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M.1. Baranov

AN ANTHOLOGY OF THE DISTINGUISHED ACHIEVEMENTS IN SCIENCE AND
TECHNIQUE. PART 32: ALTERNATIVE ENERGY: STATE AND PROSPECTS OF
DEVELOPMENT

Purpose. Implementation of brief analytical review of the state and prospect of development in the modern world of alternative en-
ergy, including wind energy, sun energy, geothermal energy, biogas energy, flood-tide water energy, hydrogen energy and small wa-
ter energy. Methodology. Scientific methods of collection, analysis and analytical treatment of scientific and technical information in
area of the present state of world energy and ways of its further development. Results. A brief scientific and technical review is re-
sulted about the state and prospects of world development of basic types of alternative energy. It is shown that, in spite of compara-
tively small stake (to 10 %) of this untraditional energy in general world balance of making of electric power, world association tak-
ing into account the necessary changing in the nearest 50 years of present oil-gas «foundation» of energy on other with large raw
material, potential and ecological possibilities are forced to invest large financial means in development of the indicated directions of
alternative energy. Originality. First on the basis of materials of separate magazine publications, scientific monographs and internet-
reports on power problem the brief analytical review of the state and prospects of world development of basic types of alternative en-
ergy is executed. Practical value. Deepening and spread of the scientific and technical learnings in area of functioning and ways of
development of modern energy. Scientific popularization of arising up before society claimed tasks from global and important for all
of humanity of power problem. References 30, figures 28.

Key words: alternative energy, state and prospects of world development, review.

Hpuee()en Kpamxuﬁ Hayuuo-anaﬂumuuecxuﬁ 0630]7 0 COCMOAHUU U NEPCREeKMUBAX MUpo06020 pa3zeumus aﬂbmepuamumoﬁ
IHepcemuKu, emmualomeﬁ éempoiInepeemuKy, COIHEeYHyI0 IHepeemuKy, ceomepmalbiyro IHep2enuKy, 6”02(1308_)710 IHEep2emuKy,

HPUTIUGHYIO 2UOPOIHEPZEMUKY, 6000POOHYI0 IHEPZEMUKY U MAYI0 2udpoInepzemuky. buodin. 30, puc. 28.
Kniouesvie cnosa: anbTepHATHBHASI JHEPTeTHKA, COCTOSIHNE U NePCeKTHBHI MHPOBOT0 Pa3BUTHsI, 0030P.

Introduction. Energy, as we know, is that one of the
main industrial sectors of the economy of any country in
the world, in terms of development and the potential for
that in a society is judged on the economic strength
(power) of the country. Despite the continued leadership
is currently in the global production of electric and ther-
mal energy of its traditional high-power sources such as
thermal, nuclear and hydroelectric power plants in recent
years in the industrialized countries of the world their
«momentumy is gaining alternative energy based on re-
newable energy sources of relatively small power [1].
These promising renewable energy sources should be
classified based primarily on the use of [1-8]: wind en-
ergy, solar energy, heat of the Earth's core, biogas energy
from waste, the potential energy of the water with the
installed capacity of hydroelectric power plants (HPP) to
(5-30) MW and energy from the use of hydrogen. Alter-
native energy, unlike traditional energy has almost unlim-
ited source of raw materials and the potential for human-
ity. In addition, its practical use does not lead to negative
environmental consequences for the nature around us.
Given the urgency and the importance of energy issues
for humanity, undeniable scientific and technical interest
is the analytical summary of the latest achievements of
scientists and experts around the world in addressing the
urgent applications in the field of alternative energy.

Wind power. This type of alternative energy has
become today one of the major scientific and technical
«locomotives» in the promotion of renewable energy in
the global energy market [2]. Wind power is that alterna-
tive energy industry, which specializes in the transforma-
tion of the kinetic energy of air masses moving in the
lower layers of the Earth's atmosphere, in the electrical,
mechanical, thermal, or other form of energy [2]. Wind
energy is currently booming worldwide technical indus-

try. So, in 2014 the amount of electrical energy that is
produced by all wind turbines of the world amounted to
706 TW-hour (about 3 % of the produced electricity hu-
manity annual volume) [2]. In 2014, 85 countries used
wind energy on a commercial basis. It should be noted
that some countries especially intensively develop wind
power. For example, Denmark in 2014 with the help of
wind turbines (if 4845 MW installed capacity) worked out
to 39 % of its annual volume of electricity production [2].
According to the European Wind Energy Association
Germany in 2005 it had an installed capacity of wind tur-
bines (windmills) in the amount of 18 428 MW. In 2014,
this installed capacity of wind turbines in Germany was
already 34 250 MW [2]. As for Ukraine, then in 2005 the
installed capacity of its wind turbine was 77 MW, and in
2014 — 498 MW [2]. For comparison, the Russian Federa-
tion (RF) has an installed capacity of its wind turbines of
14 MW in 2005, and in 2009 — 18 MW [2]. We mention
the fact that in 2010 up to 44 % of all wind power plants
constructed in the world were concentrated in Europe, in
Asia —31 %, and in North America — 22 % (the remaining
3 % were all other continental part of the globe) [2]. Ac-
cording to statistics from the World Wind Energy Council
the total installed capacity of wind power plants on the
planet at the beginning of 2011 was about 238 GW (the
end of 2011 it increased by about 25 %) [2]. The devel-
opment of wind energy on the planet in the 21st century is
the exponential growth rate. And so that every three
years, the total installed capacity of wind power plants of
the world doubled [9]. On the «face» of scientific, techni-
cal and commercial interests of society in the develop-
ment and implementation in practice of wind power.

1.1. Types and design of wind turbines. Wind
power and wind turbines used in it are, in fact, the techni-

© M.I. Baranov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.3 3



cal embodiment of a relatively new power generation
technology. The main directions of development of mod-
ern wind power is autonomous, or «small» wind energy,
based on the use of single wind turbine, and a centralized
or «big» wind power, which is based on the use of wind
power plants (WPP) [9]. The position of the rotor axis
wind turbines are divided into horizontal-axis and verti-
cal-axis [9]. Fig. 1 shows the appearance of the «farm» of
modern horizontal-axis wind turbine installed capacity of
up to 250 kW, erected under field conditions in the
coastal zone of the Russian Federation west [10]. Note
that in the Russian Federation is the largest windfarm
station «Zelenograd» installed capacity of 5.1 MW (Ka-
liningrad region), Consisting of 21 wind turbines of the
Danish company «SEAS Energi Service A.S.» [2]. Fig. 2
schematically shows the arrangement of modern wind
turbines horizontal axis performance, as shown in Fig. 3 —
a general view of a modern wind turbine vertical axis
performance [11].

Fig. 1. General view of modern horizontal-axis three-bladed
wind turbines installed, located on the flat coastal area
up to 250 kW [10]

From the data (Fig. 2) it is shown that the main
components of the wind turbine of this type is the actual
wind turbine (turbine) and tower on which this wind tur-
bine is located. Wind turbine contains a complex of struc-
tures and mechanisms.

gearbox

anemometer

generator

turbine

rotation motor
rotor blade

rotation system
Y network

tower

control system
Fig. 2. A schematic design of the modern WPP [9, 10]

Shown in Fig. 2 components and machinery of wind
turbines required for its effective work in industrial pro-
duction of electricity from wind energy and its subsequent
transfer to the grid. Turbine of the WPP consists of the
rotor and housing in which there are (see Fig. 2): ane-
mometer; gearbox; generator; frequency converter; pitch
system and yaw motor and yaw system; cooling system;
control system and safety system [9, 10]. Transformer can
be placed directly near the foot of the tower of the WPP.

Fig. 3. General view of the Scottish vertical-axis wind turbines
a twin sea-based with a helipad in the area of wind turbine
capacity of up to 6000 kW [11]

Fig. 4-6 in an enlarged view show a giant turbine
blades and modern three-blade horizontal axis wind tur-
bine installed capacity of up to 1500 kW at holding them
costly repair work [9, 11].

Fig. 4. The enlarged view of the turbine of modern horizontal-
axis three-bladed wind turbines NORDEX marks the installed
capacity of up to 1500 kW land-based during its maintenance at
a height of about 70 m [11]

4 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.3



Fig. 5. A rare photo of the moment of service at altitude of about
70 meters and the turbine rotor blades of modern land-based
horizontal-axis three-bladed wind turbine installed capacity

of up to 1500 kW [11]

Fig. 6. Moment of involving maintenance of the helicopter crew
at a height of 80 m land-based Norwegian horizontal axis
three-bladed wind turbine with the largest installed capacity
of up to 5000 kW [11]

All modern wind turbines on the nature of its place-
ment of wind turbines are divided into land (see Fig. 1,
4-6) and the sea (Fig. 3, 7) based [9, 11].

-

e

Fig. 7. Moment of preparatio for sembly work on the modern
sea-based three-bladed horizontal axis wind turbine installed
capacity of up to 600 kW [11]

1.2. Technical characteristics of the wind turbine
and the economic aspects of wind energy. The amount
of electricity generated by wind turbines depends signifi-
cantly on wind speed. Wind turbine begins to produce
electricity at a wind speed of 3 m/s and is automatically
disabled when the wind speed exceeding 25 m/s [2]. It
was found that the air flows from the earth's surface (sea)
are substantially laminar — their underlying atmospheric
layers situated above the brake [2]. This physical effect in
the Earth's atmosphere is markedly reduced at altitudes of
100 m and more. So powerful modern wind turbines have
a tower height of not less than 70 m.

Maximum power of wind turbines reached at a wind
speed of 15 m/s [2]. From the available data suggest that
the modern large wind turbines of 2 MW power is charac-
terized by [2]: the height of the tower — 70 m; the blade
length — 37 m; the weight of the turbine rotor — 52 m; the
weight of the engine room — 82 m Today wind turbines
with turbine brand 790 of 3 MW power of the Danish
company «Vestas» has the full height — 115 m, tower
height — 70 m, and the blade diameter — 90 m [9].

Fig. 8 shows the appearance of the blades, designed
for use in a wind turbine.

mage of a single blade of the length of 40 m
of modern horizontal-axis wind turbine, located on the plant site
of the finished product [2, 11]

We point out that in 2009, the modern turbine wind
turbine class (1.5-2.5) MW took up 82 % of the global
«big» wind energy [2]. In addition, we note that the be-
ginning of 2015 the total installed capacity of all wind
turbines producing electricity around the world amounted
to 369 GW [2]. The average increase in the amount of
wind power world, since 2009, up to 40 GW per year. It is
caused, first of all, the rapid development of the «big»
wind power in the United States, India, China and Ger-
many [2]. In wind power industry to 400 thousand people
were employed in 2008 across the globe [2]. The cost
price of electricity produced on a commercial scale wind
turbines, to a large extent it depends on the wind speed.
Thus, at a wind speed of 8 m/s, it is about 3.6
cents/(kW-h) [2]. As for the cost of construction of large
wind turbines, it is, for example, for prototype, shown in
Fig. 6 and erected recently in Norway, 67.5 mln US dol-
lars [11]. This shows that the wind turbine is an expensive
technique. The costs for its purchase pay off for the first 7
years of operation (with an estimated useful life of 25
years) [9, 11].

1.3. Disadvantages and problems of wind energy.
The issue before us is a kind of alternative energy unregu-
lated source of energy. Electricity generation by means of
wind turbines depends significantly on this feature more

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.3 5



variability of natural factors as wind speed. It is believed
that the construction of WPP advantageous in regions
where the average annual wind speed is not less than (5-6)
m/s [1]. Therefore, for a large windfarm characteristic
uneven granting power to the grid. In this context, wind
power requires a certain amount of power backup in ap-
propriate energy systems. This feature greatly increases
the cost of the wind turbines received from them electric-
ity. Sometimes it came to the fact that the power system
with great reluctance was connected wind turbines to the
grid. In this connection, in some countries there are even
special laws that require the power system controllers to
perform data connection turbine [2]. Practice has shown
that the problems in electric power systems and control
due to the instability of wind turbines work begins after
the proportion of them in the (20-25) % of the total in-
stalled capacity of the system [2]. As for the small wind
turbine power unit (in the case of «small» wind energy),
they may also have problems with the network infrastruc-
ture. This is due to fact that the cost of power lines and
switchgear for their connection to the grid may be too
large. Large wind turbines for power are experiencing
significant problems with a repair, since the replacement
of major parts (blades, rotor, etc.). At an altitude of about
100 m is a complex and expensive undertaking.

