s)= 02 "1 " and for loading of
boS + bl
exponentially-cosine correlation function

R(7)= De_a‘r‘ cos fr — serial aperiodic link and forcing

aps + a

a second-order link W, (s)= . Factors

bys® +bys+b,
data gear functions are functions of the parameters of gear
function electric Wy(s) and W,(s) and parameters of
correlation functions load R(7).

Investigations of modes of induction electric drives
with random character changes the load carried by the
example of simulation of electric uniflow mills grain type
of induction motor 4A80V2 load which has
exponentially-cosine correlation function that corresponds
to the statistical characteristics of the realizations obtained
experimentally.

Simulation of the application of electric statistically
optimal regulator showed reduction of variance electric
output parameters (electromagnetic torque, current,
speed) by 50-70 %.

Rate energy reserves through the use of statistically
optimal regulator may cycle using indicators such as cycle
efficiency and power factor. These figures for electric
uniflow mills grain given in Table 1 in the case of non-
regulated electric drive, the electric drive system
«frequency converter — induction motor» with a typical
speed control, designed with a static mode (with PI
regulator) and with statistically optimal regulator.

Table 1
Power indicators of electric drives
Drive type Cycle efficiency |cose
Non-regulated 70 % 0.64
With PI regulator 71 % 0.68
With statically optimal regulator 76 % 0.81

From Table 1 it is shown that the use of default PI
regulator does not allow to get significant energy
efficiency through the use of optimal interlinkage law
regulation in terms of action stochastic dynamic loads due
to impacts of electromagnetic and electromechanical
inertia. The use of statistically optimal regulator with
stochastic disturbances enhanced the performance of
electric energy. Moreover, the scalar driving these figures
are close to the values obtained by statistical optimization
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is electric vector control [4] under the same load
conditions, but at simplest terms technical
implementation.

Conclusions.

1. At actions of dynamic stochastic loads for optimal
control law implementing it is appropriate to use
statistically optimal regulators instead of or together with
standard regulators.

2. Simulation of electric drive of the grain crusher
showed statistically optimum filtration efficiency by the
regulator of high-frequency components of random points
in the load, improving cycle power performance of
electric drive.
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CALCULATION AND EXPERIMENTAL ESTIMATION OF RESULTS

OF ELECTRO-THERMAL ACTION OF RATIONED BY THE INTERNATIONAL
STANDARD IEC 62305-1-2010 IMPULSE CURRENT OF SHORT BLOW OF ARTIFICIAL
LIGHTNING ON THE THIN-WALLED COVERAGE FROM STAINLESS STEEL

Purpose. Calculation and experimental researches of electro-thermal resistibility of the pre-production thin-walled sheet models
of outward roof of height technical buildings from stainless steel are easily soiled 12X18H10T to direct action on them rationed
by the International Standard IEC 62305-1-2010 aperiodic impulse of current of short bow of artificial lightning of temporal
form 10/350 us with the proper admittances on his peak-temporal parameters (PTP). Methodology. Electrophysics bases of
technique of high voltage and large impulsive currents (LIC), and also scientific and technical bases of planning of high-voltage
impulsive devices and measuring methods in them LIC with followings below extreme PTP: amplitude of impulse of current of
1,,1=200 kA (with admittance £10 %); integral of action of impulse of current of J;=10-1 0° A%s (with admittance £35 %); %);
duration of wavefront current of T;=10 us (with admittance +20 %); time, proper amplitude of impulse of current of 1,5, t,,; <24
us (with admittance £20 %); duration of flowing of impulse of current of T,=350 us (with admittance +10 %). Results. The results
of evaluation calculation and experimental researches of electro-thermal resistibility of the indicated pre-production sheet models
are resulted measuring in the plan of 0,5 x 0,5 m from stainless steel are easily soiled the 12X18H10T thickness of 1 mm to action
on them of aperiodic impulse of current of short blow of artificial lightning with rationed PTP on the requirements of the
International Standard IEC 62305-1-2010. In high current experiments amplitude of 1,,; of the aperiodic rationed impulse of
current of artificial lightning of temporal form of Ty/T,=15 us/315 us changed in the range of (100-184) kA. The integral of
action of Ji of impulse of current for I-1V of levels of protection of lightning of technical objects (TO) numeral made from
2,32:10° A%s to 7,88:10° A%, and the flowing through the probed pre-production steel models electric charge of q; numeral
changed from 44,2 Kl to 81,3 Kl. It is shown that direct influence rationed by the International Standard IEC 62305-1-2010
impulse of current of short blow of artificial lightning with in-use PTP on the indicated pre-production steel models causes in
them the rounded small hole of melting of surface of coverage a depth no more than 50 ym and diameter no more than 60 mm.
The results of calculation and experiment coincide within the limits of 5 %. Originality. First in world practice on the unique
generator of LIC of short blow of artificial lightning of type of GITM-10/350 experimental researches of electro-thermal
resistibility of pre-production sheet models of outward roof are conducted TO of stainless steel 12X18H10T is easily soiled to
direct action on them of impulses of current of an artificial storm air spark digit with extreme parameters. Practical value.
Drawing on the got results in practice of protection height TO from linear lightning will allow substantially to promote their
Jfunctional and fire-prevention safety in the conditions of direct action on them of the plasma ductings of high current storm air
spark discharge. References 20, tables 1, figures 4.

Key words: artificial lightning impulse current of temporary shape 10/350 ps, thin-walled coverage made of stainless steel,
electro-thermal effect of lightning current to the steel cover, radius and depth of penetration of the steel wall coverage,
calculation and experimental estimation of damage zone of coverage.

Ilpuseoensl pezynomamot pacuemnoii U ONBIMHOI OUEHKU IJIEKMPOMEPMUYECKOI CHIOUKOCIU MOHKOCIMEHH020 HOKPbIMUA
HAPYYHCHOIl KPOGTU BbLICOMHO20 MEXHUYECKO20 COOpYyHceHUuAa u3 Hepycaseiowieli cmanu mapku 12XIS8HIOT k npamomy
6030¢€iicmeul0 HA He20 HOPMUPOBAHHO20 RO MmedxcoyHapoonomy cmanoapmy IEC 62305-1-2010 anepuoouueckozo umnynvca
MOKa UCKyccmeeHHOU Moanuu epemennoi gpopmol 10/350 mxc ¢ amnaumyooit om 100 0o 200 kA u 3a0annvimu donyckamu Ha
ezo0 amnaumyoHo-epemennslie napamempul. Ilokazano, umo yKazauuolil UMRYIbCHBLIL MOK MOJIHUU GbI3blEAE TULLL JIOKATbHOE
HOGEPXHOCMHOE MEPMUUECKOe ROBPENCOCHUE UCCIe0YeMO20 CIATbHO20 ROKPbIMUA RPU PAOuyce OAHHOU 30Hbl NOGPENHCOCHUS He
bonee 30 mm u 2nybune nponnasneHus ezo cmenku ne 6onee 50 mxm. buotn. 20, tabn. 1, puc. 4.

Kniouegvle croéa: uMmyJsib¢c TOKa HCKYCCTBEHHOW MOJHHMU BpemeHHOW (opmbl 10/350 MKC, TOHKOCTEHHOe NMOKPBLITHE M3
HepsKaBelliell cTajl, 3JeKTPoTepMHUYecKoe NeiicTBHe TOKAa MOJHHH Ha CTAIbHOE NMOKPLITHE, PafiMyC M TJIyOMHA 30HBI
MPONJIABJIEHHSI CTEHKH CTAJIbHOI0 MOKPLITHS, PACUeTHAs M ONBITHAS OLIEHKA 30HbI MOBPEKACHUS MOKPBITHS.

Introduction. In [1] the authors presented the
results of computational and experimental studies
electrothermal resistance experienced sheet of thin (1 mm
thick and the size in terms of 500 x 500 mm) of the
samples of the outer roof of stainless steel 12X18H10T
tall technical installations to the direct impact on their
valuation 4- and C- pulse current component of artificial
lightning, amplitude and timing parameters (ATP) which

comply with current regulatory requirements of the
United States SAE ARP 5412 and SAE ARP 5416
documents in relation to the aircraft [2, 3]. As is known,
in this case, the impulse damped sinusoidal A- lightning
current component characterized by the following
normalized ATP [2, 3]: current amplitude 7,,,=+£200 kA
(with tolerance of + 10%); the integral action of the
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current J,=2-10° A*s with (with tolerance of + 20%);
time corresponding to the amplitude of the current 7,
constituting #,,4<50 ps; the duration of the current flow
7,,<500 ps. Long aperiodic C- lightning current
component in this case had the following normalized ATP
[2, 3]: amplitude 7,~£(200-800) A current; moved
electric charge current g-=+200 C (with tolerance of +
20%); the duration of the current flow 7,=(0.25-1) s.
Note that in [1], corresponding experiments were
performed on designed and developed in 2007 at the
experimental polygon at the Scientific-&-Research
Planning-&-Design Institute «Molniya» of the NTU
«KhPI» (at the Department No. 4 «Electromagnetic
research and testing»), a powerful high-voltage generators
of artificial lightning current YU TOM-1 [4] is formed on
the test technical object (TO) ATP current pulses from
lightning described the A- and C- components on the
requirements of the normative documents [2, 3].
According to the applicable requirements of the
International Standard IEC 62305-1-2010 [5] in the
assessment of protection from lightning strike short of
buildings, technical installations and their parts, including
those in which people and utilities, using a normalized
aperiodic current pulse lightning temporary form 73/7, =
10 us/350 ps of positive polarity, where 7y, T, are,
respectively, the rise time and duration of the halftime of
the lightning current pulse. Other highlights of the ATP
for the lightning current impulse I lightning certain level
characterized by the following numerical values [5]: the
current amplitude /7, = 200 kA (with tolerance of £10%);
the integral action of the current (energy density)
J;=10-10° A*s with (with tolerance of +35%); the amount
of electric charge leaked ¢;=100 C (with tolerance of
+20%). For level II lightning TO have the following
numerical values [5] considered ATP lightning current:
current amplitude 7,;,=150 kA (with tolerance of + 10%);
current action integral (energy density) J,=5.6:10° A’s
(with tolerance of £35%); the amount of electric charge
leaked ¢;=75 C (with a tolerance of + 20%).

For most low III-IV levels of lightning then these
ATP lightning current must meet the following
specifications [5]: current amplitude 7,;,=100 kA (with
tolerance of + 10%); the integral action of the current
(energy density) J,=2,5-10° A*s (with tolerance of +
35%); the amount of electric charge leaked ¢;=50 C (with
tolerance of £20%). In this context, an undoubted
practical interest electrophysical task associated with the
assessment of electro-thermal resistance of thin sheeting,
stainless steel outer roof of high-rise buildings to direct
technical impact on their aperiodic short strike lightning
current pulse temporal shape 10/350 ps with ATP
presented in [5].

The goal of the paper is the determination of the
effects on the thin-walled sheeting made of stainless
steel, mounted on the roof of high-rise buildings
technical, short-current pulse of lightning strike with

normalized according to the International Standard IEC
62305-1-2010 ATP.

1. Definition of the research problem of
electrothermal resistance of thin-walled steel coating
to the lightning current impulse 10/350 ps. In this
applied research, consider a flat sheet thin-walled steel
coating thickness 4<1 mm is tested in the air with a
steady temperature 6, direct impact on it of a high
plasma cylindrical channel short lightning with pulse
aperiodic  current i, (f), the relevant technical
requirements [5]. Let the lightning channel in the area of
its peg on the outer surface of the steel covering made of
stainless steel 12X18H10T [1], has a maximum radius r
satisfying in the SI system at the location of the
protected by the known Braginsky formula [6]:
r050.093-(ImL)m'(tmL)”z, where [, is the the amplitude of
the temporal shape of the lightning current aperiodic
pulse 10/350 ps and ¢, is the time corresponding to the
amplitude of the current 7,;. Let us assume that the
value of ¢, is approximated by the ratio of the form [7]:
t,=1.6-T|. We believe that the pulse current density
and heat flux in a cylindrical g; lightning plasma
channel substantially uniformly distributed over the
cross section of its circular S;=zry>. One evidence of this
is that virtually characterized by uniform distribution of
its radius rq [8] in the high channel electric gas discharge
electron and ion thermodynamic temperature of its low-
temperature plasma in a first approximation. We believe
that in the course of the impact of lightning channel
considered thin-walled steel cover round the zone of its
binding radius r, remains almost stationary relative to
the covering wall. We accept the assumption that the
volume ¥V, of the molten aperiodic impulse lightning
i (f) the current metal coating determines ultimately the
amount of damage zone under suitable conditions and
the form of its area of penetration. The calculated
evaluation of the results of said electrothermal action of
a high cylindrical channel of lightning on the steel cover
to do the assumption of immutability in the short strike
lightning basic thermal characteristics of the material
under consideration of the TO coating.

2. The calculation estimation of results of the
electro-thermal effects on the thin-walled steel cover
the lightning current impulse 10/350 ps. It is known
that thermal damage to the metal and insulation
(composite), then elements in the field of direct lightning
strike in them due to the presence of intense heat flux in
the plasma channel of a lightning discharge [9]. g; density
of heat flow in the channel of lightning, acting on the test
steel cover TO determined J; current density in it (the
channel) and the fall of the voltage U,. in the electrode
area of the plasma channel considered high-current
discharge. We can use the following approximate relation
[10, 11] to assess the magnitude of the heat flux density
gL flowing in the steel cover (in one of the electrodes in
the estimated two-electrode system air lightning) TO:
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81 =901 Uge, (1)
where U, is the the value of the near-electrode voltage
drop in steel coating, performing in a two-electrode
system (TES) as a cathode at a predetermined positive
polarity lightning current.

According to the experimental data presented in
[10], the value for the basic U, conductive materials TES
calculation used in aircraft (ground) and other apparatuses
TO varies within a narrow range of from 5 to 10 V
applied to the steel under consideration covering the value
of the cathode U, numerically is about 6.1 V [10]. Then,
taking into account (1) the amount of heat the O entering
the steel cover with a direct strike of lightning in it, we
can write the calculated expression:

0 0
Q:”J.gLrOzdt:”Uacj.éLrOzdt:Uach > )

0 0
o0
where ¢;= f ir(t)dt is the amount of electric charge of
0

positive polarity of the plasma channel lightning flowing
through the steel cover.

On the other hand, for the Q value of the amount of
heat, to stand out in a steel coating material at his defeat
by direct lightning strike, will have the following
calculated relation [12]:

0 = my[Co(0,,—0p)+C,]. 3)

where my=d,V, is the mass of heated impulse lightning
current to the melting temperature 6, coating material
having the density dy, and volume V;; C, is the heat
capacity of the coating material; C,, is the specific heat of
melting of the coating material.

2.1. The calculation estimation ov volume of the
melting zone in the wall of a steel cover. From (2) and
(3) for the magnitude of the volume V; of the molten
coating material steel TO when exposed to short lightning
obtain the estimated expression of the form:

Vo =Uaeqrdy [Co0n—00)+Cl . (@)

From (4) we see that we obtained above
approximate electrophysical by design analytical
expression for finding molten pulse aperiodic current
of lightning i;(¢) of the volume V), thin-walled steel that
cover is fully consistent with the estimated ratio
recommended in this case, according to [5] the
International Standard IEC 62305-1-2010 (see in [5]
Annex D, formula D.9). Below Table 1 shows the
numerical data for the major electrical and thermal
parameters we used steel grades for thin-wall coatings
TO roof.

Then from (4) and the data of Table 1 it implies that
the calculated estimate of the molten short lightning V),
volume of the coating metal TO is necessary to know only
the amount of electric charge g, leaked through the test
coverage. To find the charge on ¢; (2) using the following

analytical expression for aperiodic lightning current
impulse i;(f) of temporary form of 10/350 us flowing
through the coating TO [14, 15]:

in()=kp Ly [exp( —op)—exp(—azp)], (5

where a,~0,76/T,, a,=2,37/T; are the coefficients of the
lightning current with an aperiodic pulse given ATP;
k=[(a/an)’ = (ai/o)y]" is the normalizing factor;
p=a/(ar—a); y=0/(0—011).

As a result, taking into account (5) for the quantity
of electric charge ¢;, flowing at the time used the form of
T1/T»=10/350 ps aperiodic current pulse through the
susceptibility of short thunderbolt investigated steel cover
TO, we find:

o0
qr= j i, Wdt =k, 1, [1315Ty —0422T;].  (6)
0
Table 1
Main electric and thermal properties for steel 12X18H10T at
room temperature (6,=20 °C) of air media [1, 10, 13]

Parameter Dimensionality Value
Use v 6.1
dy kg/m’ 7900
Go Ji(kg°C) 462
O, °C 1455
C, J/kg 84-10°

Estimated numerical estimate of the charge ¢; on the
proposed equation (6) shows that, at a given time form
T\/T,=10/350 ps lightning current impulse #;(7) to (5) with
the contact found normalizing factor k;~1.054 and
normalized according to the specifications requirements
[5] The amplitude of this pulse current 7,;=100 kA and
1,,=200 kA it (the quantity ¢; charge) accepts numerical
values, respectively 48.1 and 96.2 C. These estimates for
(6) the values ¢; charge for the above two cases, only
normalized to no more than 4% different from his
(charge) corresponding to normalized values by taking
requirements [5] numerical indicators 50 and 100 C.
Taking into account the last relation (6) can be used in the
field of lightning protection TO estimates the value of the
electric charge ¢g; flowing through the metal coating then
the direct impact it short lightning.