Certain disadvantages of this type of alternative en-
ergy are also generated by the rotating blades buzz around
working windmills (because of his exclusion zone around
large wind turbines is at a radius of at least 300 m), low-
frequency vibration of the ground in the area of accom-
modation powerful wind turbine and technical difficulties
resulting at the lightning protection of bulky turbines and
wind turbine blades [2, 9]. Recently, experts have begun
to pay attention to the deterioration of the television
communication in the areas where wind farms [2, 9].

1.4. Wind power in Ukraine. Modern engineering
of Ukraine, although slow, but progressive way, moving
towards the development of clean energy based on alter-
native and renewable energy sources. Government pro-
grams we create favorable conditions for the development
of new energy technologies, including wind power and.
Fig. 9 shows a map of Ukraine coated with a zone average
annual wind speeds. From the data in Fig. 9 and set forth
in subsection 1.3 the information that the most rational
areas of the construction of wind power plants are the
Carpathians and all the Black Sea coast in Ukraine, where
the average wind speed reaches values of 5 m/s or more
[2, 9]. The largest wind farm in Ukraine is the station
«Novoazovsk» with an installed capacity up to 23 MW
(Donetsk region) [2, 9].

V<4.5m/s
V—4.5m/s
V—5.0m/s

1 V>5.0ms ’
Fig. 9. Map of Ukraine with areas of average wind speeds [2]

Wind power in recent years has become one of the most
popular sources of alternative energy. For all its faults, wind
energy is an environmentally friendly way to generate energy.
Therefore, in modern society it has received increased attention
from both government institutions and civil society organiza-
tions. In conclusion, it should be noted that the share of wind
power in Ukraine's energy system can be significantly increased
due to the practical realization of large-scale national events in
the field of energy efficiency.

2. Solar energy. This type of energy is one of the
promising areas of renewable energy, based on the direct
use of solar radiation for energy with its help in the form
of electricity or thermal energy [3]. It is believed that this
solar energy can be a real «successor» in the traditional
energy, capable to pick up her baton in providing man-
kind with energy [12]. Modern course of development of
our civilization requires people to take control of the flow
of solar energy, while maintaining the unique climate of
the Earth. It is known that at the inlet of the Earth's at-
mosphere solar radiation power density numerically aver-
ages 1367 W/m? [3]. It is necessary to remind the reader
that this value is the solar constant [13]. After reaching
the surface of the earth, this value is due to the absorption
and scattering of atoms (molecules) of atmospheric gases,
aerosols, water droplets and ice crystals is reduced and at
the equator is already about 1020 W/m” [3]. At present,
there are two basic physical and technical ways to use the
energy of solar radiation [12]: the first — the photoelectric
providing direct generating electricity using photovoltaic
cells (PVC), irradiated by this radiation; second — photo-
thermal providing receiving thermal energy by heating of
liquid coolant under consideration radiation. As part of
this review will focus in more detail on the first method,
the practical application of solar radiation. As for the sec-
ond method of converting solar radiation energy, it cool-
ant (usually water) is heated in the reservoir (light absorb-
ing pipe system) is installed on the roof of the building
(Fig. 10) to a sufficiently high temperature (90 °C) and
used further for space heating.

6 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.3



Fig. 10. General vie of the s-olar collector at the photometric
method of using the light flux of energy [3]

2.1. Brief fundamentals of physics of photovoltaic
cells. As a basis of PVC monocrystalline silicon can be
used with other additives in it chemical elements forming
the structure of this material with p-n-junction [3]. The
principle of operation of the semiconductor silicon PVC
(Fig. 11) taking into account the physical positions
adopted at today, set forth in [13], is as follows. It creates
a «hole» in the p-layer of the semiconductor (positive)
conductivity and n-layer — electron (negative). On the
border of these layers there is a potential barrier to the
movement of charge carriers (electrons and «holes») of a
semiconductor layer to another. Therefore, prior to expo-
sure to solar PVC (photon flux) in said semiconductor
electric current will be omitted. If you fall on the same
PVC flow of photons (quanta of electromagnetic energy)
due to the absorption of these quasiparticles are created
pairs electron-«hole». These couples will approach the
boundary of these layers and reduce the potential (energy)
barrier between the p and the n-semiconductor layers.
Thus, in a semiconductor for its charge carriers (electrons
and «holes») will be created conditions for their unim-
peded passage from layer to layer. As a result, the semi-
conductor will occur in the induced electromotive force
(EMF) and the semiconductor will become a source of
electric current. You can say that the ability to produce
electricity occurs in the semiconductor due to its special
chemical structure on the subatomic level, and create in it
an internal electric field under the influence of external
energy to the structure of the electromagnetic quanta of
light. The value of the photo-EMF in a semiconductor
will be greater than would be the light intensity or the
photon flux [13].

2.2. Types of photovoltaic cells. At present, the
technology of photovoltaic cells to distinguish between
the following three generations of PVC [3]: the first gen-
eration — crystalline, including monocrystalline silicon,
polycrystalline (multicrystalline) silicon and thin-film
polysilicon elements; the second generation — thin film,
microcrystalline, nanocrystalline, based on cadmium tel-
luride and copper-based diselenide-indium-gallium ele-
ments; the third generation — photosensibilised by dye
organic (polymeric), inorganic and based on cascade
structures elements. It should be pointed out that all these
PVC inherently contain a p-n-junction [3].

It is interesting for the curious reader the informa-
tion that is related to the physical and technical features
obtaining p-n-junction to a single-crystal silicon PVC,
shown in Fig. 11. According to the scheme of construc-
tion of the PVC monocrystalline silicon, has historically
dominated the initial phase of production in the world of
PVC (up to 90 % of market volume), in the form of a thin
plate is placed on top of the metal base (lower base con-
tact). Both end faces of the semiconductor plate of silicon
filler is to change its conductivity. On one side of this
plate is doped (enriched) to create electrons in the n-
semiconductor transition layer to the silicon by adding a
chemical element with a higher number of valence elec-
trons (typically phosphorus), and on the other opposite
side of the chemical element is doped with a small
amount of stretching electrons (typically boron) for the
creation in the semiconductor junction layer p [14, 15].
As a result of the single-crystal silicon doping in it and
you want us to create a p-n-junction. Then a modified
semiconductor with a p-n-junction fits very thin metal
mesh (upper contact) and applied to the top antireflection
coating (see Fig. 11). After joining the lower and upper
metallic contacts on the external electric circuit PVC is
ready to receive the light flux and development by mani-
festing it in the photovoltaic effect [13, 16] at its p-n-
junction photo-EMF.

A
v~
I
e v Q
Antireflection coating
Metallic upper contact
= \

Fig. 11. Schematic representation of the first generation PVC
with p-n-junction formed by the silicon single crystal doped
with other chemical elements [3]

Semiconductor of p-n-junction
material of p-type
material of n-type

Metallic base contact

We should also note that in recent years there has
been some progress in the creation of PVC on the basis of
optical nanoantenna directly transform the electromag-
netic energy of light radiation into electric current [3, 17].
The prospect nanoantenna due to their high theoretical
efficiency, reaching up to 85 %, and potentially lower
cost. Thus, under the PVC efficiency to be understood a
parameter that indicates what portion of the electromag-
netic energy of the luminous flux at the level of its work-
ing atomic structure of semiconductor material is con-
verted into electrical energy. In the first half of the 20th
century, the efficiency for sulfur-thallium PVC is less
than 1 % [3]. For today's silicon PVC and manufactured
based on gallium arsenide, and their efficiency reaches
(10-20) % [15]. Great scientific and technical achieve-
ment was the development of the semiconductor industry
and the creation of PVC silicon with an efficiency of up
to 40 %. An important area in the global solar energy is to
provide cheap and convenient photoelectric converters
formed on the tape-based polycrystalline silicon struc-
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tures, thin films of amorphous silicon and other semicon-
ductor materials. Of the new semiconductor structures of
the most high for use in the PVC structure was «alumi-
num-gallium-arsenicy, industrial and commercial devel-
opment of which has just begun in the solar technology
market [15]. Great promise in the field of solar energy is
open heterostructure (heterogeneous structure) semicon-
ductors composed of a number of different chemical
composition of semiconductors [15]. In practice, it turned
out that when they are used as part of PVC they are twice
as efficient as today's silicon semiconductors. Note that
for scientific discovery, research and implementation in
the area of solar energy, as well as in laser technology
similar semiconductor heterostructures our countryman,
Academician of the Russian Academy of Sciences, Direc-
tor of the Leningrad Physico-Technical Institute of the
Russian Academy of Sciences, Professor J.I. Alferov was
awarded the Nobel Prize in Physics for 2000 [3, 15].

2.3. Methods for the technical implementation of
photovoltaic cells. Single PVC, made on the basis of tra-
ditional crystalline silicon semiconductor, capable of pro-
ducing a constant voltage is relatively small values (up to
0.5 V). [15] In practice, therefore collected in individual
PVC modules, and a number of modules — a panel (bat-
tery), the output voltage from the nominal constant which
may be 12, 24 and 48 V [3]. Solar cells can be performed
as a rigidly fixed on the fixed base (Fig. 12) and mobile
location tracking of the sun horizon (Fig. 13). Due to the
fact that, as used in domestic and industrial consumers of
electricity are adapted to supply a single-phase AC volt-
age a nominal level of 220 V or three-phase alternating
voltage network a nominal level of 380 V, then the actual
use of solar cells between them and the power consumer
should be placed inverter — electrical device that converts
DC voltage from our solar source to the corresponding
alternating voltage. It is obvious that during daylight
hours the solar panel will operate and generate electricity,
and in the dark — «rest» [12].

Fig. 12. External view of a rigidly fixed small solar panel
mounted on the roof of the house [15]

Since electric power supply to the consumer re-
quires room, the solar electric system is necessary to
introduce a powerful storage device of electric power —
the battery [12].

s N e
Fig. 13. External view of a small mobile solar panel with
a tracking system (rotation) «following the Sun» [15]

Charge of the batteries of solar panels requires com-
pliance with a certain algorithm. Therefore a special elec-
tronic device — a controller (Fig. 14). [3, 12] is used for
process control battery charging from PVC.

B =DC
=DC 12/24/48 V

B - AC220V

solar panel

AC current
consumer

inverter

DC current
consumer
controller, : :
Fig. 14. Typical wiring diagram of solar panels connection
to the networks of direct and alternating currents
of an apartment house [3]

Currently, service life of solar cells increased to 25
years [12]. Changing the power output of the solar cell is
achieved by the addition or removal of its individual
modules solar cell cost is now around US $ 1.5 per 1 watt
of its installed capacity. [12] This value falls from year to
year. Installation in Ukraine on the subject of «turnkey»
solar panels is estimated at about 4.5 $/W [12].

2.4. Industrial applications of photovoltaic ele-
ments and the economic aspects of solar energy. For
such use it is necessary to create a PVS solar power plant
(SPP) for direct conversion of solar radiation into electri-
cal energy [18]. Note that the first experimental SPP, ap-
plied truth photothermal method for converting solar ra-
diation, was built in 1985 in the USSR (Schelkino, Cri-
mea). Its peak installed capacity of about 5 MW [18]. By
the way, I have the same power and the nuclear reactor at
the world's first nuclear power plant (NPP), built in 1954
in the USSR (Obninsk, scientific leader — Academician of
the Academy of Sciences of the USSR 1.V. Kurchatov)
and marked the beginning of the nuclear power industry
[19]. Since the Crimean power system was deficient, in
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this region, solar energy has received intensive develop-
ment. With this alternative source of energy in 2014 is
using SPP produces up to 30 % of the required volume of
electricity [18]. It should be noted that at the end of 2010
this figure actually generated electricity for Crimea was
only 7 %. Currently, in the Crimea, solar power «parks»
is already about 227.3 MW [18]. The basis of solar power
make up SPP Crimea «Okhotnikovoy installed capacity of
80 MW (Fig. 15) and SPP «Perovo» installed capacity of
100 MW (Fig. 16). Both of these SPP were built by the
«Activ Solar» company [18]: Station «Okhotnikovo» in
2011 about 160 hectares and the station «Perovo» in 2012
to 200 hectares.

hS i el

S - M
Fig. 15. General view of a fragment of the territory of SPP
«Okhotnikovo» with installed power of 80 MW (Crimea) [18]

Solar batteries of the SPP «Okhotnikovo» consist of
about 365 thousand units based on polycrystalline PVC
and can produce up to 100 GW-h of electricity per year.
This SPP meets the electricity needs of about 20000
households. Solar panels of the SPP «Perovo» consist of
455 thousand polycrystalline PVC modules connected by
about 1500 km of cable [18].

«Perovo» with installed power of 100 MW (Crimea) [18]

SPP «Perovoy», which was as of June 2012, the most
powerful solar power plant in the world, produces up to
132.5 GW-h of clean electricity per year. We mention the
fact that on 1 August 2015, the Crimea was launched SPP
«Nikolaevka» with an installed capacity of 70 MW,
which is now running in test mode of operation [18].

Solar energy is actively developing in the world.
The rate of growth simply amazing. So, if in 2005, PVC
production in the world was approximately 1.65 GW,
then in 2012, the total installed capacity of the world's
solar power plants exceeded 100 GW [3, 18]. At the

beginning of 2014, this photovoltaic power plant in the
world was estimated to have 139 GW [18]. The leader in
terms of installed capacity there are EU countries, which
Germany has the highest rate of «per capita» of the
population to produce electricity through the use of solar
power capacity. In mid-2011, more than 100 thousand
people were employed only in the photovoltaic industry
in Germany. In addition, in 2011, about 3 % of electric-
ity produced in Italy, was obtained by means of photo-
voltaic installations [18]. According to projections ob-
tained through solar energy is theoretically able to pro-
vide up to 2050 (20-25) % of the needs of mankind in
electricity. This will dramatically reduce emissions of
carbon dioxide in Earth's atmosphere. Energy market
experts believe that the percentage of the world needs to
ensure by 2050 electricity produced in the SPP will rest
on the question of the cost of 1 kW-h at solar installation
solar power plants «turnkey». In 2013, the price of 1
kW-h, generated in the SPP in regions with lots of
sunlight (for example, to Southern California in the
United States), was about 10 cents. The cost of 1 kW-h
of electricity generated by nuclear power plants cur-
rently cost about 15 cents [18]. The annual output of the
world's electricity in the SES in 2014 amounted to 185.9
TW-h (about 0.79 % of its total volume produced per
year), with an annual growth rate of 38 % [3]. As for the
payback of funds invested in solar energy, then, for ex-
ample, for the United States when the average solar ra-
diation energy intensity 1,700 kW-h/m? per year energy
payback of solar power plants with a polycrystalline
silicon modules in their batteries with an efficiency of
12 % is about 4 years [ 3, 18].

2.5. Largest SPP in the world. We point out the
largest of the existing solar power plants on the world:

e Solar plant «Million Solar Roofs» 1000 MW (1st
turn — 2015, California, USA);

e Solar plant with installed capacity of 550 MW (Mo-
jave, CA, USA);

e Solar plant with an installed capacity of 290 MW
(2012, Caliente, Arizona, United States);

e Solar plant with installed capacity of 200 MW
(Golmud, China);

e Solar plant with an installed capacity of 166 MW
(Schipkau, Germany);

e Solar plant with an installed capacity of 145 MW
(Neuhardenberg, Germany);

e Solar plant with an installed capacity of 100 MW
(2012, Perovo Crimea);

e Solar plant with installed capacity of 80 MW (2011,
Okhotnikovo, Crimea);

e Solar plant with installed capacity of 70 MW (2015,
Nikolaevka, Crimea).

Note that the world's largest SPP above the Arctic
Circle is a station with an installed capacity of 1 MW
(Batagai, Yakutia, RF) [18]. Nevertheless, the RF falls far
behind the level of electricity generation with the help of
the SPP leading countries of the world. Just exotic looks
SES entered into service in September 2010, 100 kW, in
the Belgorod region (RF) [18]. In September 2014, it was
put into trial operation of Kosh-Agach SPP 5 MW (Altai,
Russia). In the nearest plans of the Russian Federation
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appears to increase by 2020 the total volume of installed
capacities of SPP to 1500 MW [18].

2.6. The use of photovoltaic cells in transport.
PVC can be installed on various vehicles: boats, electric
cars, trains, airplanes, etc. [3]. One of the possible use of
solar options embodied in Fig. 17. In these cases, the PVC
produce electricity, which is used for either the on-board
power supply of the vehicle, or for electric motors [3, 12].

Fig. 17. Unmanned aircraft of the NASA «Pathfinder Helios»
with PVC, mounted on its original wings [3]

In Japan and Italy already have railway trains de-
fined on the roofs of their cars with solar panels, which
generate electricity used to power the air conditioning,
lighting and alarm systems [3]. Currently, the company
«Solatec LLC» sells thin-film PVC of 0.6 mm thickness
to install them on the roof of a hybrid car brand Toyota
Prius. The aerodynamics of the car from the use of PVC is
not broken. Obtained from the PVC electricity in this case
goes to recharge car batteries, which increases its mileage
by about 10 % [3]. In 2010, a manned aircraft «Solar Im-
pulse» with the PVC stayed in the air for about a day,
which gives us hope for the use of such devices as a tech-
nical supplement to the satellites [3].

2.7. The invention of heteroelectrics and new
prospects for solar power. Recent scientific discoveries
and inventions in the field of PV can make dramatic
changes in the area of solar energy. Russian scientists
have reported the discovery of a new class of solar cells —
heteroelectrics and creation on their basis of a new gen-
eration of PVC, as well as their manufacture using high
performance solar cell — «star battery» (Fig.18) [3, 15].

The main components of the «star battery» are
heteroelectrical cell and the capacitor [15]. Heteroelec-
trical solar cell converts solar energy into electrical
energy and stores it heteroelectrical capacitor. «Stellar
battery» can function in the absence of sunlight, cap-
turing only the infrared radiation at the same time their
work. When converting visible light, its efficiency is
about 54 %, and for converting the infrared radiation —
approximately 31 % [15].

Fig. 18. External view of a revolutionary invention b scientists
of the RF in the field of solar cells — «star battery» [15]

In the «star battery» photocurrent is four times
higher than in the solar panel, and its mass per one watt of
power generated almost 1000 times smaller. Note that set
in «star battery» heteroelectrical capacitor has a small size
and large capacitance. Thus, for a volume of only 180 cm’
capacity heteroelectrical capacitor «star battery» is about
0.11 F [15]. Due to what has been achieved in a «star bat-
tery» such extraordinary results? In the authors' opinion
that the invention of the Scientific Center of semiconduc-
tor products (RF) — by supercoherence phenomenon oc-
curring in a semiconductor with a pre-entered it with
nanoparticles of other chemical elements when exposed to
external electromagnetic fields [15]. Due to the phenome-
non supercoherence of heteroelectrics appears in a new
physical property — the ability to unite on a single fre-
quency electromagnetic waves of sunlight, which is
known to be characterized by different frequencies and
wavelengths, respectively [13]. Application of heteroelec-
trics («star batteries») in the solar power offers great pros-
pects for the development of this type of alternative en-
ergy [3, 15].

3. Geothermal energy. This type of renewable en-
ergy is based on the temperature difference between the
boiling liquid metal core of a diameter of up to 7,000 km
with a temperature of about 5000 °C of the planet cooled
and its solid surface [20, 21]. Ground water as a result of
this difference caused by temperature thermal processes
occurring in the solid Earth's crust to 100 km thick,
heated to high temperatures. Sometimes these tempera-
tures are substantially above its boiling temperature. It is
believed that the temperature of the rocks and the water
in the earth's crust, heated by magma Earth rarely ex-
ceed 370 °C [20]. Only in some areas of the globe tem-
perature of groundwater is sufficient to generate electric-
ity with it. These areas are typically in areas of tectonic
plates fault solid crust. Therefore, the practical use and
the active development of geothermal energy should be
expected in areas with low-lying geothermal resources
of our planet are concentrated primarily in Iceland,
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the RF (Kamchatka) and the US (California) [4]. Of
deep geothermal resources of the earth because of the
high cost in this exploratory geological and scouting and
drilling operations are not suitable [4] for the purposes
under consideration.

3.1. The main uses of heat of the Earth's core. By
way of the use of geothermal energy are following two
main technologies [20]: the first — its direct use in which
emerging from the depths of the Earth's surface hot water
and steam are used in building heating systems, horticul-
tural and industrial processes; the second — production
with the help of electricity, in which is used to drive geo-
thermal steam turbine rotor movement of heat from the
Earth's core. Fig. 19 shows a diagram of a first method of
using geothermal heat [4].

utilization
by the
consumer

peak set /
reserve item

heat exchanger

into an injection well

- geothermal water
- working fluid

Fig. 19. Schematic representation of a first method of using
geothermal heat for heating buildings [4]

from a production well ‘

In modern systems, the direct use of heat in the re-
porting discovered and surveyed experts geothermal res-
ervoir well is drilled to provide a constant stream of
ground-based devices with his hot water (see Fig. 18). In
the case where the geothermal well is not a closed vessel
for artesian groundwater under high positive pressure, the
downhole pump is used. In geothermal wells depths than
250 m submersible pumps are used for applying hot water
in a geothermal heat exchanger and further into the injec-
tion well. Heated in the heat exchanger working fluid is
supplied for space heating.

Fig. 20 shows a possible diagram of a second
method of using geothermal heat. In this case, raised from
the depths of the special heat-resistant pipes is two-phase
mixture (water and steam) is fed into a separator (see Fig.
19), from which selected the superheated steam is sent to
a steam turbine blades, turbine generator rotor is rotating.

After hot geothermal water separator, and con-
densed in the condenser steam turbine by injection wells
are sent back to the earth. Currently, there are two basic
types of geothermal energy technologies [20]: the first
type — «instant steamy»; the second type — «dry steamy.
Fig. 20 illustrates a first type of technology that uses a
pressurized flowing from a geothermal well with hot
water temperatures above 180 °C. In this case, due to the
pressure drop in the geothermal water raised partial boil-
ing occurs and its formation in the separator «instanta-
neous steamy, directed to the turbine. Geothermal power
plants (GTPP), using the second type of technology,
work on underground resources «dry steam» [20]. Since
deposits of subterranean reservoirs «dry steam» hard to
find, the GTPP operate typically in the «instantaneous
steam» technology [4, 20].

Generator

Condenser
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wellhead Earth's surface wellhead
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Fig. 20. Schematic representation of the second method

of geothermal heat utilization, intended for electrical energy
generation [4]

3.2. Industrial use of geothermal energy. Imple-
mented by such use of geothermal heat using GTPP. The
world's first GTPP with installed power of 7.5 MW was
built in Italy in 1911 [22]. Today, the world leader in the
number of GTPP (77 plants) and the volume of electric-
ity produced by them takes the United States. Installed
US GTPPs’ power in 2010 was about 3,100 MW [22].
Produced in the United States at its GTPP electricity was
in 2010, more than 40 % of all such powers of the then
world [22]. The share of electricity generated by GTPP
for the period amounted to the total electricity produc-
tion is only 0.3 % in the US [22]. Most geothermal en-
ergy «per capita» of the population is now produced in
Iceland, where about 95 % of homes are heated by geo-
thermal energy [4]. According to [20] in Iceland cur-
rently up to 60 % of the total consumed energy is taken
from the earth. The world practice of industrial use of
geothermal heat shows that the most effective ones are
characterized by GTPP in which the depth of water in-
take temperature of geothermal wells is not less than
250 °C [23]. Fig. 21 is a perspective view of a modern
GTPP, built in Iceland [22].