In determining the effects of electro-thermal effects
of a lightning strike on a short metal or insulation
(composite) cover TO something important parameter of
this action is normalized in [5] the integral action J
lightning surge current i;(f) (the specific energy with the
dimension J/Q)). Using (5), for the current integral action
J; aperiodic pulse lightning i;(f) of temporary form of
T\/T»=10/350 ps to our approximation we obtain the
following estimated ratio:
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0
J, = j 2dt~k312,[0,658T, —0,6335].  (7)
0
From (7) at T}/T»=10/350 ps (k;=1.054) in regulated
by the requirements of [5] when /,,=100 kA or ,,=200
kA it follows that the value of the integral action J,
received aperiodic lightning current pulse i;(f) takes
respectively calculated numerical values of 2.49-10° and
9.96:10° A%s. These estimates we obtained the value of
the integral action J; considered lightning impulse current
of not more than 1% different from the normalized with
[5] numerical values J; constituting respectively 2.5-10°
u 10-10° A%s. Therefore, the relation (7) can be used in
the field of lightning protection then the estimates of the
value of a temporary form of a lightning current integral
action J; aperiodic pulse 77/7,=10/350 ps acting on
metallic or insulating (composite) coating protected TO.
2.2. The calculation estimation of the depth of
penetration of the hole wall of the steel cover. From (4)
and cylindrical form specified radius r, wells of thermal
damage to the outside of the surface of the flat metal
coating TO that is because of the action of a high
lightning channel to a depth of penetration wells 4, we
obtain:

hm =368- Uachd(;lI;z%/}t;z}J [CO(em - 90) + Cm ]_1 . (8)

From (8) at the normalized amplitude /,;~184 kA
short stroke current pulse form of artificial lightning time
T\/Ty=15/315 ps (t,,~24 ps; k~1.083; ¢,=81.3 C) we
simulated in the laboratory (see. section 4 below), and the
source of electricity and thermal parameters for stainless
steel thin-walled 12X18HI0T considered (A<l mm)
covering TO in Table 1, for the depth of penetration #,,
wells should be that it is numerically approximately 39.8
um. The radius  770.093 (L) (£r) "
cylindrical penetration holes for the steel cover is
numerically equal to about 25.9 mm.

2.3. The calculation estimation of the radius of
penetration holes through the wall of the steel cover.
On the basis of (4), for thin-walled steel cover when
taking into account (8) the condition of penetration
through aperiodic pulse lightning current i;(f) of
temporary form T7,/7,=10/350 ps its wall h,>h, the
estimated ratio for the radius 7, penetration hole through
the wall of the test coverage takes the following
approximate form:

T = {Ugeq(amtho )" [Co(0,, —00)+ C ' 172 (9)

Quantitative evaluation on (9) of the radius 7,, round
hole through the wall penetration of the steel under
consideration cover the thickness of the micrometers
h=hm=~40 short lightning with these normalized to [5]
values ATP pulse current (/,;~184 xA; T1=15 ps; T,=315
us; k;~1.083; ¢;~81.3 C) shows that in this case, it takes a
numerical value equal to approximately 25.9 mm. It is

maximum

evident that in this approximation the numerical value of
the radius r, of the hole of the keyhole cover walls
practically corresponds to the calculated value of the
maximum radius 7, lightning channel defined by the
Braginsky formula above [6]. This result indicates the
validity of the calculation of (9).

3. The calculation estimation of the temperature
of the plasma channel high-current lightning spark
discharge air. With an integrated approach to the
problem before us electrophysical professionals is
important to orient in the numerical temperature levels,
resulting in high air spark discharges of lightning and a
direct impact on the external elements of protected TO. In
this case, we assume that the condition of its non-
isothermal in which it (plasma) the maximum temperature
T, electronic charge carriers exceeds the maximum
temperature T,,; carriers ion current (7,.>T,,) for the low-
temperature plasma of a high air spark lightning at times
t<t,,; [12]. Using the results of applied research, presented
in [11, 15], to the maximum of the electron temperature of
the plasma channel 7, short lightning in the air under
normal conditions (air pressure is 1.013-10° Pa and at a
temperature equal to 6,=0 °C [12]) we can write the
following approximate ratio calculated:

T =328 Y130 Mo utr) (10)

where 6,=5.67-10° W-(m*>K*)" is the Stefan-Boltzmann
constant.

Substituting in (10) at 6.=5.67-10° W-(m*K*)" and
U,=6.1 V the corresponding numerical data source for
standardized requirements for [5] aperiodic pulse
temporal shape of the lightning current 7,/7,=10/350 ps
(I,=2-10° A; £ =16:107° s) we find that in the test case,
the maximum electron temperature plasma 7, channel
high-current lightning discharge air is numerically
T,,,~14.610° K . it should be noted that the obtained by
(10) the numerical value for the electron 7,,, temperature
is in good agreement with those given in [16, 17] known
experimental results for the considered temperature
plasma high-channel air spark discharges are widely used
in electrotechnology, based on the basis of a high-voltage
pulse technology [18].

4. Experimental evaluation of the influence on
the electro-walled steel cover the lightning current
impulse 10/350 ps. The experimental verification of its
operation some given us the calculated relations (in
particular, (4), (6), (8) and the Braginsky formula for
ro) will perform at the designed and developed at the
Scientific-&-Research  Planning-&-Design Institute
«Molniya» of the NTU «KhPI» in 2014, a unique
powerful high-voltage generator type T'MTM-10/350
[19, 20], modeling on low-resistance and low-
inductance electrical load aperiodic pulses temporary
form 7,/T,=10/350 ps of artificial lightning current in
accordance with the requirements of the International

34 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.1



Standard IEC 62305-1-2010 [5] . To this end, the air
discharge circuit TES of high TUTM-10/350 placed on
the desktop of the high voltage generator, at 6,=20 °C
experienced sheet samples were placed in stainless
steel 12X18H10T having a size in terms of 500 x 500
mm and thickness A=1 mm. Note that TES used in
experiments with the top electrode of cylindrical shape
25 mm in diameter, made of Steel 3, the length of the
air gap between its rounded along the radius about 12.5
mm and experienced edge sheet sample of stainless
steel 12X18H10T was approximately 14 mm. To
initiate a steel model of an experienced high-current
spark discharge plasma channel short artificial
lightning strike in the air gap TES placed a thin copper
wire 0.2 mm in diameter and about 37 mm in length,
anchored at its upper steel electrode and a suitable
normal to the top of the prototype steel roof plane TO
with an air gap of approximately 3 mm.

Measurement of ATP of aperiodic artificial
lightning current pulse is generated in the high-current
discharge circuit 'MTM-10/350 and acting on the
prototype sample sheet steel roofing TO carried out
with the help of agents of the state metrological service
measuring coaxial shunt type IIK-300 [4] having a
conversion factor K,,;~10417 A/V, and digital storage
oscilloscope Tektronix TDS 1012. Fig. 1 shows the
waveform obtained in this case with the help of the
T'MTM-10/350 aperiodic pulse current i;(¢) of positive
polarity artificial lightning during a thunderstorm short
air discharge.

We point out that in the preparation shown in
Fig. 1 waveform deadbeat artificial lightning current
pulse in the high-voltage high-current discharge circuit
T'MTM-10/350 three of his pulse current generator
(PCG) contained in the total amount of 171 pieces
parallel and charged to a constant voltage U, ;=17 kV
high-voltage pulse capacitors type MK-50-3 and the
fourth PCG was built on the basis of 288 pieces serial-
to-parallel and parallel-charged to a constant voltage
U.4~4.5 kV high-voltage pulse UM 2-5-140 type
capacitors (on their way out) [19, 20]. From the data in
Fig. 1 implies that the impact in this case on a sample
of experienced sheet steel roofing impulse short stroke
artificial lightning current is generally consistent with
the stringent requirements of the International Standard
IEC 62305-1-2010 [5] for the III-1V levels of lightning
TO. Proof of this is that the main ATP flowing through
an experienced steel sample the thickness =1 mm
normalized simulated lightning current pulse at the
same time have the following numerical values:
1,;=100 kA; T\=15 ps; To=315 ups; q,~44.2 C;
J1=2.32:10° A’s.

Delta
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Fig. 1. Waveform current normalized aperiodic pulse temporal
shape of artificial lightning 15/315 ps with an amplitude 7,,;
~100 kA (g, =44.2 C; J; =2.32:10° A%s) acting in circuit of

I'MTM-10/350 experienced a thin-walled (A=1 mm) sheet
sample TO roof outer stainless steel 12X18H10T

Fig. 2 shows the waveform of the normalized
technical requirements [5] of an aperiodic pulse of
temporary form of artificial lightning current
T\/T,=15/315 ps acting in high-current discharge circuit
T'MTM-10/350 prototype TO steel roof and corresponding
practical level I lightning (7,;,~184 kA; T\=15 us;
Ty=315 ps; ¢,~81.3 C; J,~7.88:10° A%s).

From local hopping «progress» in Fig. 2 short pulse
hitting the artificial lightning current curve (its decline) in
the discharge circuit powerful electrical TUTM-10/350
(Ua5~31 kV; U4~9.4 kV) placed on experimental
research test range at the Scientific-&-Research Planning-
&-Design Institute «Molniya» of the NTU «KhPI» (at the
Department No. 4 «Electromagnetic research and
testing») flowing through the sample experienced sheet
metal roofing and TO measuring coaxial shunt type I1IK-
300, it follows that the lightning impulse current i;(¢) with
said normalized by [ 5] J;~7.88:10° A%s action integral
value leads to a large electrothermal and electrodynamic
effects not only on the steel sample analyzed (Fig. 3), but
also on the conductive structural elements used coaxial
shunt. We point out that the resistance of high-current
circuit bifilar shunt type IIIK-300 was R~0.2 mQ [1, 4].
Numerical evaluation of W; thermal energy released
during high-conducted experiments on high-resistance
nichrome thin-walled disk used measuring shunt type
IIK-300 [4], can be performed by the following
approximate formula:

Wi=RiJ . )]

From (11) at the indicated initial data (R; =0.2 mQ;
J,~7.88:10° A%s) it follows that in this experiment
(1,,=184 kA; T\=15 ps; T=315 ps; ¢;~81.3 C) at the
measuring shunt type IIK-300 (mainly on its high-
resistance nichrome thin-walled disk) energy is released
about W, =1.6 klJ.
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Fig. 2. Waveform of normalized aperiodic current of artificial
lightning pulse temporal shape 15/315 us with amplitude 7,,;
~184 kA (g, ~81.3 C; J;~7.88:10° A%s) acting in a chain
TUTM-10/350 experienced a thin-walled (A=1 mm) sheet
sample TO roof outer stainless steel 12X18H10T
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Fig. 3. Results of electrothermal effect of
current normalized aperiodic pulse temporal shape of artificial
lightning 15/315 microseconds with an amplitude /,; ~184 kA
at experienced walled (4 =1 mm) of a sample of the roof that of
stainless steel 12X18H10T

Performed at a high-voltage high-current installation
IT'MTM-10/350 experiments have shown that the
measuring coaxial shunt type IIK-300 [4] the
development of the Scientific-&-Research Planning-&-
Design Institute «Molniyay NTU «KhPI» (Department
No. 3 «High-voltage impulse technology») is almost the
explosive release it by effects electric explosion (EE) of
its metal thin-walled nichrome disc [15] of the amount of
thermal energy can not withstand ;. Conducted extreme
experiments have shown that the quantity allocated for
measuring coaxial shunt IIIK-300 [4] W, thermal energy
from flowing through it of an aperiodic pulse of
temporary form of artificial lightning current
T\/T)=15/315 ps must not exceed the numerical value
equal to 0.5 kJ. This value corresponds to the thermal
power W; III-IV levels of lightning protection, when 7,,;
~100 kA [5, 19]. In this case, a common indicator of
dissipation high resistance nichrome thin-disk meter

coaxial shunt IIIK-300 thermal energy is the maximum
allowable energy density of W;/R; equal to the maximum
allowable integral action of the lightning current pulse Jy;
and number about 2.5-10° J/Q.

Fig. 4 shows the external view of the measuring
coaxial shunt type IIIK-300 [4], both before and after
flowing through it in high-current discharge circuit
TUTM-10/350 current normalized aperiodic pulse
temporal shape of artificial lightning 15/315 ps with
amplitude 7,,~184 kA (¢,~81.3 C; J,~7.88:10° A%s). It is
evident that this momentum short simulated lightning
strike current results due to a certain part of the EE
nichrome thin-walled metal disc measuring coaxial shunt
type IIIK-300 [4], accompanied by a sharp rise in pressure
inside the coaxial design of the shunt, to its destruction
and damage.

Fig. 4. General view of the measuring coaxial shunt type
HIK-300 before (left) and after (right) flow through it in high-
current discharge circuit of the TUTM-10/350
normalized artificial lightning current aperiodic pulse temporal
shape 15/315 ps with amplitude 7,;~184 kA (¢;~81.3 C;
J;~7.88-10° A%5)

From the data in Fig. 3 shows that the direct impact
on the prototype sheet sample TO roof stainless steel
12X18H10T thickness A=1 mm current normalized
aperiodic pulse temporal shape of artificial lightning
15/315 ps with amplitude 7,;~184 kA (¢;=81.3 C;
J;~7.88:10° A”s) formed in the discharge circuit TUTM-
10/350, leads to substantial thermal damage only it
(samples) in the outer surface of the rounded area on its
cylindrical peg of a high air channel simulated lightning
spark discharge at the stage of short shot. The radius of
thermal damage to the area under consideration
corresponds to the radius of the steel coating
1*020,093~(1,,1L)”3'(tmL)”2 according to the Braginsky
formula for heavy air plasma channel artificial lightning
[6, 7], is about 27 mm. One feature of the damaged area is
education for its rounded perimeter sticking out in
isolation from the outside of the surface of the steel
sheeting spiked «beard» of up to 15 mm with a thickness
of about 40 microns. The formation of such a «beard»
under the direct influence of the air at the material steel
cover short stroke artificial lightning current pulse
temporal form T7}/7,=15/315 ps due to surface melting
steel coating round anchor zone on its channel of
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lightning, followed by a radial discharge to the outside the
molten metal due to acting on it electrodynamic Lorentz
force [12]. Examination epicenter zone of thermal damage
to the test-discharge circuit TUTM-10/350 TO steel
coating shows that in this case (/,;~184 kA; ¢;~81.3 C;
J,~7.88:10° A*s) the depth of the well 4,, penetration wall
stainless steel coating 12X18H10T (4=1 mm) of not more
than 42 microns. This empirically derived numerical
value of the depth £, practically corresponds to its
estimated value determined previously by (8).
Conclusions.

1. The results of estimates calculated and experimental
studies at the Scientific-&-Research Planning-&-Design
Institute «Molniya» NTU «KPI» electrothermal resistance
experienced leaf samples outer roof to protect what in
terms of size 500 x 500 mm stainless steel 12X18H10T
thickness A=1 mm to the direct impact on them air
standardized by the International Standard IEC 62305-1-
2010 artificial lightning aperiodic current pulse of
temporal shape 10/350 ps with corresponding tolerances
at its ATP indicate that the tested thin-walled steel TO
samples are only local surface thermal damage. At said
step of pulse current short pin artificial air lightning
satisfying the requirements of I-IV levels lightning TO
depth #,, wells subsurface penetration wall (A=1 mm) of
the test steel coating is less than 50 um, and its maximum
radius rg - 30 mm.

2.1t was found that the maximum permissible level of
thermal W; energy dissipated measuring coaxial shunt
IK-300 with high resistance nichrome thin-disk in high-
current discharge circuit of high-voltage electrical
T'MTM-10/350 normalized by the International Standard
IEC 62305-1-2010 current aperiodic pulse of artificial
lightning of temporary form 15/315 ps, its numerical
value is not greater than 0.5 kJ and meets the
requirements of III-IV levels of lightning TO. This limit
value specified shunt dissipation of thermal energy
corresponds W; for it such a generalized indicator of how
specific they dissipated heat energy is defined as Wi/R;
and numerically equal to the maximum allowable for its
circuit with resistance R; integral action artificial lightning
current pulse J,~2.5:10° J/Q.
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D.V. Vinnikov, K.V. Korytchenko, V.I. Tkachov, V.V. Egorenkov, D.V. Kudin, T.Y. Mirnaya

INVESTIGATION OF CHANGES OF PHYSICAL AND CHEMICAL PROPERTIES
OF TAP WATER UNDER INFLUENCE OF POWERFUL UNDERWATER SPARK
DISCHARGES

Purpose. The purpose of this investigation is to study the changes in the redox potential and pH-value of the tap water as a
function of underwater spark discharges, storage device capacitance and the charging voltage. Methodology. To define the
electric parameters of discharge circuit we used the Rogowski loop and the compensated capacitance-ohm potential divider. To
determine water properties before and after the treatment we used the following devices: the water analyzer Anion -7051 with the
limit of absolute error of the EMF measurement = 2 mV, the BANTE 902 device with the absolute error of + 0.002 pH. Results.
We managed to establish the time of the origination of changes in the properties of treated water. A change in the positive redox
potential to a negative one occurred already after the third pulse at a total energy input of > 1 kJ. The pH value increased in the
range of 0.2 — 0.45 pH units. We obtained the relationship of a change in the redox potential as a function of total energy of the
pulse train that actually exhibits the linear relation to the mass of erosion products. We established that the electrodes made of
stainless steel and the electrodes made of graphite provide similar changes in water properties. An increase in pH is indicative of
the progress of reactions that result in the formation of OH™. Originality. The obtained experimental data prove a rapid and
reliable change in the redox potential from positive to negative changes in the redox potential exponent can persist during ten
days and even longer. The erosion products of electrodes can be removed from the treated water using the method of magnetic
separation. Practical value. The «HYDRA» plant can be used as the electrochemical ideal mixing reactor of a discrete action with
the removal of erosion products of the electrode using the method of magnetic separation. References 10, tables 5, figures 13.

Key words: underwater spark discharge, electrodes material, water properties, redox potential, pH — value.

IIpeocmasnenvr pesynvmamsl IKCHEPUMERMANLHO20 UCCTEO08AHUA USMEHEHUA PUIUKO-XUMUYECKUX CEOICINE 6000NRPOBOOHON
6006l NOO 8030€liICEUEM MOUWHBIX HOOBOOHBIX UCKPOGLIX pPaA3pa008 ammocghepnozo oasnenusn. Buisenena zasucumocmp
U3MEHEHUA OKUCUMEbHO-60CCMAHO8UmMENbHO20 nomenyuana u pH obpabamvieaemoit 600bt om napamempos uUmMnynbcos,
3a0asaempix napamempamu I1eKmpudeckoil paspAaoHoll yenu, u ux xonuvecmeom. Hccnedoeanusa npogedenvt Ha paspaoHbIX
INEKMPOOAx, u3z0MmoGINEeHHBIX U3 MAMEPUAN08 08YX MUNOE: Hepycasetoujan cmans u zpagpum. butdin. 10, Tadn. 5, puc. 13.
Kniouegvie  crosa: noABOAHBI  HMCKPOBOW  pa3psil, MaTepua] 3JeKTPOAOB, CBOHCTBA BOAbl, OKHUCJIHUTEJIbHO-
BOCCTAHOBHUTEJILHBIH MOTEeHIHAJ, BOOPOAHBIN noka3areab pH.

Introduction.  Powerful = underwater  spark
discharges (PSD) are widely used for different branches
of industry and science, in particular for the material
destruction and deformation, the treatment of working
holes, and also to change physical and chemical
properties of liquid media and/or for the liquid media
decontamination [1-3].