Fig. 22 is a general view of the largest to date in the
Russian object of geothermal energy — Mutnovskaya
GTPP of power of 50 MW (Kamchatka), launched into
operation in 2002 [22]. Annual electricity production of
the gas turbine power plant as of 2010 amounted to 360.5
million KW-h [4]. Currently, it is working on the mod-
ernization of GTPP and increasing its capacity to 80 MW.
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Fig. 21. External view of modern GTPP with installed power
of 100 MW (2001, Nesyavellir, Iceland) [22]

power of 50 MW (2002, Kamchatka, RF) [22]

Note that at the beginning of 2009, the total capacity
of GTPP in the world has increased to 10.5 GW [22]. For
comparison, at the beginning of 2000, a similar figure was
around 6 GW. There is a clear trend in the annual growth
of installed GTPPs’ power worldwide to 500 MW. The
main advantage of geothermal energy is a practical inex-
haustibility of its underground resources and total inde-
pendence from environmental conditions, time of day and
year. According to estimates of geoscientists cooling rate
of the Earth's core is about (300-350) °C per billion years
[22]. Promising sources of superheated geothermal waters
have many volcanic zones of the Earth, including Kam-
chatka, Kuril, Japanese and Philippine Islands, as well as
the Caucasus, the New Zealand territory of the Cordillera
of the Andes and in North and South America [4]. One of
the disadvantages we have considered the type of alterna-
tive energy is still relatively high cost generated by a gas
turbine power plant of 1 kW-h of electricity. It is now
comparable to that of thermal power plants (TPP), which
in Russian conditions on the production cost of TPP elec-
tricity is up to 1 RUB/(kW-h), but is 10 times higher than
the cost of electricity production at hydropower plants.
For the record, we note that the cost of this hydroelectric
power station in Russia up to 10 kopecks/(kW-h) [20].

4. Biogas energy. The global renewable energy
market is growing rapidly, according to expert estimates
[1, 5]. Biogas energy, as a small sector of the energy
market, and biogas plants (BGP) are currently the typical
elements of modern waste-free production in many areas
of agriculture and food industry. The end product in the
BGP output (Fig. 23) is a biogas, containing in its compo-
sition of approximately 60 % methane [5].

Fig. 23. General view of modern biogas lant [5]

The raw material for producing biogas in the BGP is
liquid and solid manure from cattle, pigs and poultry. In
addition, BGP can run on waste food production enter-
prises and specially grown energy crops (e.g. grass, corn
and sunflower), increasing their output of biogas. On
modern BGU from one ton of cattle manure get to (30-50)
m’ of biogas [5]. By the way, one cow can provide to ob-
tain 2.5 m’ of biogas per day. Resulting in the BGU bio-
gas can then be used for the production of electricity us-
ing gas turbines and biofuels to fuel cars. In Sweden and
Switzerland, biomethane has long been used in urban
buses and trucks [5]. From one m® of biogas can produce
about 2 kW-h of electricity [5]. Note that currently in
Germany have been built around 4200 BGU, using biogas
to produce about 13,000 GW-h of electricity per year [5].
The future plans of Germany shows an increase by 2020
the number of highly BSU new generation of up to 12
thousand, capable of an annual output of green electricity
to 39,000 GW-h [5].

5. Tidal hydropower. Today we are well aware that
the grand phenomenon in our nature, connected with the
rhythmic for terrestrial days the movement of sea and
ocean waters as the tides, contribute to the gravity of the
Sun and Moon [13, 19]. Twice a day the sun and moon
gravity force of his force to attack the seawater to the
shore, then move away from him backwards. This phe-
nomenon is known to people since ancient times, but use
it to produce electricity mankind learned only recently.
That tidal hydropower for the implementation of the
physical and technical goals and aims. In practice, this
aim is embodied by tidal power plants (TPP), the princi-

ple of which is illustrated in Fig. 24 [6].
A dam The highest water
? level

—

Fig.4. Scheme for explining the operation
of a modern TPP [6]

TPP’s mode usually consists of several process cy-
cles. The first cycle — a period of high tide, when the sea
water coming from the pool fills the TPP (see Fig. 24).
During this period, the movement «coming» to the bank
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and, accordingly, the dam water TPP rotates installed at
the base of the concrete dam wheel capsule units and
power plant generates an alternating electric current. The
second cycle — during low tide, when the sea water «re-
treat» from the shore, and, respectively, from the TPP
dam. The difference in water levels in the basin filled
with TPP at high tide and in the «retreat» at low tide the
sea can be up to h 2 = 19 m [6]. During low tide, the wa-
ter leaving the TPP pool in the sea (ocean), again rotating
impeller hydro turbine generators, but now only in the
opposite direction. And the power plant continues to pro-
duce an alternating electric current. Operating units of
modern TPP provide equally good and reliable operation
of its generating hydro turbine generators during rotation
of the wheel in either of the two parties. The third cycle —
a period of idle wheels hydro turbine generators caused
«lull» of seawater («dead zone»). During this period, the
TPP stops power generation. For an exception during this
cycle outages from TPP electricity to consumers using
backup power grid from operating in its composition
thermal, nuclear, hydroelectric, geothermal power plants
and wind farms connected to the TPP. Interestingly, the
TPP world's first built in 1913 near the city of Liverpool
(Scotland) [24]. The installed power of the TPP was 635
kW. Scientists-hydrologists and power engineers esti-
mated that for the efficient operation of the TPP need to
drop sea water levels between the tide was more than four
meters. The most suitable place for the PES placement is
considered to be where the tides have their greatest ampli-
tude and where the coastal rocky terrain allows you to
create a large pool closed for this kind of power fills dur-
ing high tide sea water [24]. In recent years, tidal, hydro-
power has been further developed. It replenishes funda-
mentally new technical solutions while creating the world
of TPP. However, their main difference is the lack of ex-
pensive concrete dams. Instead of compact hydro turbines
generators of new generation of TPP are driven by large
diameter wheels blades from 10 to 20 m [24].

Fig. 25 shows the appearance of a modern TPP in-
stalled power of 240 MW, located on the French coast
[6]. The length of the concrete dam of the TPP, which
serves at the same time and on high-speed highway
bridge is 800 m.

Fig. 25. General view of the TPP «La Rance» of power
of 240 MW (1967, Rance River, Northern Brittany, France) [6]

By the way, the maximum amplitude of the tide in
the north of France can be up to 14.7 m [24]. As for the
record in the world of the sea tide amplitude values (of
the ocean), they account for about 19.5 m. Such absolute
levels of the tide have been reported in Canada on its At-
lantic coast (in the Bay of Fundy). [24] An important fac-

tor in the creation of TPP is favorable geological condi-
tions for the establishment of its partitions off the dam.
Therefore, in the construction of TPP experts use data not
only for the tide amplitude, but also the strength charac-
teristics of soils, seismicity and their reliability in the op-
eration of TPP.

Fig. 26 for comparison with the great French TPP is
given a small Russian TPP with installed power as of
2009, 1.7 MW [6]. Back in the Soviet era construction
project Penzhina PES was developed (Penzhina Bay in
the Sea of Okhotsk, Far East, RF) [6]. The design capac-
ity of this power plant was 87 GW. Such power indicator
displays it on the level of the largest TPP in the world [6].
Currently, the status of the tempting project to create giant
TPP is unknown to us. It should be noted that in the area
of proposed construction in Russia Penzhina PES ampli-
tude of sea tide reaches its highest level in the former
USSR in the 11 m [24]. Of the other major force in the
world of PES should indicate power plant with installed
power of 254 MW, was built in 2011 in South Korea [6].
This TPP is able to provide power for a city with a popu-
lation of 500 thousand people. The plans of the South
Korean government appear launch in the near future TPP
with an installed power of 812 MW [6].

A

Fig. 26. General view of the TPP «Kislogubskaya» of power of
1.7 MW (1968, Sour lip, Kola Peninsula, Russia) [6]

The total potential of tidal energy in the world is
now tentatively estimated installed capacity of 1,000 GW
[24, 25]. The annual output of all TPP electrical energy
the world by the beginning of 2015, approximately 2,000
billion kW-h, including in Russia — to 250 billion kW-h
[24, 25].

6. Hydrogen energy. This type of alternative energy
refers to the rapidly growing energy sector today [7]. Be-
fore humanity are becoming increasingly global issue
arises concerning the change of power, «the foundation»
of social development [26]. The main energy raw materi-
als in the world today are oil and natural gas reserves
which could create insurmountable problems in front of
people about 50 years [26]. Oil and gas energy is already
creating a lot of environmental problems on our planet.
That's why experts drew their attention to the hydrogen
reserves in the world is almost inexhaustible. Hydrogen
energy is based on the use of hydrogen as a means for the
generation, storage, transportation and energy consump-
tion by humans, the transport infrastructure and various
production technologies. Hydrogen is selected here as a
working tool (energy source) is not by chance, but as the
most common chemical element on the surface of our
planet and in space [13]. In addition, this substance has
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a high calorific value (approximately 143 MJ/kg, whereas
the coal is 29.3 MJ/kg [7, 13]), and its combustion prod-
uct oxygen is water. Moreover, the water formed by a
chemical reaction can be re-introduced into the circulation
of this species of alternative energy. Today is an insur-
mountable problem in the field of hydrogen energy is
uneconomical for industrial production of hydrogen H,.

6.1. Key technologies for hydrogen production.
For these technologies produce hydrogen H, should be
referred to today as follows [7, 27]: a) conventional steam
reforming of natural gas; b) coal gasification; c) electroly-
sis of water; d) thermochemical processing of biomass; e)
thermal water treatment (thermolysis) in solar concentra-
tors; f) alternative catalytic conversion of natural gas from
the heat of high-temperature gas-cooled nuclear reactor;
2) aqueous alkaline electrolysis under pressure using nu-
clear electric power. Currently, hydrogen H, produced
mostly (up to 95 % of the total volume) by the traditional
conversion of natural gas (methane CH, under pressure in
the presence of a catalyst and temperature (700-1000) °C
is mixed with water vapor) [7]. Cost of this technology
for producing hydrogen H, — 5 $/kg [27]. Gasification of
coal is the oldest and relatively expensive method of pro-
ducing hydrogen H,, in which coal is heated by steam at a
temperature (800-1300) °C without access of air [27].
Electrolysis of water, based on the chemical reaction
2H,0+energy — 2H, + O,, H, is characterized by cost
hydrogen production to 7 $/kg [27]. The heating of the
biomass (waste wood) without access of oxygen at the
temperature. (500-800) °C results in obtaining a hydrogen
H,, carbon monoxide CO and methane CH,. Thus the
production cost of hydrogen H, is about 7 $/kg [27]. Di-
rect thermolysis of water in the solar energy concentrators
(at a temperature above 2500 °C decomposes water into
hydrogen H, and O, oxygen) produces hydrogen at its
cost at least 10 $/kg [27]. Application for the purpose of
industrial production of hydrogen H, high-temperature
nuclear gas cooled reactors, providing the high tempera-
tures of its helium coolant (about 1000 °C) is used in the
catalytic conversion of methane CH4, and cheap electric-
ity NPP generated by it at night, is currently still at the
stage of technological development [27, 28]. Note that at
the present time in Russia the latest industrial hydrogen
production technology is actively engaged in RRC «Kur-
chatov Institute» [26, 27].

6.2. The use of hydrogen in fuel cells to produce
electricity and thermal energy. Production of electrical
and thermal energy using hydrogen H, is realized in the
fuel cell (FC) [27, 28]. The fuel cell chemical reaction
type: 2H, + O, — 2H,0 + Energy. It can be seen that this
reaction is the reverse of that which takes place during
electrolysis of water [7]. In late 2006, around the world it
operated for about 5,000 small stationary hydrogen power
plants based on fuel cells [27]. By mid 2008 in Japan was
established about 3000 household stationary power plants
(SPP) to 10 kW on hydrogen fuel cells, and their cost has
dropped to 19,000 $ for 1 kW of power [27]. Note that in
2006 the world was established in the SPP 800 hydrogen
fuel cell power more than 10 kW. Their total power was
of 100 MW [7.] Now the world's booming market for
mobile power units (MPU) that use hydrogen fuel cells to

charge mobile phones, laptops and other electronic
equipment [7, 27]. In 2008, world production of MPU
with hydrogen fuel cell was about 9000 pieces. (The main
consumer of these light sources and intensive is US
Army.) [27]

Hydrogen fuel cells now have found a definite prac-
tical use in transport (Fig. 27). Moreover, the cost of hy-
drogen fuel cell car on the market decreased from 275 $
for 1 kW in 2002 to 110 $/ kW in 2005 [7, 27].

Fig. 27. Passenger bus brand Mercedes Benz Citaro, working on
hydrogen fuel cells (2006, London) [7]

US Department of Energy plans to increase by 2020
the cost of hydrogen fuel cell car to 30 § for 1 kW of
power [7, 27]. In June 2008, the company «Matsushita
Electric Industrial Co Ltd (Panasonic)» the beginning of
the industrial production of hydrogen fuel cells in Japan.
The company plans in 2016 to sell about 200 thousand
household SPP and the MPU on hydrogen fuel cells [27].
It should be mentioned the fact that the hydrogen fuel
cells produce power on board the shuttles USA, starting
since 1981 [27]. In March 2008, during an expedition
STS-123 of the space shuttle «<Endeavour» Hydrogen fuel
cells manufactured by USA «UTC Power» overcame the
barrier of 100 thousand operating hours of the open space.
The plans of the Ministries of Industry, Commerce and
Economy of South Korea designated the strategic goal —
the creation of a society by 2040 hydrogen economy pro-
ducing at SPP with hydrogen fuel cells to 22 % of all
electricity [27]. This gives us reason to believe such
chemical sources of electric current as the fuel cell, which
is the direct conversion of chemical energy into electrical
energy with high efficiency value (up to 85 % [26]),
«mover» of hydrogen energy [27, 28].

7. Small hydropower. Small hydropower has re-
ceived in recent decades some progress in the world
mainly because of the desire of people to avoid envi-
ronmental damage caused by large hydro reservoirs.
Most often, small hydropower plants (SHPP) include
energy facilities with an installed capacity of less than 5
MW [8]. At the same time according to the requirements
of the European Small Hydropower Association SHPP
be considered as the installed capacity of which does not
exceed 10 MW [8]. Note also that in the Soviet Union
according to SNIP 2.06.01-86 requirements to those
treated SHPP installed power of 30 MW, and the diame-
ter of the impeller of the turbine was up to 3 m [8].
These data show that the uniform requirements of the
world to the concept of small SHPPs on missing today.
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However, in many countries of the world have their own
specific SHPP energy «niche» in the annual balance of
electricity generation [29].

7.1. The development of small hydropower in the
world. In the Republic of Belarus as of 2010 operated 36
small SHPPs with a total installed power of 13.5 MW
with an annual output of over 33 million KW-h of elec-
tricity [8]. In Sweden in 1350 operates SHPP, which gen-
erate up to 10 % of the country's electricity need. In the
Russian Federation, which, in accordance with the re-
quirements of GOST P51238-98 to carry SHPP station
with a capacity of 30 MW, has about 100 such power
stations with a total installed power of about 90 MW [8].
Their electricity production is about 200 million. KW-h
per year [29]. We point out that the technical potential of
the Russian Federation of small hydropower experts esti-
mate about 360 billion. KW-h per year (this figure is close
to 30 % of consumption in the Russian Federation's an-
nual electricity volume) [8]. Note that in 2006 the total
installed power of SHPP worldwide was about 73 GW.
The leader here was China (47 GW), and followed by
Japan (4 GW) and the US (3.4 GW). [29] It is interesting
that the total global investment in small hydropower in
2006 amounted to about 6 billion $.

7.2. Small hydropower in Ukraine. The economic
hydropower potential of small rivers of Ukraine experts is
currently estimated at up to 1.5 bln KW-h annual electric-
ity generation [30]. Lifting the page of history in our
country, small hydropower, we note that in 1934 was
commissioned in Korsun-Shevchenko SHPP installed
power of 2.65 MW [30]. This SHPP on the technical per-
formance was one of the best stations of its time. At the
beginning of the 1950s the number of small hydro power
plants operating in Ukraine amounted to 956 units with a
total power of about 30 MW. It is interesting to note that
at the end of 1929 the number of such hydroelectric
power station on the territory of Ukraine was equal to 150
units with a total capacity of 8.4 MW [30]. Later, due to
the concentration of production of electricity on high-
power hydraulic and thermal power plants, SHPP con-
struction was stopped, and the hundreds of small SHPPs
were stopped. One of them was suspended, the other part
is removed, and the remaining part is simply destroyed.
As a result, today only 48 units SHPP remained in
Ukraine (Fig. 28), most of which require the reconstruc-
tion [30]. These include a relatively powerful station as
Tereble-Rikskaya, Gaivoronskaya, Korsun-Shevchenko,
Steblevskaya, Ladizhinskaya and others.

General vT w of the
domestic SHPP (2009, Ukraine) [30]

Of course, small hydropower of Ukraine because of
its small specific weight (up to 0.2 % [30]) in the total
energy balance of the country may not significantly affect
the conditions of its energy supply. However, exploitation
of SHPP now makes it possible to produce about 250 mil-
lion. KW-h of electricity per year. This is equivalent to
annual savings of up to 75 thousand tons of scarce fossil
fuels [8].

Conclusion. Alternative energy, despite its small
share (up to 10 %) in the current total world annual
balance of electricity generation due to the forced
change in the next 50 years, oil and gas, «the founda-
tion» of world energy on a large raw, potential and
environmental capacity is large prospects for the de-
velopment and use by the society.
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DYNAMICS MODEL OF MOISTURE IN PAPER INSULATION-TRANSFORMER OIL
SYSTEM IN NON-STATIONARY THERMAL MODES OF THE POWER
TRANSFORMER

Introduction. An important problem in power transformers resource prognosis is the formation of moisture dynamics trends of
transformer insulation. Purpose. Increasing the accuracy of power transformer insulation resource assessment based on account-
ing of moisture dynamics in interrelation with temperature dynamics. Working out of moisture dynamics model in paper insula-
tion-transformer oil system in conjunction with thermodynamic model, load model and technical maintenance model. Methodol-
ogy. The mathematical models used for describe the moisture dynamics are grounded on nonlinear differential equations. Inter-
relation moisture dynamics model with thermodynamic, load and technical maintenance models described by UML model. For
confirming the adequacy of model used computer simulation. Results. We have implemented the model of moisture dynamics in
power transformers insulation in interrelation with other models, which describe the state of power transformer in operation. The
proposed model allows us to form detailed trends of moisture dynamics in power transformers insulation basing on monitoring
data or power transformers operational factors simulation results. We have performed computer simulation of moisture exchange
processes and calculation of transformer insulation resource for different moisture trends. Originality. The offered model takes
into account moisture dynamics in power transformers insulation under the influence of changes of the power transformers
thermal mode and operational factors. Practical value. The offered model can be used in power transformers monitoring systems
for automation of resource assessment of oil-immersed power transformers paper insulation at different phase of lifecycle. Model
also can be used for assessment of projected economic efficiency of power transformers exploitation in projected operating condi-
tions. References 7, figures 4.

Key words: oil-paper insulation, power transformer, computer model, moisture dynamics.

C yenvio nogviuienus MOUHOCHU PACUEemMa PeCypCHBIX XaPAKMePUCMUK Cui06020 Mpanc@hopmamopa npeonoxicena moodensb npo-
ZHO3UPOBAHUA OUHAMUKU AaAMCHOCMU Gymadicho-macaanoi uzonayuu. Ilpeonosycennan mooens omnuuaemes om cyuiecmeyio-
W{UX YUEmOM NPOUECCO8 MUZPAUUN 611A2U 6 OYMANCHO-MACIAHOU U30NAYUU ROO GIUAHUEM UIMEHEHUS MENN08020 PeHCUMA
cuno6ozo mpancgopmamopa. Ilposedeno Komnviomepnoe mooenuposanue U3HOCa GYMaiCHO-MACIAHON U30IAUUN U HPOU3Ee-
0€Ha OUEeHKA GIIUAHUS 603MOICHOZ0 USMEHEHUA CHIEREeHU YeNaxcHenHocmu ha pecype. bubn. 7, puc. 4.

Kurouesvie crosa: GyMakKHO-MacjasiHasi M30JSUsI, CHJIOBOii TpaHc(opMaTop, KOMObIOTEPHOE MOAeIMPOBaHHE, TUHAMHUKA
BJIAKHOCTH.

Introduction. Establish of monitoring systems for
transformer equipment is actual scientific and technical
task. A number of systems, such as domestic
manufacturers (LLC «Energoavtomatizatsiya», JSC
«ZTR» [1]), and foreign (ABB, Siemens) [2], one of the
functions of which is the possibility of residual life
assessment unit of the power transformer (PT) based on
monitoring data are known.

Life of oil-filled power transformer is mainly
determined by resource of its paper insulation (PI). Effect
on consumption of resource of the PI PT the following
factors: the change in temperature, the degree of
hydration of cellulose and transformer oils (TO), and the
degree of oxidation of the oil. Water may be produced
during operation in the PT as a product PI aging, and
exposed from the environment due to the partial
depressurization tank. The migration of moisture in the
insulation system is influenced by changes in the thermal
regime PT.

An important problem in the calculation of the
projected resource characteristics in operation is the
construction PT possible humidity trends paper-oil
insulation (POI), TO and acidity changes in operating
factors such as ambient temperature and load current.

Analysis of investigations. The existing models of
moisture exchange are defined by their purpose —
determining moisture of PI based on TO moisture
measurement in monitoring the use of PT with
equilibrium moisture content curves [3] or computational
methods [4]. In such models do not take into account (or

not sufficiently taken into account), possible change of
operation factors in the forecast horizon.

It is also possible to form the trend humidity PI
based on the assumption that the moisture content of the
growth of POI of PT due to aging would be
approximately 2-3 % [5] and that this growth will occur
linearly during operation.

In this case the reduced rate forecast accuracy PT
resource, there is no opportunity to get a complete picture
of the dynamics of moisture and to evaluate its impact on
resource consumption.

At this stage there are no models by which to predict
the dynamics of moisture in the insulation system based
on PT dynamics operating factors, maintenance (M)
parameters.

Problem definition. The purpose of research is to
improve the accuracy of calculation of lifetime
characteristics of POI of PT by taking into account the
dynamics of moisture in conjunction with the temperature
dynamics of the PI and maintenance in resource
consumption model. To achieve this goal it is necessary to
solve the following tasks:

e to propose ways to assess the impact of moisture
migration in POI PT to the resource PI PT;

e to build a model of the dynamics of the POI of
humidity in the moisture content in the non-equilibrium
state, in cooperation with the POI model load, ambient
temperature, and maintenance of PT;

© V.V. Vasilevskij
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e to conduct computer simulations of POI resource
consumption in order to assess the impact of migration of
moisture on the resource consumption POI.

Results of investigations. Block diagram of the
relationship model of moisture exchange in POI PT with
other elements of the model predictive resource
consumption is shown in Fig. 1. It includes a model of the
external operating factors (OF, it forms loads 7, and coolant
temperature 6, current trends), a model of technical
condition and maintenance of the POI (POl TC and M,
forming the heat capacity and thermal resistance of the
trends for different types of cooling Row; Ror; Cow; Corr), @
thermodynamic model (TDM, generates temperature trend
most heated point (TMHP), 6,), moisture exchange model
in POI PT and wear evaluation unit (WE, the calculation of
the resources expended L) [6].

1(1),4;8,(1),°C
OF TDM
\ 6,,°C
AEPSESERE,
I 1
: : | L
R 82 Ror, S, | MBPI H WE |—
Cov VK Corr, JK : : W%
i i
I |
POI TC and M i |
I |
I 1
o, g/ton | HBTO :
T |
Ir Moisture i
I |
1 I

exchange model

Fig. 1. Block diagram of the relationship of moisture exchange
model with other models

A moisture exchange model, in turn, consists of a
moisture block of PI (MBPI) and humidity of TO block
(HBTO) which are interconnected.