The underwater discharge is characterized by many
physical factors that affect the medium treated both at the
breakdown phase and at other phases of the discharge
progress. These factors include the influence of strong
electric field on the medium at the pre —breakdown phase
of the discharge, the shock compression of environment,
intensive pulse radiation of it in a wide wavelength range,
thermal effect in the region of current conducting channel,
the discharge of high-temperature fine particles of
electrode materials into the vapor-&-gas medium due to
the electroerrosion and cavitation processes. Such
multifactor action allows us to change physical and
chemical properties of the treated medium and to
implement electrochemical ideal-mixing reactors of a
discrete action due to the development of intense
hydraulic gas dynamic flows in large volumes. Hence, the
action discreetness and the ideal mixing are considered to
be the main distinctive features of electrochemical PSD-
based reactors.

One of the main indicators that characterizes the
action of discharge on the chemical composition of water
is the pH and the redox potential. A change in these

exponents results in the water activation. It has been
established [4] that the normal behavior of biochemical
processes in the human body requires the correspondence
of the redox potential of drinking water and that of
intercellular liquid and it must be in the range of +100 to
—200 mV. The redox potential of treated drinking water
actually always exceeds 0 and it is in the range of +100 to
+400 mV [4]. The water with the redox exponent below —
200 mV exhibits high biological activity and the
consumption of it must be limited.

Due to an ample amount of influencing PSD factors it
is not easy to determine the individual influence of each
factor on a change in the properties of treated liquid. At
the same time, in order to control a change in the physical
and chemical properties of water it is necessary to get a
quantitative estimation of a change in the required
properties of liquid in the specified chemical reactor as a
function of the parameters of discharge pulses and their
number.

The objective of this study was to investigate the
relationship of a change in the redox exponent and pH of
the water treated by the «kHYDRA» plant as a function of
pulses and their parameters specified by such parameters
of electric discharge circuit as the storage capacitance and
the charging voltage.

Experimental procedure. The HYDRA plant
system and possible areas of its application are described
in the papers [4-6]. A general view of the «HYDRA»
plant and electric circuit are given in Fig. 1, 2.

© D.V. Vinnikov, K.V. Korytchenko, V.I. Tkachov, V.V. Egorenkov, D.V. Kudin, T.Y. Mirnaya

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.1 39



Fig. 1. General view of the electrochemical reactor 1 is the
reactor vessel; 2 and 3 are current distributors that supply
current to discharge electrodes; 4 is the Rogowski loop; 5 is the
potential divider
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Fig. 2. Electric circuit of the «<tHYDRA plant 1 — electric
discharge chemical reactor; 2 and 3 are discharge electrodes

The capacitor bank C; is discharged via the
controlled three-electrode air discharger F onto the
chemical reactor 1 whose electrodes 2 and 3 form the
discharge gap 1 and the damping resistance R, connected
to it in parallel. The pulse capacitors IK-100/0.4 and IK-
100/0.25 were used for the capacitor bank.

The capacitor bank C; is charged by the DC voltage
source formed by the following elements: charging unit
CU in the form of step-up transformer UPC-70 and the
autotransformer; the half-wave rectifier VD in the form of
tandem diode assemblies of a KC-201E type; the charging
resistance R, formed using the tandem resistance of TVO-
60 type with the equivalent resistance of 270 kOhm.

The air discharger F' was operating as a two-electrode
discharger or three-electrode discharger. When the
discharger F was working using no third electrode the
charge voltage of the capacitor bank was controlled by the
value of interelectrode gap of the discharger /. When the
third control electrode of the discharger was used the
charge voltage of the capacitor bank was controlled by the
autotransformer. The charging voltage of the capacitor
bank was equal to 10 kV, 15 kV and 20 kV.

Charging voltage of the capacitor bank C; was
measured by the electrostatic kilovoltmeter of a C 196
type. The rated error was equal to = 1 % of the maximum
value of a measurement range.

The discharge current was measured using the
Rogowski loop (RL) with the sensitivity of 3627A/V. The
RL sensor sensitivity was measured at a frequency of
2.2 MHz using the categorized noninductive current
sensor CSNM 191 of Honeywell company with the
current value output that operates using the Hall Effect.
The comparison data for the reference signal obtained
from CSNM 191 sensor and the signal obtained from
fabricated Rogowski loop are given in Fig. 3. A relative
error of the reference signal was within £0.5 % of the
measured value.
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Fig. 3. Discharge Current Oscillographing Data. The current
sensor CSNM 191 was used for first channel and the fabricated
Rogowski loop was used for second channel

The discharge gap voltage was measured using the
North Star High Voltage compensated capacitance-ohm
potential divider (PD) of a PVM-12 type with the dividing
coefficient of 1:1000, bandwidth of 80 MHz and the
maximum pulse voltage of 32 kV.
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The damping of high frequency electric oscillations
caused by the stray capacitances of the circuit was
provided by the resistor R4 connected in parallel to the
discharge gap. The noninductive resistor of a TBO-60
type with the nominal of 47 kOhm was used as the
resistance Ry,

The gap voltage and the discharge current were
recorded using the ATTEN two-channel -electronic
oscillograph of an ADS 1102 CAL" type with the
bandwidth of 100MHz and the digitizing rate of 1 GSa/s.
The sweeping of signals registered by the potential
divider was performed in a sleeping mode along the input
signal front.

The electrochemical reactor corresponded to the
dielectric chamber and its casing was made of caprolon
(Fig. 2). The wall thickness of the casing was equal to
5 mm. The chamber height was # = 240 mm and its
diameter was b = 90 mm. We used for studies the needle
— semisphere system of electrodes (Fig. 4). To study the
influence of electrode materials we manufactured two
pairs of electrodes. One pair was made of stainless steel
of a 12X18HI10T grade and the other was made of
graphite to produce electrocarbon products (GOST
10274-79). The steel grade was determined using the
«SPRUT» plant and X-ray fluorescence method. The
needle-semisphere electrode was shaped as a cone at an
angle of 60°, the height of 25 mm and the base diameter
of 30 mm. The semisphere radius of the second electrode
was equal to 10 mm. Pin-like current leads to which the
electrodes were connected were placed into the dielectric
to prevent their oxidation and reduce pre-breakdown
losses. The size of interelectrode gap / varied in the range
of 1 to 5 mm.

Fig. 4. General view of the discharge electrodes:
1 —needle; 2 — semisphere

Industrial capacitors of IK-100/0.4 and IK-100/0.25
types, have a high spread of nominal values (permissible
deviation £10 %), which prevents us from calculating the
total discharge energy with sufficient accuracy. An
absolute error of the capacitance measurement increased
when the capacitors were connected to make up the
capacitor bank. To obtain the specified values of the total
capacitance two methods of its measurement were used,
in particular the indirect method using the voltage
measurements oscillographing data during the discharge

of the capacitor bank, and the direct measurement method
using measuring devices.

As for the indirect method the discharge circuit
parameters were selected to meet the following condition:

[L
R.>> 2=, 1
e (M

where R. is the charging resistance; C is the capacitor
bank capacitance; L is the equivalent inductance of
charging circuit.

The condition of the relationship of resistances
expressed as

Rc >> Rira (2)
where R;, is the internal resistance of DC source.

In this case the capacitor capacitance C was
calculated proceeding from the time constant t that was
determined experimentally using the expression:

C=1R,. 3)

The capacities were charged by DC voltage source
Uconst = 4 V. The charging resistance was equal to
R, = 140.01 MOhm. Fig. 5 gives the measured capacitor
voltage data. The voltage oscillogram shows that a drop in
voltage from -4 V to Ugns/e = —1.47 V occurs after
7 =390 ms. Hence, we have in this case C = 0.39 pF.
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Fig. 5. Defining 7 on the voltage curve of the capacitor during
its discharge

We also measured the capacitance of capacitor
banks using the digital measuring LCR device E 7-8 with
the error in the measurement range of up to 10 uF within
+1.6 nF, and the measuring device DL-6243. Table 1
gives the measurement data.

Table 1
Measurement data of the capacitances of capacitor banks in puF

Bank number Measuring method
Indirect| Device E 7-8 |Device DL 6243 | LSM
No 1 1,05 |1,0495+0,0016 1,013 1,037
No 2 1,92 | 1,92740,0016 1,925 1,924
No 3 2,95 | 2,947+0,0016 2,945 2,947

For the computations we took the capacitance value
of a capacitor bank that was determined using the least-
squares method (LSM) for the given measurement data:
for the No 1 C = 1.037 pF, for the No 2 — C = 1.924 uF,
and for the No 3 — C=2.947 uF.

To calculate the discharge energy the bank
capacitances were specified according to the data of five
measurements that were processed using the least-squares
method.
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The PSD power was specified to a large degree by
the discharge circuit inductance. The equivalent
inductance of circuit was defined from the expression [7]
using the analysis data of the curve of discharge current in
the short-circuit mode:

L= d , @)

2
cl4.72+| mdL
I

where T is the discharge period; /; and I, is the current
amplitude for first and third discharge half-periods.

Due to the strong influence of unwanted high-
frequency oscillations onto the discharge current curve
during the first discharge half-period the inductance for
this paper was calculated using current amplitude values
of second and forth discharge half-periods.

The equivalent circuit resistance that includes the
active resistance of connecting wires and the internal
resistance of capacitor bank was defined using the
enumerative technique selected for the discharge current
curve approximation. Fig. 6 gives the discharge current
measurement data in the short-circuit mode and the
appropriate approximating current curve for the selected
resistance. The oscillogram was obtained for the capacitor
bank discharge of C = 1.924 pF with the charging voltage
of Ucharge = 10 kV.

For the given data the discharge circuit inductance was
equal to 2.398 pH, and the calculated active resistance of
the discharge circuit was equal to R = 200 mOhm. Circuit
parameters were measured in the same way, when
different banks were used (Table 2).
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Fig. 6. Discharge current in the short-circuit mode 1 and the

approximation curve 2

Table 2
Discharge circuit resistance and inductance measurement data

Bank number Inductance, pH Resistance, mOhm

No 1 2.40 200
No 2 2.54 225
No 3 2.62 240

A slight change in the inductance and resistance with
a change in the capacitance of capacitor bank gives us all
grounds to believe that it is necessary to establish the
relationship of a change in the properties of water treated
by the «<HYDRA» plant as a function of the capacitance
and charge voltage of the capacitor bank and the number
of pulses.

The water properties were measured using the
following devices. The water concentration of nitrates
was measured using the nitrate meter IT — 1201 with the
indication range of mass concentration of 0,001 to 9999
mg/l and the margin of error +11 %. We also used the
conductivity meter BANTE 902 with the range of 0~200
mS/cm, and the error of 0.5 %. The redox potential was
measured using the water analyzer Anion-7051 with the
margin of absolute error of EMF measurement +2 mV.
The water pH was measured using BANTE 902 device
with the measurement range of —2.000 ~ 20.000 pH and
the absolute error of +0.002 pH. A change in the ion
concentration in the water solution was measured using
the photometric method according to [8] that allowed us
to measure Fe concentrations of ~10° mole/I.

The electrodes of diagnostic devices were washed
properly in the distilled water before each measurement.
The same sample (initial and treated water) was measured
three times. The samples were subjected to a diagnosis
during the first 15 minutes after the treatment and after 3
and 6 hours following the experiment.

The mass of discharge electrodes was measured using
the scales of a VLR-200 type with the balance error of
0.5 mg for the weight up to 50 g and 1 mg for the weight
range of 50 g to 200 g. The mass of electrodes made of
stainless steel was compared after 280 pulses and that of
graphite eclectrodes was compared after 30 pulses.
Powerful underwater spark discharges were applied using
the following parameters: Upgree = 10 kV, C = 2.947 pF,
the single pulse energy was equal to W= 152.5 J/pulse.

The tap water with the conductivity of 758-766
puS/cm precipitated during 24 hours was selected as a test
subject. To determine a change in the water properties in
question the water was exposed to the train of pulses in
amount of 1 to 200.

Test data. The water treated by powerful underwater
spark discharges in the «HYDRA» plant contained the
suspension of particles that precipitated with time. Fig 7
gives the data for the water treatment by steel electrodes
at the following electric parameters of the circuit:
Ucharge =20 kV, C=2.947 pF.

The sediment is built up nonuniformly in time,
which is indicative of the availability of the suspension of
particles of a different size. The most intensive formation
of the sediment was observed during first minutes after
the treatment. And the sediment volume is increased with
an increase in the number of pulses to which the tap water
was exposed. The method of visual control showed that
the precipitation of particles is stopped after 3 or 4 days
upon the treatment completion.

The processed data of the research done using the
«Hydra» plant were used for the establishment of the
relationships of a change in the redox potential and pH of
the treated water as a function of the number N of pulses
at different parameters of electric discharge circuit (the
capacitor charge voltage and the capacitance) given in
Fig. 8-10. In Fig. 8-10 used the following symbols for the
charge voltage of the capacitor bank: m — 10 kV,
A — 15 kV, @ — 20 kV. The data were obtained using
steel electrodes.
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Fig. 7. The samples of tap water treated by underwater spark
discharges:
1 — the initial sample; 2 — the sample after 5 pulses;
3 — the sample after 25 pulses; 4 — the sample after 50 pulses;
5 — the sample after 200 pulses; 6 — the sample No 5 precipitated
during 4 days; 7 — the sample No 5 separated by the permanent
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With an increase in the number of pulses a decrease
in the redox potential is observed and at a certain
threshold of pulses the positive redox potential is changed
to negative. The pH of treated water is increased with an
increase in the number of pulses V.

To specify the ROP transition point the step
discreteness with regard to the number of pulses was
decreased. A one-pulse step was selected right up to 6
PPD, and then the additional train of pulses was generated
with an increasing step. The data are given in Fig. 11.
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Fig. 11. Dependence of water indices on the number of pulses at
Ucharge =20 kV, C=1.924 pF

It has been established that the positive-to-negative
change in the ROP occurs already after 3 to 5 pulses.

It is assumed that a change in the given water
properties occurs due the effect of the erosion products of
electrodes. It is known [9] that the mass of erosion
products exhibits linear dependence on the discharge
energy. Therefore, we had to establish the relationship of
a change in the ROP as a function of total energy of the
train of discharges (Fig. 12). The total energy is the sum
of total energies of single pulses (Z[Cx Ucha,.g,f/Z]).
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Fig. 12. Dependence of the water ROP on the total energy of the
train of discharges

With regard to the «HYDRA» plant the positive-
to-negative change in the water redox potential occurs
in the range of total energy of 1 to 10 kJ. The
availability of such a wide range can be related to a

difference in the particle dispersion through which the
surface area of the interaction of material particles with
the water is specified. In other words, the difference is
observed in the particle surface area at the same mass
of erosion products.

A certain increase in the water conductivity is
observed and the amount of nitrites is within the
maximum permissible concentration it does not exceed
20 mg/1 at EU norms of 50 mg/I.

To determine the influence of electrode material on
the relationship of a change in the studied water
properties we carried out the experiments using graphite
electrodes. It should be noted that this material withstands
lower shock loads due to its brittleness. Therefore, the
number of pulses in the train was reduced 2-2.5 times.
Fig. 13 gives the obtained research data.
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Fig. 13. Dependence of the water indices on the number of
pulses at Uejgrge = 20 kV, C = 1.924pF, where a — ROP, b — pH

Graphite electrodes hold the tendency of the
positive-to-negative change in the water ROP with an
increase in the number of PPD. At the same parameters of
discharge circuit the jump in ROP occurred already at
third pulse. This can be related to a more intensive
decrease in the electrode mass both due to the erosion and
the mechanical destruction.

Table 3 shows the data of the change in the electrode
mass. We can see that the graphite electrode erodes faster.
We failed to measure a change in the mass of graphite
cathode due to its mechanical failure. It is assumed
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for the Table 3 that m;, m, is the electrode mass before
and after the experimental work, accordingly.

Table 3
A change in the mass of discharge electrodes
Mass loss

my, & mp, & ug/qulS@
Anode is the stainless 3.86520 | 3.79025 176
needle
Cathode is the stainless 62.31290162.24010 17
half-sphere
Anode s the graphite | 5 45075 | 5 47880 1.96
needle

To determine the stability of changes in water
properties the water treated at discharge circuit
parameters of C = 2.947 uF, Ugjaree = 20 kV, N =200 was
subjected to the analysis after 24 hours.

Here, No 1 is the initial water sample; No 2 is the
initial filtered sample; No 3 is the filtered water sample
after the train of 200 pulses; No 4 is the water sample
after the train of 200 pulses precipitated during 24 hours
and then passed through the coal filter (Table 4).

Table 4
Comparison of the properties of water treated
by the «<HYDRA plant
No 1 No 2 No 3 No 4
ROP +160 +158 —496 -330
pH 7.745 7.745 7.95 7.78

The water was filtered to eliminate the influence of
admixtures on water properties, in particular the erosion
of electrode material. The Table 4 shows that the samples
No 1 and No 2 differ from each other within the device
error, i.e. the coal filter introduces no changes into the
indications. The sample No 3 has a highly negative ROP
and an increased pH value. The properties of the sample
No 4 give us all grounds to assume that the changes that
occurred in the properties of water treated by the
«HYDRA» plant are irreversible.

We also studied the changes in pH of the distilled
water (DW) and the tap water (TW) after its exposure to
the action of underwater spark discharges at the following
electric circuit parameters: Ueparee= 20 kV; C = 2.947 uF,
and the number of pulses N = 100. The water pH was
measured potentiometrically with the accuracy of up to
0.1 pH units. Table 5 gives the measurement data (lower
index «0» corresponds to the measurements of water
before the treatment with underwater pulse discharges;
the index «1» is for the water after the treatment).

Table 5
Research data of a change in pH of the distilled water (DW)
and tap water (TW)
Time
30 minutes 24 hours | 7 days | 14 days
after the treatment
Water type
DW, 6,65 6,66 6,67 6,65
DW, 7,12 7,14 7,12 7,12
TW, 7,70 7,72 7,71 7,71
W, 8,1 8,34 8,68 8,064

With the elapse of time (6 to 7 days) pH is increased
insignificantly. It is assumed that this is the consequence
of the removal of gaseous products from the water
solution after the electrolysis and chlorination products.