Calculated PI humidity at certain time ¢ is given
by [5]:

—B'@h .pk+(l'@h , (1)

W.=4-e
where W, is the calculated PI humidity, %; 4, B, k, a are
the table data for «certain type of insulation;
6, is the TMHP, °C; p is the partial water vapor pressure,
mmHg.

Dynamics humidity of PI TO system is described
using UML model shown in Fig. 2.

—Poit - Ppape
PI —>TOH PI=TO HPI —TO
; aper Poi paper

Puc. 2. Moisture exchange model in the system PI TO

Model is a diagram of states, transitions between
which are carried out taking into account the relationship
between the partial pressure of water vapor in the PI (p,,.
ser) and TO (p,;). In each state, the appropriate action is
carried out:

1)PI->TO — humidity transfer from PI to TO. The
amount of moisture that migrates from PI to TO during
time dt at change of the TMHP value is determined by the
differential equation:

AW paper _ We.paper(@,) W paper(@,,)
dt T b (2)
where 1t is the moisture transfer time constant;
We paper(@,,) is the PI humidity W. at TMHP 6,;, %;
We paper(,,) is the PI humidity W,.at TMHP 6,,, %.

Change of TO degree of moisture as a result of the
migration of moisture from PI:
w .
paper " Moil
a, Weoil(@,) e
dt T
where W, ,i(@,,) 1s the TO humidity at TMHP 6, %; m,;
is the total mass of TO in the PT, t; m,,,., is the total mass
of the PI in the PT, t.

Value of TO humidity at TMHP 6, is determined
either on the monitoring results, or the results of peer
review.

2)PI—TO — humidity transfer from TO to PI. The
amount of moisture that migrates from TO to PI during
time dt is characterized by TMHP change:

d Wpaper _ Wc paper(©,) —

dt T
Changing the degree of hydration of TO as a result
of the humidity migration to PI in this case:

Wpaper “Myil

>

M paper 3)

paper(@hl) (4)

i, Weoit(@,) ~
dt T
3)PI = TO — equilibrium state, to which the system
tends at equality temperatures PI, TO and the cooling
medium.

In all states in the operation phase occurs moisture
increase in the PI and TO, the dynamics of the increase

described by the following differential equations:

dm dm
d;)zl Koit » % = kpaper > (6)
where Ko, Kpaper are the coefficients which characterize the
increase in mass of the moisture in TO and PI, respec-
tively, g/kg-h; Mo, Mpaper 1 the moisture mass in TO TM
and PI, respectively, kg.

The initial state is the state PI = TO, in which the
system is for a period of time df until the equality of the
partial pressure of water vapor in the POI PT. The initial
data for the model are moisture exchange values TMHP
measured relative humidity of transformer oil, the oil
temperature near the humidity sensor, the content of
aromatic hydrocarbons in the oil and table data for certain
types of insulation. The equilibrium value of PI humidity
is determined by (1) ), and relative humidity TO ¢ (%),
the value of ¢ is determined according to TO or
monitoring by experts. Moisture gain in POI PT due to
the aging of cellulose or depressurization tank PT is
calculated using the formula (6).

mpaper ) (5)
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When you change the temperature PT is a violation
of the balance of the partial pressures and the system goes
into a state of PI>TO (p,gpe~pon) Or in the state of
PI<—TO (Ppaper>Poir)- Dynamics of humidity changes in PI
and TO due partial pressure and humidity gradients within
the time period dt is calculated by the formulas (2-5).

Sources of raw data to calculate the moisture
exchange is the data model of external operational factors
(moisture value growth as a result of decomposition of
cellulose and water revenues from the environment), the
technical condition of the POI model (changes in
baseline), a thermodynamic model (TMHP). The resulting
paper insulation moisture value is used in calculating the
resource in the resource evaluation unit.

Then the model of M provides for both routine M
and M by technical condition. Result of M of PT is to
reduce the humidity and PI TO acidity to certain
minimum values. When working on the model variant
planned M lowering humidity indicators and acidity POI
PT occurs at predetermined periods of time (by drying
and regeneration POI PT). In the case of condition based
M decrease in humidity and acidity indicators POI PT
occurs upon reaching these parameters critical values.

In the proposed model allowed the following
simplifications:

e the process of M is accepted as the CT process with
zero duration;

e simulation does not include changes in resource
characteristics PI PT in the time period from the
moment of installation of PT on site prior to its
inclusion under the load;

e increase the degree of oil oxidation occurs linearly
over the period of operation between the two M.

As the base used for the trend test the adequacy of
the model obtained from the results may be accepted PT
trend resource flow with the same parameters, the
monitoring system equipped and located in similar
environments.

To set up a model of moisture exchange used or
curves of Oommen or Fabr and Piccioni [7] for the
equilibrium moisture content in a system PI — TO. It is
expected that before turning on the PT under the load as a
result of the thermodynamic processes in the system
temperature POI PT — environment called and will be
equal to g,. In accordance with the law of equilibrium [5],
the partial pressure of water vapor in the system is also
equalized. To set the initial conditions of simulation 6h
assumed constant and equal 6,, TO is equal to the
absolute humidity of 10-15 g/m (which corresponds to the
TO PT humidity class I [5]). Next is W, calculation for
given initial conditions and the resulting humidity value
of PI is compared with a reference point on the curves of
Oommen or Fabr and Piccioni and to validate the
calculation. The resulting value will be the value of W, P1
humidity at the beginning of operation of PT.

Proposed models are implemented in the program
Matlab Simulink. As an example of simulation model to
assess POI performance deterioration held for two
variants of the system dynamics humidity PI — TO.

In the first variant, moisture value during the
simulation and decreases linearly increases up to a certain
initial value after M of PT (Fig. 3, curve a). In the second
embodiment applied humidity trend obtained by using the
proposed model (Fig. 3, curve b).

35 0, T ] i b:
3

257
2+

0 2 4 6 8 10 12 14 16 18
Period of operation, hrs x10

Fig. 3. POI humidity trends

Initial data for OF models, the TC POI and M and
TDM and rated current of the transformer is equal to 406
A, output no-load losses is equal to 29.3 kW, the
maximum acidity TO equals 0.29 mg KOH/g, the base
value of acidity TO 0.2 mg KOH/g, the average annual
ambient temperature is 9.4 °C, the amplitude of the annual
change in the average daily temperature 6, equal to 12.6
OC, the amplitude of the diurnal changes 6, equal to 4 °c,
the average annual rate of change 6, is 2 °C, the rate of
change Id average 2 A, the average daily change /, 20 A,
the average annual change I, 20 A, [, = 2442 A
maximum value TMHP taken equal to 150 °C, the
maximum value of the moisture content of the paper
insulation — 5%.

Initial data for trending humidity Fig. 3, curve a:
base value is equal to the moisture content of PI 0.37%,
the maximum moisture content of 3% PI.

Initial data for trending humidity Fig. 3, curve b: the
content of aromatic hydrocarbons in oil C; = 17%
(oil T-750 GOST 982-80), 4 = 5.55, B = 0.034, k = 0.49,
a =-0.0007 (cardboard electrotechnical OMII).

Simulation period — 20 years. The simulation results
under the above defined raw data shown in Fig. 4.
The x-axis represents the life of PT in hours, and the
vertical axis — the value of the consumed resources of L,
as in hours.

x10°
L

3

(%]
T

Period of operation, hrs

Fig. 4. Results of simulation
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From obtained results it is seen that the use of
different versions of humidity PI trend has a significant
effect on the final value of the consumed resource. So,
wear of the PT when the trend Fig. 3, it was 30.03
years and 20 years of operation in the case of Fig. 3, b
— 34.6 years.

Conclusions.

A model of moisture exchange in the system of
«paper insulation — transformer oil» in conjunction with
the other models, which describe the state of the power
transformer in operation is proposed: a model of operation
factors, the thermodynamic model of a power transformer
model and the technical condition of paper-oil insulation.

The proposed model allows you to build a detailed
trend dynamics humidity paper-oil insulation according to
the monitoring unit power transformer or on the results of
the simulation changes operational parameters of the
power transformer.

Given the dynamics of moisture content of paper-oil
insulation of a power transformer can improve the
accuracy of estimation of the resource of paper insulation.
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MECHANICAL CHARACTERISTICS OF THREE-PHASE INDUCTION MOTORS
WITH SINGLE-PHASE POWER SUPPLY

Aim. Development of a method for calculating mechanical characteristics of three-phase induction motors with single-phase power
supply. Methods. The developed algorithm is based on the high-adequacy mathematical model of motor and projection method for
solving the boundary problem for equations of electrical circuits balance presented in the three-phase coordinate system. As a result
of asymmetry of power supply to the stator windings, in steady state, flux-linkage and current change according to the periodic law.
They are determined by solving the boundary problem. Results. The developed mathematical model allows determining periodic de-
pendence of coordinates as a function of slip and, based on them, mechanical characteristics of motors. Academic novelty. The de-
veloped method relies on a completely new mathematical approach to calculation of stationary modes of nonlinear electromagnetic
circuits, which allows obtaining periodic solution in a timeless domain. Practical value. Using the developed calculation algorithm,
one can select capacitance required to start an induction motor with single-phase power supply and calculate static mechanical char-
acteristics at a given capacitance. References 5, figures 3.

Key words: mechanical characteristic, induction motor, single-phase power supply, boundary problem, projection method,
capacitor.

Ilpeonosicen memoo pacuema mexaHu4uecKux XapaxKmepucmuk mpexgaznvlx acuHXpoHHbIX 0guzameneli, KOmopole RUMAIOMCs
om 00Hopaznoli cemu. Bpawaroweeca maznumnoe none co30aemca 3a cuem eKII0UeHUs NOC/1e006AMenabHO 6 00HY (ha3y KoH-
OdeHncamopos. 3adaua pewiaemca Kak Kpaeeas 6 mpexgaznoil cucmeme Koopounam. B mamemamuueckoit mooenu osuzamens
YUUmMbleaemcs HACLIUeHIUe MAZHUMONPO800A u ebimechenue moka. bubn. 5, puc. 3.

Kniouegbie cnosa: MexaHW4ecKasi XapaKTePHUCTHKA, ACHHXPOHHbIH JBUrarteib, oqHO(a3Hoe mHTaHWe, KpaeBasi 3aaaua,
NPOEKIMOHHBII METO/I, KOHIEHCATOP.

Introduction. Induction motors (IM) are mainly
produced with three-phase windings that are powered
symmetrical three-phase system voltages. However, in
practice may need to switch to a single-phase network [1],
which use capacitors that create shifting the phase current
in a coil and a magnetic field motor becomes pulsating
and rotating, causing electromagnetic torque. Also devel-
oped and are widely used capacitor electric motors, which
are designed to operate on single-phase network [5]. And
in the first and second cases, there is a problem of calcula-
tion of their starting characteristics and capacitors’ ca-
pacitance choice.

In technical literature since the calculation method
for different values of capacitors are known [1, 2], but
these methods are not sufficient accuracy, since not ade-
quately take into account factors such as asymmetry of
power magnetic saturation and displacement current.
Problems of analysis of operation modes of IM by
mathematical modeling needs to solve two problems: the
choice of a mathematical model of the motor and the
method of calculation. These problems are interrelated,
since using a simplified mathematical model of IM can
not adequately take into account the factors that determine
the accuracy of the calculations, and the use of more
complex models requires utilization of appropriate
mathematical apparatus.

The goal of the work is developing methods and
algorithm of calculation of mechanical characteristics
of asynchronous motors that are powered by a single-
phase network.