It has been established that the electric discharge
generated using steel electrodes may result in such
processes:

2Fe+0, —UMIE Hpe0l, (5)
2Fe0+2H,0 — 2FeO(OH) Y +H, T, (6)
2H,0+2¢ —» H, T +20H", (7
FeO+OH ™ —& — FeO(OH) 4, (®)
2FeO(OH)—BMIE , o 03+ HYO . (9)

Hereat, a very small amount of Fe (III) can be
formed in the solution. Therefore, we studied the changes
in the concentration of Fe in the water treated with
underwater pulse discharges. The measurements were
taken for the untreated water (TW,) and four samples
treated by the discharges with the same electric circuit
parameters Uy = 20 kV, C =2.947 pF. The number of
pulses was equal to 100. We obtained the following iron
concentrations: TW, = 0.48 mg/l; TW;; = 0.54 mg/l;
TWi, = 0.56 mg/l; TW 3 = 0.54 mg/l; TW 4 = 0.56 mg/l.
These data are indicative of a negligibly low change in the
concentration of pure iron in the water that was treated
with PPD. For the sake of comparison, the average
statistic values of iron in the tap water correspond
to 0.3 mg/l.

We also found out that it is quite possible to use the
magnetic separation for suspended and precipitated water
particles. It is known that the iron oxide (II, III) called the
magnetic iron FeO-Fe,O; also possesses magnetic
properties. The formation of iron oxide (III) in the
reaction (9) is possible due to the thermal action of the
discharge on iron oxide (II) particles that were formed
earlier. Therefore, the «HYDRA» plant with the magnetic
separation can be used for the controlled change in the
water redox potential and pH values.

The properties of water treated by the «HYDRA»
plant also changed when the graphite electrodes were
used. We can thus assume that the reaction (7) progresses
during the PPD. It should be noted that the paper [10]
describes theoretical study of the influence of gas
discharge processes on water properties.

Conclusions.

The «<HYDRA» plant was used for the investigation
of the relationship of a change in the redox potential and
pH of the treated water as a function of the number of
pulses and pulse parameters specified by the parameters
of electric discharge circuit (the capacitance and the
charging voltage). A decrease in the redox potential was
observed with an increase in the charge voltage of the
capacitor bank, the capacitance of it and an exact total
energy of the discharges. The water pH is increased. A
change in the water redox potential and pH is retained
for a long time after the sediment removal. Specified
discharge parameters have the pulse threshold and if it is
exceeded a positive-to-negative change in the redox
potential occurs. The «HYDRA» plant with the
magnetic separation can be used as an ideal mixing
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electrochemical reactor of a discrete action with the
removal of aftereffect products.

Special respect for the data discussion we express to
Prof. Viadimir Yuferov.

REFERENCES
1. Ushakov V.Ya. Impul’snyj elektricheskij proboj zhidkostej
[Pulsed liquid breakdown]. Tomsk, Tomsk State University
Publ., 1975. 258 p. (Rus).
2. Yutkin L.A. Elektrogidravlicheskij effect i ego primenenie v
promyshlennosti [Electrohydraulic effect and its application in
industry]. Leningrad, Mashinostroenie Publ., 1986. 252 p. (Rus).
3. Baranov M.I. Breakthrough impulse material processing
technologies: history, basic physics and technical feasibilities.
Electrical engineering & electromechanics, 2009, no.1, pp 42-
54. (Rus). doi: 10.20998/2074-272X.2009.1.10.
4. Vinnikov D.V., Ozerov A.N., Yuferov V.B., Sakun A.V.,
Korytchenko K. V., Mesenko A.P. Experimental investigation of
electrical discharge in liquid initiated between cone channel
electrodes. Electrical engineering & electromechanics, 2013,
no.1, pp. 55-60. (Rus). doi: 10.20998/2074-272X.2013.1.13.
5. Yuferov V.B., Vinnikov D.V., Ponomaryov A.N., Buravilov
LV., Mufel’ E.V. Comparative analysis of acoustic pulses
generated by the sources of millisecond and microsecond
ranges. Bulletin of NTU «KhPI», 2009, no.11, pp 185-189.
(Rus).
6. Yuferov V.B., Vinnikov D.V., Buravilov 1.V., Mufel’ E.V.,
Pahomov A.Yu., Garbuz V.V., Zhivankov K.I., Ponomaryov
AN. Electrohydraulic method of degassing of de-aerated
liquids. Bulletin of NTU «KhPI», 2011, no.16, pp. 211-217.
(Rus).
7. Kondrikov B.N., Vovchenko A.l.,, Annikov V.E., Ivanov
V.V. Vzryvnye prevrashenija elektricheskoj i himicheskoj
energii [Explosive conversions of electric and chemical
energies]. Kyiv, Naukova Dumka Publ., 1987. 128 p. (Rus).
8. Novopolzeva V.M., Korovina O.A., Osipov A.K., Nishev
K.N. Sposob photometricheskogo opredelenija zheleza (III) v
rastvorah chistyh solej i iskusstvennyh smesej [Fe (III)
photometric definition process in the pure salt solutions and
synthetic mixtures]. Patent Russian Federation, no. 2298171,
2006. (Rus).
9. Gorovenko G.G., Ivliev A.L., Malyushevskiy, Pastuhov V.N.
Elektrovzryvnye silovye impul’snye sistemy [Electroexplosive
power pulsed systems]. Kyiv, Naukova Dumka Publ., 1987. 220
p- (Rus).
10. Vinnikov D.V. Numerical investigation of the influence
produced by electric circuit parameters on the formation of
chemically active radicals in water vapors. Problems of Atomic
Science and Technology, 2015, n0.3(97), pp. 159-165.

Received 01.11.2016

How to cite this article:

D.V. Vinnikovl, Research Scientist,

KV. Kotfytchenkoz, Doctor of Technical Science,

V.1 Tkachov', Research Scientist,

v.v. Egorenkovl, Research Scientist,

D.V. Kudinl, Research Scientist,

TY. Mirnaya2, Candidate of Chemical Science,

!"National Science Center «Kharkov Institute of Physics and
Technology»,

1, Akademicheskaya Str., Kharkov, 61108, Ukraine,

phone +38 057 3356326, e-mail: vinniden@mail.ru

? National Technical University «Kharkiv Polytechnic Institutey,
192, Poltavskyy Shliakh Str., Kharkiv, 61098, Ukraine,

phone +38 057 3726167, e-mail: korytchenko kv@ukr.net
Investigation of changes of physical and chemical properties
of tap water under influence of powerful underwater spark
discharges.

Purpose. The purpose of this investigation is to study the
changes in the redox potential and pH-value of the tap water
as a function of underwater spark discharges, storage device
capacitance and the charging voltage. Methodology. To define
the electric parameters of discharge circuit we used the
Rogowski loop and the compensated capacitance-ohm
potential divider. To determine water properties before and
after the treatment we used the following devices: the water
analyzer Anion-7051 with the limit of absolute error of the
EMF measurement + 2 mV, the BANTE 902 device with the
absolute error of £ 0.002 pH. Results. We managed to
establish the time of the origination of changes in the
properties of treated water. A change in the positive redox
potential to a negative one occurred already after the third
pulse at a total energy input of > 1 kJ. The pH value increased
in the range of 0.2 — 0.45 pH units. We obtained the
relationship of a change in the redox potential as a function of
total energy of the pulse train that actually exhibits the linear
relation to the mass of erosion products. We established that
the electrodes made of stainless steel and the electrodes made
of graphite provide similar changes in water properties. An
increase in pH is indicative of the progress of reactions that
result in the formation of OH". Originality. The obtained
experimental data prove a rapid and reliable change in the
redox potential from positive to negative changes in the redox
potential exponent can persist during ten days and even
longer. The erosion products of electrodes can be removed
from the treated water using the method of magnetic
separation. Practical value. The « HYDRA» plant can be used
as the electrochemical ideal mixing reactor of a discrete
action with the removal of erosion products of the electrode
using the method of magnetic separation. References 10,
tables 5, figures 13.

Key words: underwater spark discharge, electrodes material,
water properties, redox potential, pH — value.
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STATISTIC METHODS OF POLYIMIDE ENAMEL ISOLATION DEFECTIVE
NON-DESTRUCTIVE CONTROL AT THE CONDITIONS OF PRODUCTION

In this paper can be used to not-destructive technological testing of defects isolation enameled wire with polyimide polymer. The
thesis is devoted to the statistical method for processing, comparison and analysis of results of measurements of parameters
isolation it enameled wire because of mathematical model of trend for application in active technological monitoring is
developed; to development used of the recommendations for parameters of such testing. Is theoretically justified and the
possibility of a diminution of dependence of an error from a velocity of movement of a wire for want of quantifying of defects
enameled isolation not destroying tests by high voltage. This work is devoted to the statistical method for processing, comparison
and analysis of results of measurements of parameters of polyimide isolation. The method is operating not destroying
technological monitoring an amount of enameled isolation defect. The dependence of average value of amount of defects for
enameled wire IIDIU/IX2 — 200 with two-sheeted polyimide by isolation in a range of nominal diameter 0.56 mm is
experimentally determined. The technological monitoring purpose is reducing of quantifying of enameled isolation defect.
References 7, tables 1, figures 8.

Key words: enameled wire, polyimide isolation, isolation defective, statistical model of the trend, non-destructive testing.

Ilpeocmasnenvt pesynomamol NPUMEHEHUA CIMAMUCIMUYECKOU MOO0EIU MPEHOAa K aHAAU3y nokazameneiu oOegekmuocmu
U30NAYUU NPU HEPAZPYULAIOU|EM MEXHONO0ZUYECKOM KOHMPOIIE IMAIb NPOBOOA HA OCHOBE NOTUUMUONHO20 NOSIUMEPA 8 YCII06UAX
npouszgeoocmea. Paccmompeno npumenenue 6 aKmugHOM
mexnonozuueckom Konmpone. Ilpeonosicenvt pekomenoauyuu OnA NPAKMUYECKOZ0 UCHONb306AHUA NAPAMEMPOS QYHKYUU
mpenoa 6 mexunonozuueckom koumpone. Ilapamempom mpenoa saeénaemea ckopocmov ymenvuieHua (Uau yéeaudeHus) OaUHbL
npogoda c¢ 3a0amnnoll OeheKmHOCMbIO 8 MeueHue mexHON02uueckozo yukna. Teopemuuecku noxasana u usMepeHUAMU
noomeepoONHcOeHa 603MONCHOCHb KONUYECMEEHHOU OUCHKU MEHOEHUUU USMEHCHUA 6 MeUeHUe MEXHON0ZUYeCK020 UUKIA
depekmuocmu Imanvuzonayuu 0asa npoeooa IIIUIX2 — 200 ¢ 08yxcnoiunoii nOITUUMUOHOU UZOAAUUEH HOMUHAIbHLIM
ouamempom 0,56 mm. Bovioenenue menoenyuu usmeHeHus OepeKmMHOCMU IMATL U0IAUUU 6 MeUeHUe HenPePbIGHOZ0
MEXHOI02UYECK020 YUKNA U KONUYECMEEHHAs OYEHKA IMOIl MEeHOCHUUU NO0360/1Aem KOJUUECHEEHHO OUEHUMDb CAYUANHYI0
OUUOKY MEXHON0ZUYECKO20 KORMPOJIA — CYMMAPHYIO OWUOKY Pe3yibInamog mexHon02uieckoz0 KOHMpons, Komopas A6naencs
XapaKmepucmuKoil Cay4aiHoll coOCmagAwell cmaduibHOCMuU MEXHOI0ZUYeCK020 KOHMPOAA U 00yclo6nena 001bum
KOUu4ecmeom npuyun, 6UAHUEM KAXHCOOU U3 KOMOPBIX MOMHCHO npeHedpeys no cpasnenuto ¢ cymmoi. bubin. 7, tabn. 1, puc. 8.
Kniouesvie crosa: IMalib NMPOBOA, MOJUMMHAHAS H30JSIHUA, Ae(eKTHOCTH H30JSINUH, CTATHCTHYECKAss MoJedb TpPeH/a,
TEXHOJIOTHYECKHil Hepa3pyIaoImuii KOHTPOJIb.

MAaxKko2co KoHmpoaa 0N UCNOIb30BAHUSA pe3yiomamos

Problem definition. In cable production such  implementing innovative  technical  and

introduction of relatively expensive product innovation
makes use as the main criterion of liquidity price factor.
Such innovative product for the domestic cable industry is
based enamel wire polyimide synthetic copolymers with a
temperature index of 200 °C. These enamel wires are the
highest to date electrical and mechanical properties of
insulation [1, 2]. For their production they use complex
and expensive manufacturing equipment with high speed
enamelling (up to 1000 m/min) and deep -catalytic
combustion of solvent enamel paints [2]. The introduction
of such innovative types of cable products in production
ensures the highest level of modern electrical, mechanical
strength and thermal resistance of winding insulation of
electrical machinery and apparatus. According ensure
competitiveness electromechanical engineering.

The contradiction between the relatively high cost of
innovative products, production of which is based on the
use of advanced technologies and materials, on the one
hand, and using as the main criterion of liquidity price
factor, on the other hand, requires the manufacturer of

organizational solutions to technological support the
highest modern level of production while decreasing costs
of its production.

The solution to this problem for manufacturers
during the development of the known world, but for them
innovative products require innovative solutions to
process control in order to significantly reduce the
number of products which have not passed the acceptance
control. This clearly demonstrates the modern concept of
«Six Sigmay («6o») [1]. It criterion of quality products is
its high uniformity, ensuring the minimization of the
number of products that the characteristics does not meet
user requirements. In fact, the concept of «Six Sigma»
(defined statistical procedure normal distribution [2]) is a
demonstration of achievements in the protection and
marketing products of mass production. The development
of innovative products specific manufacturer requires
development and implementation of innovative technical
and organizational solutions process control with the
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obligatory reference to the technical parameters of the
achieved level of technology. In this case presents a
solution for the control parameters defects insulation in
non-destructive testing process of wires from polyimide
polymer in a production environment.

The feature of poliefirimid and poliamidimid enamel
paints is that the full completion of the polymerization
occurs only in thin layers (up to 2 ... 3 um). Therefore, the
modern enamel units used trails to the number of passes
through the wire nail 24 at length a passage through the
oven to 10 m. This necessitates:

1) use of high speed enameling (up to 1000 m/ min);

2) continuity of production cycle making the maximum
number of coils of wire;

3)automatic monitoring the number of defects in the
enamel insulation in non-destructive testing of high
voltage to pass.

The problem is that the results of such monitoring,
realized on modern enamel devices (e.g. EFHP system by
the MAG-ECOTESTER Company [3]) is not normalized
in the technical documentation to the wire in which one of
the main criteria is the breakdown voltage and variance
breakdown voltage [5]. In this case, nondestructive
process control of statistical indicators of the number of
defects enamel insulation, realized in modern enamel
lines, which would ensure active component of the
control system, practically are not used.

Analysis of the literature. The contradiction
between the relatively high cost of production and use as
the main criterion of liquidity price factor for wires with
polyimide insulation in [1] proposed solved by setting
lower breakdown voltage requirements for admission and
the adjustments to the thickness of the insulation. For
example, for low-voltage products lower level voltage
breakdown of insulation is sufficient. That prompted the
introduction of spectrum needs of different customers.
Implementation of the range specifications to meet the
needs of different customers greatly extends the range of
the applicable technical requirements and that at least
blurs the range of values of parameters of the same
product and difficult relationship between producer and
user of the products.

An example of modern process control, which
criteria decision-making process sets manufacturer is the
continuous use of statistical control specific number of
defects (er) of isolation online [3]. Number of defects is
the number of places in which current flows through the
insulation exceeds the set. Discrete measurement of
current through the insulation when exposed high voltage
direct current (Fig. 1) provides the EFHP system by the
MAG-ECOTESTER Company [3].

The need to estimate the number of defects of
isolation wires is recognized. The concept of defect
isolation wires enough conditional:

¢ from lack of insulation in the spot defects: defects in
the place matches on adjacent coils winding breakdown
voltage is zero [4];

e to set forward the increased current through the
enamel insulation, indicating the presence in this place
insulation defect [3].

Current measurement
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Fig. 1. Schematic diagram of monitoring the number of defects
In enamel insulation at non-destructive testing by
high voltage to pass

The current value which in [3] the detector circuit
registers as a defect is regulated, for example, for a radial
insulation thickness =30 pum is 10 pA at a test voltage of
1500 V.

So one of the key control parameters is normalized
breakdown voltage [1, 3-5] and dispersion breakdown
voltage is a parameter which indirectly corresponds to a
specific number of local defects of isolation. Both
characteristics (dispersion of breakdown voltage and
specific defects) reflect the homogeneity of isolation.

Control of dispersion of main technical parameters
of products serves the information base for the
implementation of the principle of continuous
improvement of quality according to ISO 9001:2000.
However, such control is not provided normative
technical documentation.

Using EFHP system [3] for statistical indicators to
monitor the number of defects of isolation wires
polyimide copolymers based on a real technological
measure that provides the necessary information to
implement the principle of continuous improvement of
quality under ISO 9001.

To determine the statistical indicators of defects in
the EFHP system unified statistical software modules are
used. Each coil fixed number of monitoring sites wire
(100 m) of four groups of defects: group 1 — 0 to 3
defects; group 2 — 4 to 9 defects; Group 3 — 10 to 18
defects; Group 4 — more than 18 defects (defects refer er).
Also three major statistical indicators are recorded: the
average number of defects in the control region, M[er];
defects in the control region with the most defects, er,;
the standard deviation of the number of defects in the
control region, ofer].

Obviously, the recorded test results with the help of
EFHP system depend on the dispersion of many
parameters wire: mechanical properties and diameter of
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the conductor d,, process parameters of enameling and
insulation thickness 4, value the test voltage U and the
minimum current through the isolation / in which the
system records the defect .

Therefore, the analysis of the current process control
defect isolation enameled wires is a complex
multidimensional problem. The adoption of technological
solutions based on the results of such monitoring depends
on the experience of the responsible engineer and is not
normalized. In the end, an arbitrator at the receiving
control is the breakdown voltage and breakdown voltage
variance [5]. In this case, control of statistical indicators
of the number of defects enamel insulation, realized in
modern enamel lines, hardly used. In our view, this is due
to a fundamental difference between the tasks of receiving
and process control.

A task of acceptance control in mass production is to
match the basic parameters of the finished product
technical regulatory requirements. The problem of
process control is timely warnings of out the basic
parameters of the product outside of the established
process for admission to a particular production line.

The very task includes preventing the need to
synchronize control engineering, process parameters and
process time in one form or another. For example, for
cables and wires in the tests «to pass» technology time is
determined by the length of product that passes through
the meter multiplied by the speed.

Evaluation changing trends in the technical and
technological parameters for the process time is the main
task of process control.

The goal of the work is to analyze the results of
non-destructive testing by high voltage to pass of wires
from polyimide-based synthetic copolymers with double
insulation and with temperature index of 200 °C made at
the domestic cable factory which lets you split:

e trend of the process — a significant change in the
results of deterministic process control during the
manufacturing process to establish technological factors
that cause this change decision-making process of
correction parameters; frend is deterministic quantitative
characteristic of the stability of the process;

e random error of the technological process — total
error of the process control which is a quantitative
characteristic of the random component of the stability of
the process and due to many factors influence each of
which is negligible compared with the sum.

The purpose of this division is to develop
deterministic and statistical criteria for the stability of
high-speed automated manufacturing process of wires
from polyimide-based synthetic copolymers with double
insulation and a temperature index of 200 °C in the non-
destructive testing of high voltage to pass.

The main results obtained. e number of defects in
each unit length of 100 m for fifty reels of enamel wires
(total of 180,000 meters of wire) in the chronological

order in continuous production automatic technological
process is experimentally determined.

Current control of diameter d, of copper conductor
in the enameling (Fig. 2) indicating the presence in the
process as a trend of gradual changes in parameters (for
route enameling is technological extract conductor — the
trend of the technological process) and random
component diameter d, (after passing the calibers No. 4
and No. 10 increase the diameter d, is the measurement
error) which is part of the random component of the
stability of the technological process.

d,, mm

0.564

0.562

0.56

0.558 \

0.556
-10 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Caliber No. in the enameling route
Fig. 2. The diameter of the copper conductor d,, after passing the

appropriate caliber enameling route: the route is over the hood
conductor technology which is more than one percent

For the analysis of a number of observations er per
number of defects in each unit length of 100 m enamel
wires we applied statistical trend model error (only error
is a random variable) for a number of observations on the
value x [6]:

x; = ft) + 9 (1)
where ¢ is the deterministic variable that is a
technological time, which in this case is proportional to
the number of manufactured wire coil; f{;) is the
deterministic function (process trend); J; is the random
variable (random component of the stability of the
technological process).

The values of J;, are independent and identically
normally distributed. The function f{¢) is given by the
formula or algorithm calculations and depends on a
number of unknown parameters cy,..., ¢, whose values are
determined by maximum likelihood.

In the case of the linear function for each ¢ the value
of x is normally distributed with a mean x(f) =a + b (t — ¢,,)
and mean-square o. Estimations of unknown parameters
a, b and o:

a =Xy )
b =3(t;— t)(xi — X)) [Z(ti— 1,)7]; 3)
o = {n' Sxi—a" bt 1)), )

where t,, is the the average of the determined variable #;
X, is the the average number of observations on the
value x.

Credible p-percent boundaries for x(z) for given
parameter ¢ are determined by the y, Student distribution
parameter with n — 2 degrees of freedom:
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a+b (t—t,) £y, m-2) "1+ —6,) n/Z(t—1t,) 1°°.(5)

For enamel wire with double insulation based on
polyimide copolymers in Fig. 3 shows the results of
determination of the number of unit length (100 m)
containing 18 or more defects. Conventionally, these
individual lengths can be considered the most defective
(hereinafter: «the worst 100 m»).

x(er>18
0 ( )I

%"

Fig. 3. The results determine the number of unit length (by 100 m)
containing 18 or more defects for enamel wire with double
insulation based on polyimide copolymers: x; — the number of
«worst 100 m» (18 defects and more) on the reel at the number i
in continuous technological cycle of production; f{(i) —
deterministic function (process trend) defined by (2), (3);

6; — random part of the process, defined as d; = ([x; — f(i))])">

The trend of reducing the number of «worst 100
m» during the process quantifies the observation period
is determined by the function f{7). The random
component of the stability of the process is represented
as an array of values §; of absolute deviation number of
«worst 100 m» x; determined by the function f{i):

8= (L —ADP)". (6)

In the presented example, the array J; has no
pronounced trend and average value J,, is a quantitative
assessment of technological error during the process
observation period, in particular — the error control
method used.

The data in Fig. 3 indicate the theoretical possibility
of separation and quantitative assessment of:

o first, the trend of the process, the causes of which
appropriate technological measures should be established
by technological service;

e second, the random component of the stability of the
process, the average of which is a quantitative assessment
of technological error, which is the subject of statistical
process control.

Obviously, should be envisaged the possibility of a
trend of stable random component of the process. In this
case, should be applied a statistical model of the trend
with an error to the random component J; (Fig. 4).

The sequence of statistical arrays and relevant
statistical parameters specified by formulas recurrent
procedures (2) — (6) is given in Table 1.

Settings trend identified statistically with the
required accuracy (formula (5)), are parameters
determined functions. In the example in Fig. 3 is the
parameter b of the function f{i) — the rate of reducing the
number of «worst 100 m»: b = — 86.88 + 9.25 (m/h),
which is approximately one to reduce the «worst 100 m»
for the manufacture of two coils (down 1.4 % relative to
the length of the defective enamel wire on one coil).

Table 1
Statistical parameters
No. | Arrays Trend of random component
parameters Average | Standard deviation
1| x,0 | da,b,0 O 50
2| 6,02 | a2, 82", 02" | 82, 562
3 102,03, | a3",03",03" | 43, 563

Automation of control and statistical data, allocation
deterministic trend and presenting the results in a
quantitative parameter trend provides the possibility of
the technological process current adjustment.

The simultaneous selection of the random
component of the process J; (9; = ([x; — Ai)])*°) allows to
quantify the error process, the causes of which can be
very much and reduce what by necessity requires a
comprehensive approach that in the world practice called
by Deming method [7].

The presented example (a linear trend, a random part
of the process) is the easiest. Deterministic function f{7)
can not be linear (it can be periodic [6]). For example, an
array x; in Fig. 3 can be best described by a decreasing
exponential function that change the coordinate system
can be represented as a straight line. Completed relevant
calculations are more complex, but technological findings
remained unchanged.

Fig. 4 shows the results of the statistical analysis of
the stability of the process of manufacturing the same
enamel wire on the number of defect-free single lengths
on the reel in a number x; unit length (by 100 m),
containing three or fewer defects: x; is the number of
«best 100 m» on the reel at the number i in continuous
technological cycle of production.

The number of such recurrent procedures n can be
limited by the presence of the random component of the
trend, but it is insignificant because the variance of each
subsequent random component D[dn] rapidly approaching
zero (Fig. 5).

The most effective is the procedure for the selection
of the first trend, as this random component coefficient of
variation J1; close to unity, indicating the approximate
equality o1,, average and standard deviation of the
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random component sél1 of the process (Fig. 6).
Importantly, the dependences V[on] = fin) (Fig. 5) are
similar in character arrays (see Fig. 3, 4) which differ in
shape of the visual pass (Fig. 3 — exponential decay,
Fig. 4 — linear growth), and the direction of the trend
(Fig. 3 — decrease; Fig. 4 — growth).

x(er<4
0 ( )I

Fig. 4. Number of single lengths that contain three or fewer
defects: x; — the number of «best 100 m» on the reel at the
number 7 in continuous technological cycle of production;

i) — deterministic function (process trend), defined by (2), (3);
02(7) — the second process trend (random component J,);
03; — an array of random component

D[ on]
80 T T T T
6o 2 =
\
-\
b,
\ -
40 N \
NS
1N,
201 \ .

0 1 2 3 4 n

Fig. 5. The dependence of the variance of the random
component D[Jn] on n number of recurrent statistical procedure:
1 — D[on(er < 3)]; 2 — D[on(er > 18)]

o]
T T T ;|
,/
I
! =TT
//-/ ‘-.
«
~
0.5 ~ 7
T —
~——
.
0 ] ] ]
0 1 2 3

Trend selection procedure No.

Fig. 6. The dependence of the coefficient of variation random
component v[6n] on n number of recurrent statistical procedure
v[on] =f(n): 1 —v [dn(er < 3)]: the coefficient of variation
increases and is close to unity (1), and the relative standard
deviation decreases exponentially (2)

It is advisable to use a coefficient of variation is
random component v[3] data set as a criterion for the
number of recurrent procedures » which allows you to
select a random part of the technological process
on; (On; = ([0(n-1); — d(n—-1)()])™°) and thus estimate
error process. Accuracy of process control is £ 1 «best
100 my.

Trends parameters that are deterministic functions
technologically parameters may be analyzed, as they are
not random.

The gap between the rate of increase in the number
of «defect-free 100 m» (= 48 m/h) on the one hand, and
the rate of decrease in the number of «worst 100 m»
(= —86 m/h) on the other, clearly shows that the work
cycle isolation on high-speed automatic enamel units in
principle is not stable. It should be distinguished using
technical terminology reliability, grinding in period
(increased insulation defects), the normal isolation
(insulation defects characterizes the level of technology)
and the period of «fatigue» (defective insulation is
growing faster than during normal isolation).

The duration of these periods, and hence logistics of
enameling technology in a particular production is to be
determined by separate and quantify the parameters of
insulation defects, such as:

e insulation defect trends, causes and which
appropriate technological measures should be established
technological service;

e random component of the stability of the
technological process, the average of which is a
quantitative assessment of statistical process control error.

To quantify the relevant parameters trend
superposition model and the random component of the
database are necessary. Fig. 7 shows a model for the array
data shown in Fig. 4.
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Fig. 7. Model of empirical distribution function of the number of
defect-free reference lengths in a normal distribution function
with the expectation that varies linearly over the manufacturing
process and stable dispersion error control: 1 — empirical
distribution function F*{n(er<4); 2 — distribution function at the
beginning of the observation period; 3 — distribution function at
the end of the observation period; 4 — model distribution
function

Because the value of the control parameter is positive
and the procedure for normal distribution model involves
the appearance of negative values for determining the
random component used Weibull distribution (WD)
(Fig. 8) that, first, rather than a normal distribution (ND)
describes an array of data (for ND the Kolmogorov
criterion is 0.71, for WD is 0.95).

Second, it permits to evaluate the random component
of the array as a parameter exponential distribution, which
degenerates WD at a value parameter form that is unity.

&

F{n(er<4)}
1

0.8

0.6

0.4

0.2

0
0 10 20 n(er<4) 30

Fig. 8. Model of empirical distribution function of the number of
defect-free control as a function of length of Weibull
distribution: 1 — empirical distribution function F* {n(er<4)
(points); 2 — approximation of function F* {n(er<4) by Weibull
distribution function; 3 — distribution function of the random
component of the array (dashed, forms parameter in the Weibull
distribution bv = 1.01); 4 — model of distribution function
F{n(er<4) as a superposition of trend and the random
component array

Conclusions.

1. Results of control of defects of enamel insulation
polyimide-based synthetic copolymers in the process of
non-destructive testing technology for the passage of high
voltage indicate the possibility and feasibility of the
selection of technological process trend — determined
quantitative characteristics of the stability of the
technological process. Feasibility of the trend allocation is
to establish technological factors that cause change
deterministic control parameter to decide the process
correction.

2. Selection of the technological process trend
makes it possible to quantify the random error of the
technological process which 1is a quantitative
characteristic of the random component of the stability
of the technological process and due to many factors
influence each of which is negligible compared with
the sum.

3.1t is selected trend of the technological process of
wire isolation with double insulation polyimide
copolymers based on high-speed automatic enamel units
as speed (trend parameter b°) reduction of defects during
the production cycle: b* = —86.88 + 9.25 (m/ h) which is
approximately 1.4 % decrease relative to the length of the
defective enamel wire on a reel.

4. Comparison of speed reduction of defects in
different periods of technological cycle shows that the
work cycle of isolation on high-speed automatic
enamel units in principle is not stable. It should be
distinguished using technical terminology reliability,
grinding in period (increased insulation defects), the
normal isolation (defective insulation is stable and
reflects the level of technology) and the period of
«fatigue» (defective insulation is growing faster than
during normal isolation). The duration of these periods,
and hence logistics of enameling technology in a
particular production is to be determined by limiting
the duration of continuous work cycle of the normal
period of isolation (defective insulation is stable and
reflects the level of technology). The criterion for this
limitation should change the sign for speed reduction
defects elements of continuous production cycle, the
duration of which is determined on the basis of the
Mises principle [6].
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ANALYSIS OF ENERGY EFFICIENCY OF OPERATING MODES OF ELECTRICAL
SYSTEMS WITH THE TRACTION LOADS

Innovative scenarios of reliable energy supply of transportation process aimed at reducing the specific energy consumption and
increase energy efficiency of the systems of electric traction. The paper suggests innovative energy saving directions in traction
networks of railways and new circuit solutions accessing traction substations in energy systems networks, ensure energy security
of the transportation process. To ensure the energy security of rail transport special schemes were developed to propose the
concept of external power traction substations, which would increase the number of connections to the networks of 220 — 330 kV,
as well as the creation of transport and energy corridors, development of its own supply of electric networks of 110 kV substations
and mobile RP-110 kV of next generation. Therefore, the investment program of the structures owned by the Ukrainian Railways
(Ukrzaliznytsia) need to be synchronized in their technological characteristics, as well as the criteria of reliability and quality of
power supply with the same external energy investment programs. It is found that without any load on left or right supplying arm
one of two less loaded phases of traction transformer begins generating specific modes in the supplying three-phase line. Thus,
modes of mobile substation cause leakage in one of the phases of the supply line of traction transformers of active-capacitive
current, and as a result generating energy in the main power line of 154 kV, which is fixed and calculated by electricity meters.
For these three phase mode supply network is necessary to use 1st algorithm, i.e. taking into account the amount of electricity as
the energy in all phases. For effective application of reactive power compensation devices in the AC traction power supply systems
it is proposed to develop regulatory documentation on necessity of application and the order of choice of parameters and
placement of compensation systems taking into account operation mode of power systems and the use of software systems with
imitation of instantaneous interrelated schemes of transport loads. References 15, tables 3, figures 4.

Key words: energy security; railway transport; the process of transportation; networks of power systems; efficiency of modes;
mobile traction substations.

B cmamuve npeonoscenvt unHO8AUUOHHbIE HANPAGNCHUA IHEP2OCOEPEHCEHUA 6 MALOBBIX CEMAX HCENE3HBIX 00POZ U HOBble
cXeMomexnuyeckue pewleHus NPUCOeOUHEHUA MA06bIX NOOCMANUUN K CemaM IHepzocucmem, obdecneuusaroujue
IHEP200E30NACHOCHb nepeso3ounozo npouyecca. /laHo 000CHOBAHUE HeOOXOOUMOCMU paciema maA208bIX NOOCMAHUUIL NO
6EKMOPHOMY Memody mpexgaznozo nompedaenus snepeuu om noocmanyuii HIK «Yxpanepzon. bubn. 15, tabn. 3, puc. 4.

Kniouesvie cnosa: IHepreTudeckasi 6e30MacHOCTD, JKeJIE3HOOPOKHbINH TPAHCIOPT, IPOLECC MePeBO30K, CETH IHEProCHCTEM,

3HepF03q)d)eKTI/IBHOCTL PEKUMOB, NEPECABUKHBIC TATOBbIC MOACTAHIUU.

Introduction and problem definition. Analysis of
changes in the structure of the energy balance of railways
shows a strong tendency of orientation of their energy
mainly in the power consumption. For example, for the
previous period (1997-2012) the share of electricity has
increased from 51 % to 70.5 % in the total energy balance
of the railways. To known positive properties of electric
energy (easy accessibility, portability, willingness to
consume, etc.) added another, extremely important in
modern conditions — lower cost of works and services,
which are performed with the use of electric energy
compared to the other main types of fuel and energy
resources [1-5].

In Ukraine since 1950-s on the AC system 25 kV, 50
Hz electrified 5.5 thousand km (53 % landfill) of
railways. World experience confirmed the undeniable
advantages of the AC system before electrification system
DC 3 kV. Currently, the share of electrified portions of
the total operational length of railways is 47.3 %, while
the share of electric traction in the overall turnover equal
to 91.2 %. However, the effects of the economic crisis
significantly reduced the rate of electrification of railways
in 2014-2016. As a result, the most important electrified
line Kharkiv — Poltava — Kremenchug — Znamenka works
internally powered modes of traction network from
mobile substations [5-8].

One of the most urgent issues of energy transport
process is the effective implementation of the traction

electricity reserve capacity power supply of electrified
railways AC roads. Ways of realization of reserve
capacity are different. If the main focus of the railways of
the advanced economies is placing on the traction
substations stationary traction reserve units, the railways
of Ukraine, this problem is solved by the mobile reserve
of traction substations. Recently put into operation during
the period of sustained growth in traffic. In the fall of
traffic they may be involved in other areas which are
expected to increase in traffic. Naturally, such a
«flexible» reservation system must be linked in circuit
and regime system with external power supply.

In order to reduce costs for the electricity industry
all the railways of Ukraine carried out the supply of
electricity to consumers at regulated tariffs, which saves
hundreds of million UAH the procurement of electricity
(in 2014 — 631 million UAH). Advantages of the
wholesale electricity market, electricity purchases are
obvious, but there are some features of payment for
electricity in conditions of forced modes of electric
traction networks with mobile traction substations [2-5].

The pace of aging power units at the existing
funding gap continues to outpace reconstruction. The
length of electrified lines of the landfill, which operated
over the average period of time (40 years) increased to
6393 km or 62.3 % in 2012, and today this figure is closer
to 6,820 km or 67 %. With a lifetime of over 30 years
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232 stationary (78 % of the total) and 10 mobile traction
substations are working. At the present time requires a
complete reconstruction of more than 50 % of the
expanded length of the catenary and traction substations.
To stabilize the situation need to increase the pace of
renovation of the traction power supply units in the period
from 2016 to 2020 every year at least 600-670 km of
catenary and traction substations 10-15, with an average
financing needs for one substation about 50 million UAH
[1,7,8].

Reasons of the low efficiency of power lie in the
technical, economic, organizational processes: the
degraded state of electrical networks due to wear and tear;
unbalance load lines phases; unbalance modes of
transmission lines; the impact of energy flows in the
common elements of the network (the effect of the loss of
non-linearity) uncompensated reactive power flows.

Therefore, the question of the substantial increase in
the volume of works on modernization, improve the
reliability and efficiency of the traction power supply, as
well as the electrification of new railway lines belongs
now to the most important priorities of development of
the railway energy of Ukraine.