The system of equations. A three-phase IM with
capacitors in one phase by definition is skewed on the part
of the stator, and therefore for the analysis of electromag-
netic processes in their most adequate and optimal coor-
dinate system is a three-phase, but not physical, so-called
inhibited [4]. In this system the outlines of the stator are

not converted, allowing adequately describe processes in
them, and three-phase winding rotor is replaced by an
equivalent stationary phase, the axis of which coincides
with the axis of the stator winding.

c T4 W4 Va Va

Fig. 1

The system of equations describing the electromag-
netic processes in IM, three-phase stator winding is pow-
ered from a single-phase network shown in Fig. 1 has the
form [4]

dy 4 _dyp ~ -

— ————— =1yl g+ rpln —U N

o 1 Alg TRl — U

dyg _dyc ; .
—=———==—ypip +1oic +UpC,;

d dt B'B TIC'C BC
iA+iB+iC:0;

dy, dy . .
T;_Ttb:_rala+"blb_a(‘//b_2‘//c+(//a); 1)
dy, dy . .
Ttb_d_tc:_rblb"'rclc_a(‘//c_m”a'H//b);
ig +ip +i, =0;

dl/lk —l.i

a C’
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where uge =+3U,, sin(wyt —7/2) is the linear supply
voltage; U, ay are the phase voltage amplitude and angu-
lar frequency; a = ay(1-s)/ ﬁ ; s is the slip; g, @, 7e
(&=4, B, C, a, b, ¢) are the flux linkages, currents and
active supports of circuits; u; is the voltage on the capaci-
tor with capacitance C.

A technique and algorithm of calculation. We
write (1) by one vector equation m = 7th order in the form

A% _ gy D¥ i, )
dt
where
1]-1
1 | -1
Z: 1 _1 >
1 |-1
1
Z ig 0
¥p ip ugc
Ze ic 0
y=|w, s X=|i, |; u=| 0 |;
1z Ip 0
Ve le 0
Mk uk 0

B= a |a|-2a ;
-20|la| «
—-ry | rp -1
~B |'C
1 1 1
DZ —I"a I”b
| e
1 1 1

The system of differential equations (2) in the form

of Cauchy looks
GG
i z(y,x,u,t). 3)
Since the vector ii(¢)=i(t +T) is a periodic function
of time, in the steady state (at s = const) the solution of
the system of equation (3) is 7-periodic dependences of
the vector ¥(f)=X(¢+T)components. Determining the

periodic functional relationships of the vector X compo-
nents by calculating the transition to institutionalization
unacceptable for many reasons. Such a problem can most
effectively be solved in a timeless region by solving the
boundary problem developed on the basis of the general
theory of nonlinear oscillations projection method based
on a theoretical approximation coordinates state splines
of third order [3]. Formation of the boundary problem is
carried out on a grid of n nodal points of the period T.
The result of approximating one differential equation of
the system (3) is a system of algebraic equations of the
n-th order

HY—Z=U7 (4)

where H is the transition matrix from continuous coordi-
nates to their nodal values, elements of which are deter-
mined by only mesh nodes [31;

Y = (yl,yn) ;Z =(zl,zn) ; U =(u1,un) , and for the sys-
tem of differential equations (2) — m vector equations in
the form (4)

c=Ug, Q)

N

HC
*

-
wherechdiag(Hl,Hm);?L,: }71,)7,") ;

*

* — = =
7.=(2:2,) : 0e=(0000)
Nonlinear system (5) of algebraic equations of mn-th

order is a discrete reflection of nonlinear system of differ-
ential equations (2) order m and it approximates to the

period 7. Its solution is a vector X whose components
are the values of currents legs and voltage on the capaci-
tor in the grid. With its help you can calculate not only
steady but also investigate the impact of the operation of
the motor change any position, which is part of the sys-
tem. To calculate the steady mode for a given slide the
method of continuation on parameter. For this system (5)
we enter the parameter € by multiplying the voltage vector
applied to € and differentiate her on it. As a result, we
obtain the differential equation (DE)

X, -
W= =Ue, (6)
where W =|H, —% i—% is the Jacobi matrix
oY, JoX, 0X,
block elements of which 6—)1 s 6—{ , a—f are deter-
ox j oy ; ox j

mined by values of IM parameters in the j-th node.

&

| oz
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Lagj | Lu, | Laci | Luaj | Lavj | Lag
Lpyi | L | Lpcj | Laj | Laoj | LBe
| fcai | Loy | Beg | Bea | Bay | Beg
/ LaAj LaBj LaCj Laaj Labj Lacj
Lygj | Lo | Loci | Loaj | Lobj | Log
LcAj LcB j Lch Lcaj chj Lccj

Integrating system of DR (6) by ¢ frome=0toe=1

we find the values of the vector X at a given voltage,
which can be refined by Newton method.

To investigate the effect on IM operation mode of
the change any coordinates needed considering the vector
applied voltage unchanged we differentiate the system (5)
by this coordinate as a parameter. In particular when cal-
culating the mechanical characteristics we obtain the sys-
tem of DE

w X, _ oz

c

s os )

integrating which we obtain a multi-dimensional charac-
teristic. Thus Jacobi matrix such as in (6) and a right parts
vector consists of n vectors in the form

0z OB

| ==Y
6sj Os

where 0B/0s equals to the matrix B in which & = —ay/ NER

The problem of calculating the mechanical charac-
teristics is solved in two stages: at the first we calculate
the steady mode at slip s = 1.0, and at the second - de-
pendences of coordinates as a function of the slip from s =
1.0 to the specified value, and based on it - mechanical
characteristic M, = M,(s). The electromagnetic moment of
IM is calculated by the formula [4]

M, =%Iu((iﬂ3 —iuC)"A +(iuc "M)‘B +(im _"uB)C).

To determine the matrix elements L, of differentiated
inductances characteristic magnetization of the main
magnetic path and scattering depending flux leakages of
the stator (s) and rotor () of the respective current are
used [4]

Vi = Vi), Wos = Voslis), Wor = Voliy),
where i i, are the modules of vectors representing these
currents.

To take into account of the displacement current in
rotor bars each of them together with short-circuited rings
divided by height into & layers. That is believed that the
rotor there are k short-circuited windings with the appro-
priate dimensions and each are substituted by three-phase
one. Under these conditions, the system of equations (1)
instead of three equations for the rotor we must write 3%
equations like

AV e _ dWpk _
dt dt

= ~Tudak + ok — Wk = 2W ek +Var)
Aype AWk _
dt dt

= —tyripk + Topick —AWer =20t + Wi
iak + ibk + ick =0.

Increasing the number of equations does not change
the calculation algorithm and has little effect on the
amount of computation as poorly filled Jacobi matrix,
allowing for solving the system of equations using an
algorithm that takes into account its structure.

Examples of results of mathematical modeling are
shown in Fig. 2, 3.

i
40
I '
/\ B /—\\;‘E c
20
Ly
1]
B \/
-4

q 27

Fig. 2. Periodical dependences of phase currents of the motor
4A80B2Y3 at slip s = 1.0 and capacitors’ capacitance

C=100 uF
M*
25
st
1325
A
0 5
1.0 .51 0.0

Fig. 3. Static mechanical characteristics of the motor 4A80B2Y3
at various capacitors’ capacitances:
C =100 pF (a) and C =200 uF (b)
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Conclusion.

The developed method of calculation of static me-
chanical properties of three-phase squirrel cage IM that
are powered by a single-phase network allows you to ex-
plore the influence of capacitors’ capacitance on the proc-
ess to select a start and its value, which provides the nec-
essary starting torque. The basis of the algorithm is a
mathematical model of IM, which considers magnetic
saturation and displacement of current in the bars of the
rotor, and the differential method for calculating the static
characteristics based on solving the boundary problem for
a system of differential equations of electrical balance.
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CHARACTERISTICS OF A 4-PHASE VALVE RELUCTANCE MOTOR
WHEN POWERED BY UNCAPACITOR SWITCHBOARD

Purpose. Nowadays more and more in a variety of machines and mechanisms applied switched reluctance motor. When designing
these engines solve the problem selection switch. While the switch scheme comprises symmetrical bridge and eight transistors,
eight diodes; Miller switch comprises six transistors and six diodes; in company Graseby Controls Ltd switch circuit but four
transistors and four diodes includes two capacitors. The aim is to develop a mathematical model, calculation program, a numeri-
cal analysis of the characteristics and parameters of the WFD and the characteristics of their work. Methodology. It is assumed
that the resistance in the open state transistors and diodes for direct current is zero and the resistance of the transistors in the
closed state, and diode reverse voltage is infinity. When feeding a single-phase motor and power at the same time two adjacent
Phases determined by the flow through the tooth. Results. The motor powered by a switch on the circuit symmetrical bridge power,
which provides a maximum permissible winding temperature is 1.665 kW. But at the same time the surge up to 38.8%, resulting
in high levels of noise and vibration. Through the installation of switching angles, ensuring reduction of torque ripple and reduce
engine power to a level below which there is a decrease in the value of torque ripple, received power of 1,066 kW and a torque
ripple value of 21.18 %. For engines with improved vibration acoustic characteristics necessary to use a switch of four transistors
and four diodes. Practical value. For motors with improved vibration acoustic characteristics appropriate to apply uncapacitor
switch on four transistors and four diodes, which allows you to receive half the value of torque ripple than the lowest value of the
motor torque ripple, eating from a switch on the circuit asymmetric bridge. The cost of reluctance motor with uncapacitor switch
on the circuit with four transistors and four diodes is more than two times less than the motor with the switch on the circuit
asymmetric bridge. References 9, tables 1, figures 10.

Key words: valve reluctance motor, switchboard, flux linkage of phases, rotor angle of rotation, motor power.

Paccmompensl Inekmpomexanuueckue npoyeccol 6 6eHMUILHOM PeAKMUBHOM 0GUzamesne U €20 XAPaKmepucmuKuy npu numa-
Huu om kommymamopa upmut Graseby Controls Ltd ¢ uzvameimu u3 e2o cxemol konoencamopamu. Pazpabomana mamemamu-
uecKas Mooeib, nPoeeodeH YUCAEHHbLI U IKCREPUMEHMATIbHBLI AHATIU3 XAPAKIMEPUCMUK U NAPAMEMPOE 6EHMUILHOZ0 PeaKmMUE-
HO020 Osuzamensn. Pe3ynomamel, komopole npedcmagnenst 6 cmanve, pazpeuiadm nPOGOOUNb GbLOODP YUCIA GUIMKO8 U MOWHO-
cmu 0guzameins 6 CPAGHEHUU C 0gU2aAMeNeM, KOMOPbLIL RUMAEMCA O KOMMYMAMOpa no cxeme aACUMMEmMpPUIecKozo MOCma 8
3aeucumocmu om mexnuieckux mpedosanuit. buobn. 9, rabdn. 1, puc. 10.

Kniouesvie cro6a: BeHTHIILHBINA PeaKTHBHBIN ABUraTeIb, KOMMYTaTOp, OTOKOCHemIeHHe (a3, yroJ MoBOpoTa poTopa, MoII-
HOCTb JIBUTATEJIS.

Introduction. Problem definition. Nowadays more
and more in a variety of machines and mechanisms
applied switched reluctance motor (SRM), known in the
western countries and the United States as the Switched
Reluctance Motor (SRM) [7-9], in Russia — as the valve-
inductor motors [6] (VIM) and valve inductor-reluctance
motors [2] (VIRM), in Ukraine — VRM. When designing
these engines a problem of switch selection is solved.

Analysis of recent achievements and publications
on the subject. While the switch scheme asymmetric
bridge [9] (Fig. 1) comprises eight transistors, eight
diodes; Miller switch [9] (Fig. 2) contains six transistors
and six diodes; a switch circuit by Graseby Controls Ltd
[9] (Fig. 3), but four transistors and four diodes includes
two capacitors. Furthermore, in the switch (Fig. 3), a
voltage imbalance that increases the torque ripple and a
significant reduction in motor power.

+ @

A

Vﬂ voi/N  vrs|[ vD3 vﬂdvnszg \ﬁ vo7/]

vDs /|

A

vﬂ vaS \ﬂ vaX ﬂ vosZX \ﬂ
]

Fig. 1. Switch on the circuit of asymmetrical bridge

When the motor is powered by the scheme Miller its
capacity is reduced by 20 % compared to the power of the
engine when it is powered by a switch on the circuit
asymmetric bridge [4]. Maximum engine power is
obtained when it is powered by an asymmetrical bridge
circuit compared to the power of the engine when
powered by any of switches on other schemes. To a large
extent determined by the properties of the switch
performance.

In [5, 6], the switch (Fig. 5) used to supply four-
phase VRM. This switch consists of four transistors and
four diodes, but particularly of the circuit, and a
mathematical model of the engine characteristics, as with
a normal and a beak rotor during feeding from that switch
are not considered.