The goal of the paper is analysis and development
of ways to improve the energy efficiency of modes of
electrical systems with traction loads and the rationale for
the calculation of traction substations for the vector
method of three-phase energy consumption from
substations of the National Energy Company
«Ukrenergoy.

1. Energy efficiency analysis of traction and
external power supply for electrified line Poltava —
Kremenchug — Alexandria. The general lack of circuit
connections of traction substations (TS) of electrified
areas for the period 1993-2011 lies in the fact that
virtually all substation joined the network of 110 kV of
regional power companies and a number of them to such
networks 110 kV which connect different energy system.

The choice of external power supply scheme of TS
(Fig. 1) is made in accordance with the «Standards for
technological design of energy systems and -electric
networks of 35 kV and above» and new chart-technical
solutions join the TS to the power system networks,
which proved in [5, 9] used in railway electrification.

The source of external power supply of traction
substation is a substation of 330 kV North and Dnieper
power systems. 330/110 kV substations Poltava was
introduced into operation in 1964 and 1997. Currently, the
substation is equipped with 4 auto-transformer, two 125
MVA and two 200 MVA. Outdoor switchgear (OSG) 330
kV substations Poltava performed under the scheme 330-
10 «transformer — bus lines with the connection by two
switches». At this voltage are due to Zmiev thermal
power  plant, substations with  750/330 kV
Severoukrainskaya and 330/154 kV Kremenchug.

110 kV OSG Poltava has four sections, two sectional
and two co-located with the bypass section switch. The
distribution of electrical power from the TS Poltava 110
kV voltage is carried to consumers of Poltava city and the
Poltava region, and traction substations.

OSG 154 kV traction substation Alexandria has
three sections 154 kV bus on which power is supplied
from the substation «North» and the substation
Znamenka. The distribution of electrical power from the
TS Alexandria on voltage 154 kV, substation
Konstantinovka made to consumers, the substation
«Neftianik» and substation Morozivka.

At TS Alexandria in 2009 it was put into operation
three continuously adjustable settings transverse
capacitive compensation (CS) (manufacturer CRD
ELEKTROTEXNIKA), with total capacity of 18.4 Mvar.
In the phase 4 and phase B included adjustable
installation CTK with capacitors type CUEFS 23-8.7/600/
WF and compensating reactors and decompensating
respectively KTL-182/155 and KTL-192/210 with 7609
of Q,~=7609 kvar and Qp=7565 kvar. Unregulated
installing KU with capacitors K9K1-1,05-63-1¥Y1 and
reactor ®POM-3200/35V1, capacity O=5699 kvar is
included in the phase 4 or B. To ensure the compensation
(decompensation) of reactive power and filtering of
higher harmonic components of voltage and current
general scheme applies dynamic compensation, in which
the converter COMPACT system provides adjustment of
the value of the phase current of decompensating reactors.
The basis of this system is the semiconductor converter
unit which includes optothyristors with protective
resistor-capacitor elements and signaling unit.

Before installing CS average daily electricity
consumption of traction substation in 2009 was S =
=250 — j80 MVA, tgp = 0.32. For such a load, installed
capacity capacitors (18.4 Mvar) exceed correctly
calculated by the reactive power, voltage mode,
unbalance, harmonics several times [10-15]. It is possible
with such a huge power capacitors thyristors fully open
permanently. It is interesting to know their real condition
and mode of operation. Analyzing the state of the CS in
the evaluation of energy losses in the first place should
pay attention to the installation of the filter with oil-filled
reactors ®POM-3200/35V1. In addition to the increased
complexity of the maintenance of these reactors, they are
characterized by higher energy losses. In particular, only
the power loss in the steel reactor cores is 10.5 kW.

Technical and economic calculations show that in
the current application smoothly regulated CS plants due
to the large capital investment that determines the large
payback period (10-15 years) for the traction network of
national railways.

In general, the following measures can be applied to
improve the efficiency of the heterogeneous network:
division of low voltage network, the use of longitudinal
capacitive compensation in high-voltage lines, inclusion
of booster transformers in the branch networks of
different nominal voltages. The most advantageous
solution is determined by the feasibility study on the
simulation models based on modes of supply of power
systems [3-5]. Currently, the contact area network
Kobelyaki — Kremenchug — Alexandria partitioned neutral
accents and is a long cantilever sections with single feed.

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2017. no.1 55



North energy system

a)

24C0O-300 Dnieper energy system
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Rossoshentsy N. Sanzhary P? 11%)1/113’(1)( y § § "Neftianik",
110/10 110/35/1¢ g;:; I Konstantinovka
| . EERRE

TS Kobelyaki TS Kremenchug TS Alexandria

110/35/27.5 154/27.5 154/35/27.5

SG-110 kV SG-154 kV SG-154 kV

TFTS -31500/110/35/27.5

TBCS -20000/154/27‘5@
South

TBTVR -40000/154/35/27.5

Odessa
SG-35 kV rallways railways SG-35kV
SG-27.5kV SG-27.5kV SG-27.5kV
SP Ozera
Contact network
PS - power system substations; B 25.4 km 14.1 km'_ 53.8 km )

SG - switchgear;
OL - overhead lines of power systems;

b)

. J
Jisdo - OL loads 330 kV;,
j7 —j9 - OL loads 154 kV;

AC, ACO - type of OL wire;

SP - sectioning post

j2 _j6 - OL loads 110 kV;

J¢,J5,J, -electric traction loads

Fig. 1. The scheme of external power supply of traction substations at the junction of South and Odessa railways and its directed graph
(here: TFTS — three-phase transformer with air-filters and three windings for mobile substations; TBCS — three-phase transformer,
the oil cooling with blown and natural circulation of oil for mobile substations; TBTVR — three-phase transformer, cooling with
blown and natural circulation of oil; three windings; with automatic load voltage regulation for rail, electrified with alternating
current, rated power of 40,000 kVA, voltage class 154 kV)

Parallel running electrical traction networks 27.5 kV
and the network 110, 154, 330 kV (Fig. 1) are
heterogeneous and power transmission it happens when
you increase the value of active power and energy losses,
that is, at a reduced cost-network operation as a whole.
Heterogeneity of traction power systems and supply
chains leads to an increase in the equivalent resistance R,,
at the power transmission path. Thus, if for a
homogeneous network, active equivalent resistance R.q,

. n-n r
will be equal R, =—==—_ than for
€q0 7’1 + 7’2 2

inhomogeneous one which graph is presented in Fig. 1,0

AND)
Z1+2Zy
can be determined by the following expression

Req _Rer _ (fl _52)2

Rego  2+(5+& P
where &, & are the ratios of reactance to active resistance
of the corresponding graph branches.

Calculations with real values of resistance by the
expression (1) lead to the conclusion that, in parallel to
the network 110 and 27.5 kV, 154 kV and 27.5 kV
have to expect an increase in the equivalent resistance

=R , and increase of the active resistance

Req

()
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by 15-20 %. Consequently, at 15-20 % power loss
will be large.

The main load of the network is the system load J;

and Jy,, loads of traction substations J, J7, Jo have

significantly less value. Count circuit branches, the
reduced voltage to one have different ratios of reactance
to active resistance ¢ = x/r. For a given circuit condition
heating low voltage network wires limit the capacity of
the network. Part of the network of higher voltage
(330 kV, 154 kV) underload, as part of a network with a
lower voltage is overloaded. The flow of power is on the
branches 6 and 10 of the graph circuit.

Heterogeneity of parallel networks 330, 154, 110,
27.5 kV, the specific modes of operation minimizes the

North energy system

benefits of closed networks, is the large power supply
reliability, better quality of electricity and if you can not
take into account for traction network power flow in fee,
will inevitably use console power circuits.

Traction substation Kobelyaki and Kremenchug are
powered by the North energy system and Alexandria —
from the Dnieper energy system. The scheme of parallel
operation and partitioning traction network is shown in
Fig. 2. The inclusion of traction substations for parallel
operation will inevitably lead to power flows on the
network even when the traction according to the
normalized values of primary voltage due to differences
in their capacities.

Dnieper energy system

TS Kobelyaki TS Kremenchug TS Alexandria
A
B B B
C C C
B4 Bi Cq

NP N N,

b b c
/ c c a
? b
Contact network SP Ozera
Rail
Fig. 2. The scheme of parallel operation of traction substations
Taking into account that the total power power supply system is determined by modeling power

consumption of traction substation consists of the
consumption of electricity for traction power, losses and
power flows on the traction network, we can offer a
formula for determining the flow
no* . .
Wover =W =AW —Wy; = .ZI(IShiUti_ASi)_WZSi ’
1=

where W is the comprehensive energy consumption of
traction substation; Wrg is the electricity consumption for
train traction; AW is the power loss in the traction

*
networks; [Igp; is the conjugate complex of instant

currents in shoulders of power traction substation; Uy ; is

the the instantaneous voltage on the tires traction
substation; » is the number of solved instant schemes in
simulations electrotraction networking modes.

A preliminary assessment of the scheme traction
power network and the selection of the scheme, which
allows to approach the power-saving mode of the traction

flow and energy loss. At the same time the
implementation of the automated system of commercial
electric power accounting on all railways of Ukraine
allows today to use these energy meters traction
substations and implement the actual definition of the
electricity costs for various power schemes. Last
modification counters at traction substations (with
appropriate software), and can measure power loss in the
zone between substations. By analyzing this information,
power dispatcher can select an energy-saving power
supply circuit [5].

2. Forced modes of mobile traction substations
and power system supply lines. Reality today is such
that, almost without reserve, mobile substation for a long
time working instead of fixed-to-congested areas, and
some super-long cantilever sections loaded with only one
arm power, which leads to a sharp current unbalance
traction transformers phases (least loaded are two phases)
and finally to increased energy losses [5, 6].
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In May 2014 it was put into operation a mobile
substation «Traction Kremenchug» which is attached
directly to the main power grids of North grid, namely the
PS-330 «Kremenchug». Modes of her work defined the
technical specifications, including power and modes with
long cantilever sections one shoulder power («lagging» or
«advanced» phase). [8] It is necessary for the
implementation of the transportation process on the
condition of ensuring the minimum level of tension in the
electric rolling limiting sections (U = 21 kV). As shown
below, such mobile substation modes cause flow in a
single phase traction supply line transformers active-
capacitive current and as a result, the generation of energy
in the mains power line 154 kV, which is fixed and the
calculated electricity meters. According to the theory of
electrical networks and the existing rules of electric power
metering, for such modes of three-phase mains supply
requires the use of a vector method, i.e., metering of
electricity as the amount of energy in all phases, taking
into account the sign.

It is known that on the roads of single-phase AC
power traction network is usually carried out by a three-
phase transmission line through transformers connected to
this or that scheme [3]. Of all the possible connection
scheme of the three-phase transformers, the most widely
used on the railways of Ukraine got a scheme in which
the traction winding is connected in a triangle. When
connecting the traction windings delta loading, though not
identical, but all three phases of high voltage lines. It is
possible to power district load from a third transformer
winding voltage of 10 or 35 kV. The primary winding of
the three-phase transformer is always connected in a star.
When connecting the traction winding triangle is no
circuit for zero-sequence fundamental frequency currents.
In this case, much less disturbing effect of high-voltage
line on the communication line. These circumstances had
a decisive influence on the fact that the traction winding
three-phase transformer is connected in delta. A more
uniform load three-phase transmission line phases is
achieved when powered traction substations of all three
phases of the transmission line. In this case, the traction
network section of the left and right of the substation fed
by various transmission line phase and consequently have
a voltage out of phase with each other.

When considering schemes of traction substations
for the positive direction of the currents (7, I3, I¢) to the
transmission line, branches from the transmission line to
the substation, and also in the feeders that feed a power
train (I, I and Ip), will take direction from the feeding
center to the consumer. For the positive direction of
currents in electric locomotives will take direction from
the conductor to the contact rail. For the power supply
circuit (Fig. 3) combined vector diagram of voltages and
currents in the particular case (the least loaded are two
phases) shown in Fig. 4. When constructing diagrams
accept transformation ratio equal to one and neglect the
idling current and voltage losses in the windings. Then,

the voltages U 4 U 5 and U ¢ and, accordingly, voltages

U,.,U,, and U, will be provided and the same vectors

ac?

(Fig. 4). The current vector /; (left side) received the

voltage should be oriented with respect to the voltage
vectorU .. In the vector diagram shows the current /;

shifted from «their» voltage at a certain angle ¢;. The
current vector /; (coming from the substation to the right)
in the direction shown in Fig. 3, focused on the vector of

«their» voltage — Ucb opposite to the voltage Ucb shown
on the diagram (Fig. 4). Laying voltages on the chart
—Ucb (shown in dotted line), it can relatively displaced

by a certain angle ¢ applied / current vector. Knowing
I, and Iy it is easily find the current I» in the wire attached
to the rail as the magnitude of the counterbalance (as well
I, + Iy + I, =0), and the phase current transformer [3]:

ja:%jLJ"%jR;ib:1/3jR—1/3jL;jC:—2/3jR—l/3iL.

A
B
C
1L Iz Ic
Y Y
A B C
X Y VA
Y/A-11 '
X y z
y i
2/31L 1/31 1/31L
a b c
¥ v
1/31r 1/31r 2/31r
a b c
Y. Y Ir Y Ir
Uac;UA -Ucb;-UC
//_/
I Ir

Fig. 3. Feeding diagram of the traction power supply
of single-phase current using three-phase transformer
connected according to the scheme Y/A—-11

Left feeder zone to the current [, powered by voltage
U,.. This voltage is generated in the winding ah and
windings ybzc (where it is obtained by adding the
voltages of the two geometric windings by and cz). But ax
winding resistance is half the resistance of the other two
windings connected in series. Therefore, the current /; is
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divided between generating voltage Um, windings in the

ratio of 2:1. Similarly, current /y is shared. It can be noted
(Fig. 3) which is the least loaded phase is the phase of the
triangle, which is not directly connected to the rails. In
this case, when one of the loads, /; or Iz, equal zero, two
phases are loaded least.

a) Us A

b) Us A

Pc

I=I1=-2/3 Ir

U,

Uc

Fig. 4. Vector diagram to determine phase currents of the three-
phase transformer for the particular case:
a — load Iy of the feeding right side equal zero;
b —load I, of the feeding left side equal zero

Let us consider in more detail the special case where
the least loaded are two phases, for example, when
powered traction load only the left shoulder «lagging»
phase (Fig. 4,a) or only the right shoulder «advanced»
phase (Fig. 4,b). When powered load left shoulder I;
«lagging» phase (Fig. 4,a) the angles of phase shift

between the currents /,, [z and /- and the voltages U ,,

U 5> Uc is significantly increased. Note that ¢4 = ¢,

current /5 lags the voltage U , by an angle g3, and /¢ leads

the voltage UC by an angle ¢c. Thus, one of the least-

loaded traction of transformer phase begins to generate
current in the supply network. When powered right
shoulder load I «advanced» phase (Fig. 4,b) pc = og, I3

current leads the voltage U, , and now this phase traction

transformer generates a current in the supply network.

In the presence of the load on the district may not
have the traction substations and low thrust loads this
mode, but for mobile substations (10 kV for regional
consumers are not always designed) are inevitable.

Experimental investigations were carried out for
normal and forced modes of electric traction network.
Forced (provisional) mode in a mobile operating
conditions traction substation considered mode where plot
Kremenchug — Ozera supply voltage of 27.5 kV phase 4
and phase B is in an idle mode. Normal mode will assume
a mode in which the traction substation feeds
Kremenchug — Ozera (phase A) and Kremenchuk —
Kobelyaki (phase B). It was found that the power of the
mobile traction substation «Traction Kremenchugy 20
MW does not allow transportation process on the console
section of traction network length of 39.5 km
Kremenchug — Ozera normally due to the need to ensure
the minimum level of 21 kV voltage on the pantograph of
electric rolling of limiting haul.

The presented results confirm that in the reverse
direction of energy in the least loaded phase B from the
higher voltage is the result of bias currents in the winding
of a traction transformer yb forced mode mobile
substation «Traction Kremenchugy.

Experimental investigations have confirmed the
cause of the generation mode in phase B of the OL
154 kV and traction load requirements of GOST
13109-97 «Power quality limits in public electrical
networks».

The absence of power generation by the traction
load is confirmed by experimental measurements at the
input of 27.5 kW traction transformer substation mobile
«Traction Kremenchug» under different loads on the
feeder zone Kremenchug — Ozera (Table 1). Thus, the
experimental research results confirm the theoretical
study on the use of the vector algorithm, taking into
account the amount of electricity when powered mobile
traction substations of backbone electric grids of the
National Energy Company «Ukrenergo».

3. Evaluation of electric energy in the
traction substations. It is known that at the traction
substations of electrified railways of commercial
electric power accounting devices should be
installed at the boundary equipment accessories, i.e.
at the level of the power supply traction
transformers. However, the majority of traction
substations of electric energy accounting is
conducted at low and medium voltage. In this case
the loss of electrical energy in traction and step-
down transformers are determined by calculation.
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The unit of electric energy at levels low and medium  substations with the old type of stationary, mobile
voltage due to the lack of measuring transformers of and on they do not provide even a project.
current and voltage at a high voltage transformer
Table 1
Experimental investigations on the feeder 27.5 xV of the TS «Traction Kremenchug»
No. M;?;“r' PukW | PpkW | Qukvar Onkvar | UpV | UwV | UV | LnA | A | 9o | o
1 32 2604.3 60.9 571.5 38.9 102.6 94.6 86.2 99.0 2.6 133.2 | 272.6
2 36 3313.8 64.7 498.6 243 102.4 953 84.7 1224 | 25 128.9 | 260.8
3 37 4513.3 64.8 156.0 20.2 101.6 95.0 83.4 162.1 2.5 122.7 | 257.2
4 41 4868.1 63.5 —-1004.9 24.9 101.3 95.7 83.6 1793 | 2.6 108.3 | 261.5
5 40 6391.0 61.4 —1944.8 24.8 100.2 95.3 82.6 239.6 | 2.5 103.1 | 262.2
6 33 8250.0 62.4 —2558.6 17.8 99.3 95.6 82.3 306.6 | 2.5 1029 | 2553
7 34 8789.0 63.0 —2328.2 18.9 99.0 96.3 81.1 3214 | 2.6 104.6 | 256.6
8 25 10142.0 62.9 -3898.4 27.6 98.3 97.2 81.7 383.8 | 2.8 98.9 | 263.1
9 21 13013.0 186.4 -5024.8 78.8 96.8 96.3 78.2 4854 | 8.1 99.1 263.1
10 10 14855.5 203.7 -5802.5 70.0 95.6 97.1 78.0 555.0 | 8.8 98.0 | 2584
11 11 16439.5 218.1 —6666.0 70.7 94.8 96.6 76.5 6152 | 9.5 98.2 | 2583
12 14 18155.5 227.0 -6886.0 78.8 94.0 96.9 74.3 673.6 | 10.2 99.3 259.2
13 19 21235.5 246.5 —7804.5 87.8 92.5 97.9 72.4 781.0 | 11.4 | 99.8 | 259.8

Note. 9-13 — short-term connections of the phase B to feed traction network of the feeder zone Kremenchug — Kobelyaki (current

transformer coefficient — 1000/5, account ratio — 55000).

Payment points with wholesale electricity market for
electricity placed in cell No. 2 of OSG-154 kV of
substation PS-330 «Kremenchugy. Current account for
traction feeders mounted on the contact network and the
technical account — on the feeder of 27.5 kV power
transformer of the mobile substation «Traction
Kremenchug». Comparative analysis of the volume

purchased and released electric energy for the period May
— November 2014 indicates the presence of imbalance
which is more than 10 % (Table 2, 3). Analysis of the data
(see Table 2, 3) shows that the calculation of flow of
electrical energy at the point of calculation intentionally
or erroneously on the following principle.

Table 2
Reported data of release and reception of power of the TS «Traction Kremenchugy
Electrical energy volume at the OL 154 kV, thousand Reception on Calculated losses, Unbalance OL
kW-h thousand kW-h 154 kW
Month . buses in the OL thousand | ,
Release Generation 27.5kV,kW-h transformer 154 KW-h %
May 3270.6 406.8 2 855.7 27.082 1.686 386.115 |11.8
June 3643.2 457.2 31723 27.877 2.223 440.758 |12.1
July 3965.4 472.68 3472.6 29.541 2.557 460.697 11.6
August 4215.6 526.86 3 666.3 30.629 2.904 515.796 |12.2
September 4726.8 600.48 4100.5 29.427 3.881 593.009 |12.5
October 5238.0 635.04 4573.2 31.544 4.594 628.704 |12.0
November 5455.8 671.58 4751.7 31.961 5218 666.926 12.2
Table 3
The balance sheets of release and reception of power of the substation PS-330 Kremenchug
Month I}igf:lved on buslfrsoztg\e:r, thous;?gfﬁ\tf;clﬁon Received from bus 154 kB, Buses 154 xV unbalance,
. thousand kW-h thousand kW-h
autotransformer sources substation
May 169 862.4 4 908.6 406.8 175132.4 -361.8
June 163 753.2 4307.4 457.2 168 269.4 -208.8
July 185108.4 8172.0 473.4 193 366.8 -86.4
August 223 824.6 543.6 527.4 224 535.6 -167.4
September 206 530.2 1656.0 599.4 208 222.2 —64.8
October 2124324 61614 635.4 218 410.2 —421.2
November 200 809.8 74448 671.4 208 215.0 39.6
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Installed at the design point per phase electricity
meters are set to account in both directions, and in
determining the amount of flow of electricity accounted
for the volume of electricity supplied by each phase
separately. Thus, the presence of lasing at any given
volume of phase calculation is excluded. As a result of
this calculation railroad monthly, starting in May 2014
(after OL 154 kV commissioning and mobile traction
substation «Traction Kremenchugy), purchases of
electricity by nearly 500 thousand KW-h more than the
consumer supplies. With a monthly volume flow on the
OL 154 kV 4000-4500 thousand KW-h OL loss exceeds
10 % of normative losses at the rate of class 1 power
purchase 3.66-3.86 %. As a result of the imbalance
between the amount of electric energy that was allotted to
the substation PS-330 «Kremenchug», and the actual
amount received by railway on TS «Traction
Kremenchug» for the period May-November 2014
amounted to 3771 thousand KW-h. However, it should be
noted that in determining the amount of unbalance of tires
154 kV Substation PS-330 «Kremenchug» and
substation as a whole calculation is carried out taking
into account of the full phase mode electricity flow at all
points in the account, including taking into account the
phase B of generation in the OL 154 «Traction
Kremenchugy». Thus, the calculation algorithm in the
balance of the substation PS-330 «Kremenchugy is
different from the volume calculation algorithm for
suppliers of electrical energy connected to this
substation, which is contrary to the rules.

Conclusions.

1. Analysis of the electrical system with loads traction
shows that to improve their energy efficiency needs a full-
scale program of modernization. The investment program
included in the structures of JSC «Ukrzaliznytsia» must
be synchronized on the technological parameters, as well
as the criteria of efficiency and quality of power supply
with the same external energy investment programs.

2. In the analysis of risks and threats to energy supply
process traffic of railways from the external power supply
is suggested to use a system of rating assessments of
energy security for all of the following indicators: the
reliability of power supply system taking into account the
high measure of depreciation of fixed production assets of
the energy economy of the region; power ratio of the
amount of power and bandwidth interconnections to the
maximum electrical load of consumers in the region;
power flow estimation in electric traction network and
their account in fees for payments for electricity.

3. To improve power quality, reliability and security of
power supply and reduce the cost and time of construction
of traction substations new schemes and technical
solutions of external power supply are proposed, which
are based on joining to networks of the National Energy
Company «Ukrenergo» (220-330 kV) and use of reactive
power controlled compensation devices.

4.As a result of theoretical and experimental
investigations of forced modes of mobile traction
substation «Traction Kremenchugy it is found that in the
absence of the left or right shoulder load power of traction
network one of the two least-loaded traction transformer
phases causes flowing in one phase of the supply line of
active-capacitive reverse current that is fixed by
calculated electric meters with phase segregated algorithm
calculations as generating the least loaded phase. Such
modes of power supply systems lines are inevitable due to
the need to ensure the minimum level of the voltage of
electric rolling on long cantilever sections of the traction
network and for them it is necessary usage of the vector
method of determining the amount of electricity.
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Yu.N. Vepryk

WAYS TO IMPROVE THE EFFICIENCY OF COMPUTER SIMULATION OF
ELECTRICAL SYSTEMS MODES BASED ON EQUATIONS IN PHASE COORDINATES

The development of electrical systems must be accompanied by the development of tools and their modeling. However, the
possibility of development models, traditionally developed on the basis of the transition from the real to the single-phase three-
Phase circuits equivalents, represented exhausted. Therefore, along with the use of single-phase three-phase equivalents need to
develop models in phase coordinates. Showing the need to move to the development of models based on equations in the phase
coordinates and the possibility of increasing the effectiveness of development through the use of implicit methods of integration,
the transition to a higher level of decomposition and unification models developed for the implementation of the structural
approach to modeling complex systems. References 3.

Key words: stationary modes, electric networks, mathematical models, phase coordinates, transients.

Ilokazansl neodxooumocms nepexooa K papabomke mooeseli Ha OCHO8eE YPAGHEHUIL 8 (PA3HBIX KOOPOUHAMAX U 603MONCHOCIU
nogvlueHuA Ihhexkmuenocmu maKux pazpabomox 3a cuen UCno1b308AHUA HEAGHBIX MEMOO08 UHIMEZPUPOBAHUA, nepexooa Ha
bonee 8blCOKUIL YPOBEHb 0eKOMROZULUU U YHUDUKAUUU pa3padambléaemblx mooeneil. bubm. 3.

Kniouesvie cnosa: cTaiuoHapHbIe Pe:KHMBI PadoThI, dJeKTPHYecKHe CeTH, MaTeMaTHYeCKHe MoAead, (a3Hble KOOPAHHATHI,

NepexoaHbIe MPOUECChl.

Introduction. The current stage of development of
electrical systems characterized by the fact that all the
more significant becomes the influence of a number of
factors affecting the quality of electrical energy. These
factors are linked, firstly, with the advent of new
processes and new equipment, and, secondly, with aging
and wear of the main equipment of electrical systems. The
introduction of new technological processes tend to be
associated with an increased harmonic sources, distorting
the shape of the voltage curve in electrical networks and
equipment wear increases the asymmetry sources as
individual network elements are forced to work part
number of phases for a long time required for
maintenance and repair works on the damaged phase.

To solve the problems of analysis of electrical
systems in these new conditions and the need to develop
new, more complete and accurate mathematical models
and corresponding software to allow playback modes
systems in the presence of harmonics and unbalance
sources. In the traditional approach to modeling, based on
the transition from the real three-phase circuit to the
single-phase equivalents (in symmetrical components,
d-q-0, a-f-0 coordinates, etc.) such models in principle
can not be implemented, as the transition itself strictly
justified and is possible only when there is symmetry and
sinusoidal [1]. For this reason, attempts to develop
models based on the transition to single-phase
equivalents, in a direction to account unbalance and
harmonics, are meaningless.

The goal of the paper is the rationale for the
transition to the development of models in the phase
coordinates and identification of ways to enhance the
effectiveness of such developments.

Statement of the base material. The need for a
transition from single-phase to three-phase equivalent
model (in phase coordinates), in an environment where
development opportunities based on the traditional
approach models are exhausted, becomes apparent.
However, the three-phase model, reproducing three-phase
mode with all the major influencing factors, especially in
transitional processes is much more difficult phase and,
accordingly,  their = development and  program
implementation require greater time and cost [2].
Therefore, the amount of work in this area is still small.

At the Department «Electric Power Transmission»
of the NTU «KhPI» the development of models of
electrical systems based on the equations in the phase
coordinates, in stationary and transient, symmetric and
asymmetric modes is conducted for a sufficiently long
time, and the existing experience shows that these
difficulties are surmountable if:

Firstly, for the solution of systems of differential
equations to use implicit numerical integration methods.
When using implicit methods of numerical integration
eliminates the need to bring the systems of differential
equations to the normal form of Cauchy, which
significantly reduces the complexity of this stage
modeling and its software implementation, especially in
the simulation of complex systems. Furthermore,
implicit methods provide higher processing stability.
And another factor in favor of the choice of implicit
numerical integration methods for solving the problems
is that while it is possible to complete structural
modeling — i.e. we first need to develop a finite-
difference (discrete) model of individual elements of a
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complex system, and then perform the formation of a
system model as a whole.

Second, the move to a higher level of
decomposition — as elements of the settlement scheme
is not considered bipolar R, L, C elements, but three-
phase multipoles corresponding to the three-phase
network elements. Equivalent circuit complex systems
created even on a single phase, have a large number of
bipolar R, L, C elements and complex configuration, the
transition to three-phase circuits and taking into account
along with the longitudinal parameters of transverse
capacitive and inductive coupling power line number
increases more than threefold which greatly complicates
the process of formation of systems of equations in the
stationary, and, especially in transient conditions. In the
transition to the level of the three-phase switching
circuits the number of elements is reduced, simplified
circuit topology, all of the features of embodiment, the
parameters of the phases and their mutual influence is
reflected in the matrices of the third order of the
parameters of the corresponding elements, and the
process by which systems of equations at the level of
the three-phase switching circuits becomes less
complicated. It should also be noted that the transition
to the level of three-phase multiport matrix coefficients
in the general equations in stationary and transient
regimes acquire a pronounced block structure, and
opportunities to improve the simulation efficiency is
provided through the use of new means of modern
programming languages (sub-types, object-oriented
programming, etc.).

And third, to present three-phase multipolar equation
elements in phase coordinates in unified manner. When
used for solving systems of differential equations implicit
numerical integration methods, as has been said, it is
possible the implementation of formalized procedures for
the construction of a model system for the pre-formed
models of individual elements. At the same time
significantly simplify all stages of the simulation can be
achieved if the discrete models of all elements of the
system at the stage of their formation to present in the
unified form.

At modeling elements useful to distinguish two
groups of elements:

e static elements (air and cable lines (AL and CL),
power transformers and auto-transformers, static elements
of the load units, means of reactive power compensation);

e rotating  electrical machines (synchronous
generators, synchronous compensators, synchronous and
asynchronous motors).

The equations of transients of any of the static
elements (AL, CL, transformers, etc.) in the phase
coordinates in the matrix form are:

Ll S+ RERE Ll

and for different elements differ only in the order and
structure of the matrices [L] and [R], where [L] is the
matrix of self and mutual inductances of the phases
(windings of the transformer, wires of AL or CL, and
others), [R] is the matrix of resistances of the
corresponding element phases.

For implicit methods of integration equations of the
element (1) in phase coordinates must be presented in the
normal form

Sl =l - RE L @

and at using equations discretization to be sampled, such
as the Euler-Cauchy method

Xjsl =X +— (fk+1 +f1)

to perform an approximatlon of the original differential
equations using formulas:
AK+) _&) o d ), d k) ;
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Substituting in (3) expressions for the derivatives of
(2), we obtain the expression:

) =T+ 2 Bl - e ), 1)
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which can be solved for the currents at the current step of
integration'

) =2 )+ R el +
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where [K] L= =[E]+= [L] [R] [£] is the unit matrix.

U b
Obtained equatlons can be written as:

[ = b+ L )+ L), 1Y) o

where [Y];, [4]; are the matrices defined respectively by
longitudinal and transverse element parameters.

Equations couple voltage and phase currents at the
current step of integration with the phase voltages and
currents in the previous step.

They are useful for modeling the transients in the
corresponding element and to be included in the system
model. And the fact that the equations solved for the
currents, allows the formation of a system of differential
equations in general, to use the most effective method of
node.

Using any other implicit methods of numerical
integration, differential equations (1) any static
element can be represented in the integration step in
the form of (4).

System of differential equations of electrical
machines (synchronous, induction) in phase coordinates
in the matrix form comprises two groups of equations:
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1) flux linkage equations
[7]s =[2]slils +[Zsr L] &5
[#] & =[L] rs[i] s +[L]k[i] &
2) voltage equilibrium equations of all electrical
circuits in the stator and rotor
d

wls :_E[T]S_[R]S[i]S;

015 =S 1)~ [R 4l .
where indexes S and R taken to refer to quantities relating
to the windings of the stator and rotor, respectively.

Winding fluxes are functions of the rotor angle y.
Therefore derivatives of flux linkage with respect to time
taking into account this dependence has the form

afvs]- [ L] ]

Substituting derivatives of flux linkage in the
equation (6), we obtain

{ Lg LSR}d{is}{w{dL(VL)} {FS D[ls} _ |:US} (7
LRS LR d[ iR d}/ VR iR UR
Since when the rotor rotates the inductance of

windings depends on the angular position y of the rotor,
voltage balance equation (7) comprise transformer EMF

)

(6)

di . . . L
Ly e due to changes in current in the j-th circuit, and
t

) dL;;
also rotation EMF ——w;
dy
when the rotor rotates.
However, considering that the rotational EMF, as the
voltage drop dependent on the current in the windings, in
the equations (7) for the expression in brackets may be
taken designation

e

and write them as

LIS - |

R

of a change in inductance

we can say that they are similar to the equations of static
elements and are characterized in that the matrix elements
of the phase inductances are periodic functions of time.

To move to the difference equations it is necessary
to solve the resulting equations for the derivatives

il e {52 L)
A2 |

and go to the difference approximation in accordance with
the Euler-Cauchy formula

R
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If the obtained equation is solved for the currents in
the windings at the (k+1)-th step, equations will have a

form:
. (k+1) (k+1)
{zs} _ [Y(y)(k+1)]|:uS:| N

iR Up
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where [Y(»)], [A()] are the matrices whose elements are
determined by the self and mutual inductances of the
windings and are functions of the rotor angle y.

In equations (8), as in the discrete equations of static
electricity network elements, the currents in the windings
of the current step numerical integration of the equations
expressed transient voltage on the windings through the
current step and the currents in the windings of the
previous step integration. In contrast to the static elements
of the discrete parameters are variable and must be
calculated at each step in the process of computing the
angular position of the rotor function. In such form the
unified equations may be incorporated into the system of
equations to be solved at the numerical integration step.

Positive effect obtained when presenting items of
electrical systems in a unified form (4) — (8) lies in the
fact that:

e transient simulation algorithms in the individual
elements can be regarded as a modification of a single
generic algorithm, the main elements of which are: the
calculation of the matrix elements of the original R, L, the
formation of discrete parameters matrices Y, A, the
calculation of the transition process in step parameters;

¢ unification of models of elements allows you to
unify and other stages of the modeling system as a whole
— topological analysis of network circuit, the formation of
a system of equations, the solution of the resulting
system, which, in turn, facilitates the realization of
models in the phase coordinates on the basis of a
structured approach to the modeling of complex systems.

The realization of the proposed approach, made in
the study of operating modes of electrical systems with
the asymmetry [3], confirms its effectiveness and
feasibility — on a single algorithmic and methodological
basis of the performed development of software tools to
simulate the stationary and transient modes in the
presence of any number of asymmetrical elements and
switching.
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Conclusions.

Further development of methods and means of
electrical systems modes simulation for solving actual
problems of control is possible only on the basis of the
equations in the phase coordinates.

Improving the efficiency of development of models
in the phase coordinates is provided on the basis of
implicit numerical integration methods, the transition to a
higher level of decomposition, the unification of models
of elements and the use of the new features of modern
programming languages.
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Ya.S. Bederak

ON SUBSTANTIATION OF SELECTION OF ECONOMIC AND MATHEMATICAL
METHODS FOR THE ASSESSMENT OF ENERGY EFFICIENCY OF PRODUCTION
FACILITIES

Research purpose is generalization and further development of economic- mathematical methods for ensuring energy-efficient
operation mode of production facilities. The above methods can be used for selection of the most energy-efficient production
lines, mechanisms; pumping, compression, ventilation installations or other electric receivers among several similar ones by
using equal and unequal weight criteria. An example of comparing the efficiency of the production facilities of the chemical
industry is showed by a priori ranking and morphological (geometric) methods. The method of control the correctness of the
production facilities in the case when the electric load depends on two parameters in triangular coordinates in the presence of
boundary restrictions is described. The identity of the current energy values calculated by Holt predicted value at a predetermined
optimal smoothing constant determines the stability of the process. Expedience of application the autocorrelation coefficient for
testing processes on the stability is proved. References 10, tables 3, figures 5.

Key words: power consumption, criteria of equal and unequal weights, the autocorrelation coefficient, energy efficiency.

Ilenvio uccneoosanus aenaemca 0060cHO8anue 6v1O0Pa Haubdonee UenNeco0OPAIHLIX IKOHOMUKO-MAMEMAMUYECKUX MEN 0008
obecneuenun InepzoIPhekmuenozo pexcuma padbomol RPOU3EOOCMEEHHBIX 00beKmos. Paccmompennvie memoovt mozym ovimeo
UCNOIb306aNbL 0151 6bIOOPA HAUDONEE INEP2OIPPEKMUBHBIX MEXHOIO0UYECKUX TUHUIL, AZPezam 08, HACOCHBIX, KOMRPECCOPHBIX,
GEHMUNIAMOPHBIX YCIMAHOGOK UMW OpY2UX IIEKMPONPUEMHUKOE C HECKOJIbKUX UM NOOOOHBIX NO PAGHOGECHBIM U
HepasHnosecnbim Kpumepuam. Ilpueeden npumep cpasnenusn 3r¢hhekmusnocmu padoomot nPOU3EOOCHIBEHHBIX 00BEKMOE
XUMUYECKOU RPOMBIUIEHHOCINU MEMOOAMU ARPUOPHO20 PAHICUPOBAHUA U moponozuueckum (2eomempuyeckum). Onucan
CROCOO KOHmMpona InepzoIghekmusnocmu papomsvl nPOU3600CHEEHHBIX 00BEKMOB 6 Cyuae, K020a INeKmpuieckan HAzpy3Ka
3asucum om 08yX NAPAMEMPO8 RPU HATUYUU RPEOEeSIbHBIX OZPAHUYEHUIl UX, UCHOIb3YA mpey2oabHble Koopounamsl. Coenan
661600 0 MOM, UYMO MONHCOECHIGO MEKYULe20 3HAYEHUA IHEPZONOMPedNeHUs ¢ PAaAcCUUMAHHLIM Memooom Xonbma
HPOCHO3UpYyeMbIM 3HAUEHUEeM NpU  ORPedeNleHHbIX 3apaHnee ONMUMANLHBIX NOCHIOAHHBIX CAANCUBAHUA ONpedensem
cmabunbHOCmby  pabomyl  MEXHON02UUECK020 npouecca. JloKazana uenecoofpasnocmv npumeneHus KoIpduuyuenma
A6MOKOppenauUun nepeoco0 NOPAOKa 6blOOPOK IIEKMPONOMpedNenus 018 NPOGEPKU MEXHON0ZUYECKUX NPOUeccos Ha
cmabdunvrocms padomet. bubn. 10, tadn. 3, puc. 5.

Kniouesvie crosa: 3nexTponoTpedieHne, paBHOBeCHbIe I HEPABHOBEeCHbIe KPUTEPHH, IHeproddgdekTHBHOCT, KO3PPUIMEHT

ABTOKOPP eJISIHH.

Introduction. In industry it is often necessary to
compare the energy efficiency of similar structure and
functionality of two or more manufacturing facilities,
such as production lines, machinery, pump, compressor,
fan or other installations on several criteria (parameters)
to select the best working unit. To do this, use the criteria
as equal and unequal weight. Similarly, in practice we
must solve the problem of determining the point in time
during the change of day, decade, month, etc., which
worked effectively manufacturing facility (or vice versa).
It is necessary to provide real-time energy production
facilities. These tasks proposed to deal with the known
economic-mathematical methods and parameters.

The goal of the paper is substantiation of the most
appropriate choice of economic and mathematical

methods for energy-efficient mode of production
facilities.
Analysis of recent investigations and

publications. Statistical analysis in electricity supply
systems (ESS) industry introduced by M.A. Denisenko in
[1]. This approach is useful for other energy resources [2].

Methods of making the criteria equal and unequal
scales considered in [3]. In this paper the technical
working optimally choose an item using the procedure of
constructing the utility function. To ensure efficient
energy use and control operating mode processes

appropriate to apply the control cards by Shewhart [4].

Material and research results. Investigations have
shown that to ensure energy-efficient mode of production
facilities necessary to carry out the following activities:

1. Monitoring the efficiency of technological process
in the case when the electric load depends on two
parameters.

Among all methods of visualization and control of
process in the case when the electric load depends on two
parameters, the easiest method is to use triangular
coordinates [5]. Fig. 1 shows an example of building a
triangular coordinate system for piston air compressor,
which load (built on the axis p) depends directly
proportional to the pressure (axis m) in the system and the
temperature in the compressor (axis 7). At the intersection
of three straight arbitrary built equilateral triangle ABC.
He called triangular base coordinate system. Axis, and
therefore the coordinates of points are indicated by the
letters m, n and p.

Using triangular coordinates, it is convenient to
control the process, such as mode of operation piston air
compressor (Fig. 2). Its power consumption depends on
the pressure in the compressed air and the temperature of
the compressed air in the system.
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p.P %
Fig. 1. Example of triangular frames for piston air compressor
load which depends directly proportional to system pressure and
air temperature in the compressor

]
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Fig. 2. Example of conducting the technological process
by diagram n triangular coordinates

On the axis m delayed pressure in the compressed air
in percentage, on the axis n — the temperature of the
compressed air system in percent, on the axis p — capacity
compressor at different time points percentage. When
operating the compressor, there are several restrictions:
maximum interval pressure on a percentage of 20-80 %,
temperature 0-70 %, 0-90 % of capacity. Diagram of the
process (Fig. 2) shows that the process should be
conducted within the figure ABCDEA. The closer to the
beginning of the axis is p (power percentage), the
compressor works more effectively [5].

2. Comparison of energy production facilities whose
consumption depends on many different factors of equal
weight.

The power consumption of production facilities can
be affected by many different factors equal weight. To
compare the energy efficiency of objects by partial (only
one characterizing feature of object) criteria of equal
weight may be used either additive or multiplicative

generalized criteria [3]. Under criteria imply controlled
output parameter characterizing the degree of
achievement. Partial criteria F(X) in one way or another
should be combined in a general criterion {X)=®[F(X),
FyX), . .., F,(X)] which after that is optimized.

When all criteria are of equal value, the generalized
additive criterion is written in the form of partial sums
criteria in when they have the same weight. Multiplicative
criterion is formed by simple multiplication of partial
criteria in when they have the same weight. For when one
object is better than generalized additive criterion and the
other — for the multiplicative need to use to select the
optimal geometric mathematical model (morphological)
approach [6].

The morphological approach can be used not only
for the comparison of the object at different times, but
when using two identical units, production lines and so
on. To wuse morphological approach requires the
construction of radiation diagram. This chart is
constructed as follows: from the center of the circle made
by a number of factors straight lines (radii) that resemble
rays diverge during radioactive decay. These tags are
applied radii graduation in the fate of 100 % and lay them
in the data value percentage. The points, which are
marked pending value, combine segments. The values
that are the rays that correspond to each factor, compared
with the reference value (standard energy) or values for
the previous billing period. Each of technological
facilities necessary to determine the specific rate of
electricity consumption per unit of production or calculate
standard consumption by the algorithm specified in [7].

For example, ammonia plant based radiation
diagram which compares energy plant for two days in a
row for the equilibrium quality criteria. These criteria
include energy consumption, heat consumption, the
consumption of recycled water, natural gas consumption,
consumption of demineralized water, ammonia output.
Table 1 shows the ratio of energy consumption per unit of
output normalized to a value (standard or specific energy
consumption norms).

Table 1
The value of the ratio of energy consumption per unit of output
normalized to a value two days in a row

The value for the The value for the
first day and marking| second day and
Parameter : . .
points on the marking points on the
radiation diagram, % | radiation diagram, %
Electrical energy
consumption 100 (A) 87 ()
Heat energy
consumption 110(B) 20 (Bo)
Recycled water
consumption 105(Cy) ()
Demineralized
water 108 (D)) 94 (Dy)
consumption
Natural gas
consumption 115 (Ey) 93 (E2)
Ammonia output 103 (Fy) 96 (F,)

Example of the determination the best working
object is shown in Fig. 3.
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120

Fig. 3. Radiation diagram comparing the energy efficiency of

ammonia production plant with two days in a row for the
equilibrium quality criteria

Designations in Fig. 3: beam 1 — percentage of the
«standard of consumptiony in electricity (it are points A,
and A,), 2 — by heat energy (B, and B,), 3 — by circulating
water (C; and C,), 4 — by demineralized water (D; and
D,), 5 — by consumption of natural gas (E; and E,), 6 —
percentage of the daily ammonia output norm (F; and F;).

Polygon A;B;C;D:EF|A; is an assessment of
efficiency of the plant for production of ammonia for the
first day, and polygon A,B,C,D,E,F,A, — for the second
day. Circumference that passes through the points A, B,
C, D, E, F is the standard power, or a mark that meets the
specific rate of consumption of specific energy per unit of
output. From Fig. 3 it is possible to conclude that
effective personnel department worked on the second day
than the first. Analyzing and controlling energy efficiency
by radiation diagrams possible to assess the state of
energy efficiency in the workplace. The smaller the area
of  polygons (polygons) A;B;C;DE;FiA; and
A,B,C,D,E,F,A, better working manufacturing facility.

Likewise it is possible to assess energy efficiency of
the process unit, department, company.

3. Comparison of energy production facilities whose
consumption depends on many different factors of
unequal weight.

In practice must be performed comparing the
effectiveness of several technological and energy facilities
on the criteria of unequal weight. To carry out this
comparison by constructing utility function is not always
appropriate. The method requires knowledge of the
person who decides mathematical statistics and methods
of decision-making. It is therefore necessary to develop or
use other methods of finding the best operating
production facilities of several of these on several criteria.
The simplest method is a priori ranking [3].

At the initial planning stages of the experiment
based goals experimenter should select the independent
variables (factors), which will later be used in the
experiment. Generally, factors selected for analysis prior
information that requires the use of different methods to
systematize the knowledge gained. To solve the problems
of this kind commonly used methods of peer review.
These methods are based on receiving and processing data
from a survey of experts. Regarding the evaluation and
selection of the most significant factors was widespread
priori ranking method that can be used to evaluate the
energy efficiency of industrial facilities.

Thus, in the ammonia plant by a priori ranking
weight ratios are calculated. Power consumption of the
plant depends on such factors: heat consumption, recycled
water, demineralized water, cost of natural gas output of
ammonia. Weight coefficients K, measured by factors
present in ammonia plant following: for electric power
consumption K,, = 0.24; for heat consumption X,, = 0.21;
for consumption of recycled water K, = 0.16; for
demineralized water consumption K,, = 0.13; for the cost
of natural gas consumption K,, = 0.26. It is necessary to
multiply each value calculated weight ratio in percent
(normalized) value criteria specified in Table 1.

Table 2 shows the ratio of energy consumption per
unit of output normalized to a value (standard or specific
energy consumption norms) subject to weight ratios.

Table 2
The value of the ratio of energy consumption per unit of output
normalized taking into account the weight ratio to a value two
days in a row

The value for the The value for the
first day and marking| second day and
Parameter : . .
points on the marking points on the
radiation diagram, % | radiation diagram, %
Electrical energy 1 1.0 94— 24 (A)) | 87024 =21 (A,)
consumption
Heat energy 110021 =23 (By) | 90-0.21 =19 (B,)
consumption
Reeycled water | 5. 16— 17(cp) | 91:0.16= 15 (Cs)
consumption
Demineralized
water 108:0.13 =14 (D;) | 94:0.13 =12 (D5)
consumption
Natural gas 115026 =30 (E,) | 95:0.26=25 (E,)
consumption
Ammonia output | 103-1.0 =103 (F)) 96-1.0 =96 (F,)

Fig. 4 shows the radiation diagram comparing the
energy efficiency of ammonia production on the criteria
of unequal weight.

The areas of polygons A;B;C,DEF/A; and
A,B,C,D,E F,A, are calculated. From Fig. 4 it is possible
to conclude that for the first day ammonia plant worked
worse than for second.

4. Checking the stability of the technological
process.

Condition of the technological process is
characterized by the total error that occurs as a result of
accidental and systematic.
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Fig. 4. Radiation diagram comparing the energy efficiency
of ammonia production for two days in a row
for the nonequilibrium quality criteria

Assessment of the stability process in general is as
follows. First a set of experimental data is implemented
by measurement parameters controlled sample of units
with simultaneous detection of measurement results. Then
a table of frequencies; calculated statistical
characteristics; determined indicators of process;
determined by the status of the level of defects;
established distribution law and carried out statistical
verification harmonization of the law of the normal law.
However, this procedure takes a lot of time, it requires
knowledge of mathematical statistics in operating
personnel. It is therefore proposed to use to test the
stability of the process simpler methods.

In 1957, Charles Holt exponential smoothing
developed a method, called two-parameter method Holt
[8]. This method takes into account local linear trend
present in the time series. If the time series are a tendency
to increase, in addition to assessing the current level of
assessment it is required and inclination. In the method of
Holt value and slope smoothed directly with them using
various steel smoothing which to assess the current level
and slope, specifying them whenever there are new
observations. One advantage of the Holt technique is its
flexibility which allows you to select the ratio, which
tracks the level and slope.

The basis of the method consists of three Holt
equations:

YW=a- (Y +T_D+(1-a)- Y, (1)
T, =(1—ﬂ)~(16’”—}’t’_’§)+ﬂ-7}71, 2
Y, =Y +p T, 3)

where Y”" and Y| are the projected (smoothed) value

of the index in the
Y, is the

next and previous times;
table value of the index in time ¢

T, is the trend value in time 71, determined from (2);
o and S are the constants of smoothing required to smooth
the trend assessment.

Investigations in [8] showed that the value of
constant a and S determine the stability of the process.
The stability of the process is a property that determines
the sustainability of its probability distribution parameters
for some length of time without interference. The process
is considered stable if the controlled parameters do not
exceed the limits of control and there is no trend to
release them over the limit. The coefficient of variation of
power consumption data for the billing period should be
minimal. For large chemical plants for the production of
ammonia, weak nitric acid, a powerful pumping station
supplying water first ascent found that for different
processes optimal value smoothing constant a is 0.1, and
the smoothing constant S is equal to 0.9 (for stable
process).

Knowledge of smoothing constant values allows
real-time power consumption compared with the current
value calculated by Holt method predicted value. If the
values of the smoothing constant & = 0.1 and § = 0.9 [8]
actual value of power consumption coincides with the
predictable, the technological process with the stable.

Reducing or increasing the last time the sample
values of power consumption makes it impossible to
make a proper conclusion about the proper conduct of the
process. To test the stability of the process proposed to
use the autocorrelation coefficient (AC) [9] of the first,
second and further orders to check the stability and
efficiency of process of energy consumption.

A number of studies on the efficiency of AC
utilization for the evaluation process at several sites of the
chemical industry are carried out. Data on hourly power
consumption P of the large ammonia plant chemical
enterprise for several days of the year 2016 are collected.
Sample data consumption is shown in Table 3.

Table 3
The values of hourly electricity consumption
of the large ammonia plant for one of the days in 2016

Interval |5 sy s |6 | 7|8
No.

P, 37.264(37.275(37.290(37.189(37.058|37.088(37.131|37.124

MW -year

Interval | o 100 | 11|12 13| 14| 15| 16

No.

P, 37.112[37.074|37.171|37.201[37.239|37.259(37.189|37.162

MW-year

Interval |17 | 19 | 19 | 20 | 21 | 22 | 23 | 24

No.

P, 37.45037.465|37.527|37.510[37.472|37.267|37.074(37.133

MW -year|

*The coefficient of variation of the sample 0.24 %.

The last (the 24-th) the sample ranges from 0 to
100 % in increments of 25 % in the range from 0 to 75 %
and 5 % in the range of 75 % to 100 % (Pz'4 =K-Pyy),
where K is the ratio changed recently the sample to its full
value. Coefficient K = 0-1.0; it takes the values 0; 0.25;
0.5; 0.75; 0.8; 0.85; 0.9; 0.95; 1.0. Estimated spacecraft
first, second, third order for each of the samples when
changing the last sample.
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Investigations have shown that there are three
types depending on the size AC last modified the
sample (Fig. 5).
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Fig. 5. Dependence of AC of the first order on changing
the sample last

For the first and third type depending spacecraft first
order proportional to the changing value of the last
sample. Therefore, when there is such a relationship, the
AC should be used to control power consumption mode.
The calculation results proved that the AC swings of the
first order for the first and third type depends 30-40 %
more than the second or third order. Therefore, it is better
to use to control power consumption mode.

For the first type is characterized by a strong
sensitivity to the dramatic change in the value of the last
sample and the zero power consumption. Thus, by
changing the last value of the sample 25 % spacecraft first
order reduced 2.5 times. AC describes the closeness linear
relation only current and previous number of levels.
Therefore, the autocorrelation coefficient can judge the
presence of linear (or close to linear) trend [9].

For the third type of spacecraft observed a strong
dependence of the first order from changes in the value of
the last sample. AC of the second and third order for the
third type of AC is resembling the first order for this type.

For some time series with strong non-linear trend
(for example, take the form of a parabola of the second
order, or exponential) autocorrelation coefficient series
output levels may be close to zero. When sampling
spacecraft dependence on changes in the value of the
sample resembles the last second type (Fig. 5), then the
AC is not suitable for the control of energy consumption.

To calculate AC of the second and third orders for
all types depending on its value last modified the sample
is also necessary in order to use the Ljung-Box for the
autocorrelation [9].

All the above economic and mathematical
methods may assist operational staff to quickly assess
the situation at work, better monitor energy production
facilities and in a short time to take measures to ensure
the stability of the process, which corresponds to the
concept of Smart Grid [10].

Conclusions.

1. We proved the feasibility of a number of economic
and mathematical methods for monitoring the energy

efficiency of production facilities and
technological process stability.

2. The easiest way to control of the energy efficiency
of technological processes when the electric load depends
on two parameters, it iS a way to use triangular
coordinates which are useful for visualization and
monitoring of the technological process.

3. The method of a priori ranking and morphological
method are used for comparison of several similar energy
production of the chemical industry, where energy
consumption depends on many factors. These methods are
recommended for use for the evaluation of energy
efficiency in other industrial facilities.

4. An indication of the stability of the process is the
identity of the current value of the power consumption
calculated by the Holt method predicted value at
predefined optimal smoothing constant.

5.For the first time autocorrelation coefficient is
applied to evaluate the stability of technological
processes. It is proved that at changing the range in a
small power consumption value of the sample with a
probability of 66 % is a significant change autocorrelation
coefficient of the first or second order.

6. Considered in the paper economic and mathematical
methods can be used to support the actions and decisions
of operating personnel to conduct monitoring energy
efficiency and stability of production facilities, to
visualize current information, to support actions and
feasibility of making human-operator’s decisions that will
promote Smart Grid concept in the industry.

testing
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