\ﬂ vor /N vps /N J VT4 VDS 7N VD6

VDZZX

J VT2 J VT3

Fig. 2. Miller switch

VDAZX
J VTs J VT6
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VT2

R

Fig. 3. Switch by Graseby Controls Ltd

The goal of the work is to develop a mathematical
model to calculate the electromechanical characteristics of
the VRM when powered by a switch with four transistors
and four diodes to determine the parameters of the motor

windings  allowing to  improve  vibroacoustic
characteristics and have strong economic performance.
Development of mathematical model. The

magnetic circuit of the motor with windings with the
combined phases is shown in Fig. 4.

180 electrical degrees
ey

0

30 geometrical
degrees

Fig. 4. Magnetic circuit of the motor

The switch circuit is shown in Fig. 5, the individual
circuit units consist of the phases 4 and D; C and B.

It is assumed that the resistance of the transistors in
the open state, and diode forward current to zero and the
resistance of the transistors in the closed condition and
co-diode reverse voltage is infinity. When feeding of one
motor phase and simultaneously feeding the two adjacent
phases (Fig. 4) is defined by tooth stream [2]. When you
connect the second phase of the flow of the first phase has
changed by 2.5 %. This allows you to accept the
assumption of the absence of mutual phase inductance.

u

— 4
D4 LV 2R T VT2
Ll * an = f_;

Fig. 5. Applied switch circuit

When the angle of rotation of the rotor  in electrical
radians in the range 0 < £ < / 2, the transistors VT1 and
VT2 are open and, if this current in D phases and C are
not equal to zero, then phase D through the D1 diode and
VTI1 transistor being connected parallel to the phase 4
and phase C through VT2 transistor and a diode D2 is
connected in parallel to phase B. The transistors VT3 and
VT4 locked.

In this interval of the rotor rotation angle phase
current, flux and torque of the VRM describes by the
system of differential equations (1)

VAL 0)
t

iA°I’ ;
dt
ic”"‘f‘M:—iB-r—dTB(lB’;);
“ d ()
o L0006 A7),
dt dt

iD ZiA +iC—iB,

where iy, ip, ic and ip are the phase currents, ¥ ,(i4, {),
WYi(is, O); Yclic, ), Yplip, {) are the phase flux linkages as
a function of the currents and the rotor rotation angle; » is
the active phase winding resistance (all values — in SI
units).

The fourth equation (1) holds in all bands of the
rotor rotation angles.

In the rotor rotation angle range in electric radians
n/2 < § < w transistors VT1 and VT4 are opened, and the
transistors VT2 and VT3 — locked. In this case, the phase
B is connected in parallel with phase 4 and phase C — in
parallel with phase D. The initial phase of the parallel
system of equations for the angles of rotation of indicated
rotor interval may be represented as

. +dTDc(lltD,§)+iA'r+d¥/A(lA,g) _U-

ip-r :
P dt
: d¥p(ic,¢) . d¥,(i40);
ipep4+—Db 2l g T AVADD
B dt 4 dt 2)
l.C .r+dylc(lc,é/) :—ZD'}"—dTD(lD’é/).

dt dt

In the rotor rotation angle range in electric radians
n < § < 3-m/2 transistors VI3 and VT4 open phase 4
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through VT4 transistor and a diode D4 connected in
parallel D phase and phase B through the diode D3 and
transistor VT3 is connected parallel to the phase C.
Transistors VT1 and VT2 are locked. Electromagnetic
processes in the VRM in the rotor rotation angle range
described by the system

. aylc('iCaé/)_i_iD.r_’_ay/D('iD’g) =U:

2 5
¢ lC 61D
. d¥4(i4,¢) d¥p(ip,¢)
2 = 22
arr dt " d (3)
ip-r+ d¥p(ip.¢) —iper— d¥clic.g)
dt dt

In the range of angles of rotation of the rotor in
electrical radians 3-w/ 2 < £ < 2-¢ transistors VT3 and
VT2 open, and transistors VT1 and VT4 — locked. The
phase A4 is connected in parallel to the phase B, and the
phase D — in parallel to the phase C. The VRM equations
can be written as

iB'r"‘W‘FiC'r-FdTC(ZC’;) - U

dt
I-D.r+55UD(ID,éV):_iclr_a'l'c(lcaé“); @)
dip dic

LA L A (i.0)
dt dt

Analytical flux dependences on the current phase
and angle of rotation of the rotor are presented in [3].

To solve systems (1-4) by the Runge-Kutta method
should be presented as a system of linear algebraic
equations for the production of time-phase currents.
Given that

iA-r

d¥@¢) _o¥ di 0¥,

dt oi dt o’

" ’ d 5)
w=—,

dt

Systems of differential equations (1-4), authorized
with respect to the first derivatives of currents, in
conjunction with the fourth equation of (1), the second
equation of (5) and equation (6) allow using Runge-Kutta
method, to get depending on the currents, torques and the
phase flux linkage on the time and angle of the rotor in
the gate, and the speed on time

do_[10¥si0) 4 [0Vs8) g
dt o¢ o 5
(6)

ic . ip .
N J'a'f’c(lc,é’) dig-+ J‘@SUD(ZD»g) wdip —-M, |IJ
. o o 9

where M, is the drag torque on the motor shaft; J is the
moment of inertia of the rotating masses.

In the correspondence with the presented
mathematical model the calculation program in the
environment MathCAD 2001 is developed.

Fig. 6 shows the torque phase of the angle of
rotation of the rotor when powered from a switch on the
VRM of Fig. 5 at the maximum power (solid curve), at
equal specific losses (dot dashed line) with specific losses

>

when powered by the VRM switch scheme asymmetrical
bridge, at least torque ripple (dashed curve).
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Fig. 6. Dependence of the phase torque on the angle of rotation
of the rotor when VRM powered from the switch according
to Fig. 5

Fig. 7 shows the resulting torque on the angle of
rotation of the rotor when powered from a switch on the
VRM of Fig. 5 at the maximum power (solid line), with
equation of specific losses (dash dotted line) with specific
losses when powered by the VRM switch by the scheme
asymmetrical bridge, at least torque ripple (dashed curve).
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Fig. 7. Dependence of the resultant moment on the angle of
rotation of the rotor when VRM powered from the switch
according to Fig. 5

Figures 8, 9 show curves of current change and the
phase flux linkages, respectively.

Fig. 8 shows the phase current dependence on the
angle of rotation of the rotor when powered from a switch
on the VRM of Fig. 5 at the maximum power (solid
curve), at equal specific losses (dot dashed line) with
specific losses when powered by the VRM switch scheme
asymmetrical bridge, at least torque ripple (dashed curve).

I,A_lz Jr._.,,r‘--.__._,\
v “~._‘ﬁ~\»‘_

D = -
0 45 90 135 180 225 270 315 360 Seldegrees

Fig. 8. Dependence of the current phase on the angle of rotation
of the rotor when VRM powered from the switch
according to Fig. 5

Fig. 9 shows the dependence of the phase flux
linkage on angle of rotation of the rotor when powered
from a switch on the VRM of Fig. 5 at the maximum
power (solid curve), at equal specific losses (dot dashed
line) with specific losses when powered by the VRM
switch scheme asymmetrical bridge, at least torque ripple
(dashed curve).
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Fig. 9. Dependence of the phase flux linkage on the angle
of rotation of the rotor when VRM powered from the switch
according to Fig. 5

Fig. 10 shows the dependence of the phase voltage
of the rotor rotation angle. The results of calculation of
the time of one phase of the VRM are shown in Fig. 6, the
resulting torque — in Fig. 7.
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Fig. 10. Phase voltage dependence on the rotor rotation angle

The calculated data of motors are given in Table 1
where P, is the net power; 7 is the rotational speed; 1, is
the phase current; P, are the winding losses; Pr, are the
iron losses; Py, are the losses in the switch circuit; P,ech
are the mechanical losses; AM is the value of torque
ripple; p, are the losses per unit of outer lateral surface of
the stator core (specific losses — the ratio of total losses in
the motor area to the outer lateral surface of the stator
core); W, is the number of turns in the phase winding.

Table 1
Py, W n,RPM | L, A, % | Py, W | Pre, W | Psjiy W | Ppeesiy W | AM, % | py, W/em? | B, T w, Switch circuit
1665 | 6006 |3.863|61.6| 59.8 | 540 114 325 38.8 1.621 1.121]130 Asym. bridge (Fig. 1)
1066 | 5997 | 2.67 |60.7|34.56| 256 79 322 21.18 1.07 0.772 (143 Asym. bridge (Fig. 1)
1066 | 5937 |3.464(53.2|129.61| 524 304 325 12.18 1.59 1.128 (102 | 4 diodes, 4 transistors (Fig. 5)

* Note. Calculation of losses in the steel is carried out by [1].

The motor powered by a switch on the circuit
asymmetric bridge (Fig. 1), the power, which provides a
maximum permissible winding temperature is 1.665 kW.
But at the same time the surge up to 38.8 %, resulting in
high levels of noise and vibration. Through the
installation of switching angles, to ensuring reduction in
torque ripple and reduce engine power to a level below
which there is a decrease in the value of torque ripple,
received power of 1.066 kW and a torque ripple value of
21.18 %. The same performance is achieved when the
engine power switch to it from four transistors and four
diodes. At the same time the cost of the switch according
to the scheme of the asymmetric bridge to date is 1200
UAH. The switch according to Fig. 5 cheaper, the cost of
it is 540 UAH. The pulsations of the engine torque with
the switch, as shown in Table 1, almost half that of the
smallest torque ripple motor powered by a switch on the
circuit asymmetric bridge.

Consequently, for motors with  improved
vibroacoustic characteristics it is necessary to apply
switch according to Fig. 5.

Conclusions.

1. For improved vibroacoustic characteristics of the
VRM is advisable to apply uncapacitor switch on four
transistors and four diodes, which allows you to receive
half the amount of torque ripple than the lowest value of
the motor torque ripple, eating from a switch on the
circuit asymmetric bridge.

2. The cost of the VRM with uncapacitor switch on the
circuit with four transistors and four diodes is more than

two times less than the engine with the switch on the
circuit asymmetric bridge.
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A.V. Chaban, V.R. Levoniuk, I.M. Drobot, A.F. Herman

MATHEMATICAL MODEL OF ELECTROMAGNETIC PROCESSES IN LEHERA LINE
AT OPEN-CIRCUIT OPERATION

Purpose. The work proposed for the modeling of transients in Lehera line uses a modified Hamilton-Ostrogradskiy principle. The
above approach makes it possible to avoid the decomposition of a single dynamic system that allows you to take into account some
subtle hidden movements. This is true for systems with distributed parameters, which in the current work we are considering.
Methodology. Based on our developed new interdisciplinary method of mathematical modeling of dynamic systems, based on the
principle of modified Hamilton-Ostrogradskiy and expansion of the latter on the non-conservative dissipative systems, build
mathematical model Lehera line. The model allows to analyze transient electromagnetic processes in power lines. Results. In this
work the model used for the study of transients in the non-working condition Lehera line. Analyzing the results shows that our
proposed approach and developed based on a mathematical model is appropriate, certifying physical principles regarding electro-
dynamics of wave processes in long power lines. Presented in 3D format, time-space distribution function of current and voltage
that gives the most information about wave processes in Lehera line at non-working condition go. Originality. The originality of
the paper is that the method of finding the boundary conditions of the third kind (Poincare conditions) taking into account all
differential equations of electric power system, i.e. to find the boundary conditions at the end of the line involves all object equa-
tion. This approach enables the analysis of any electric systems. Practical value. Practical application is that the wave processes
in lines affect the various kinds of electrical devices, proper investigation of wave processes is the theme of the present work.
References 12, figures 12.

Key words: mathematical modeling, Hamilton-Ostrogradskiy principle, Euler-Lagrange equation, electric power system,
power line with distributed parameters.

B pabome, na ocnose 0000uenn020 mMencoOUCUUNRIUHAPHO20 (WHMEPOUCYUNTIUHAPHO20) MEMOOA MAMEMAMUYECKO20 MOOENUPO-
6AHUSA, OCHOBAHHO20 HA MOOUDUKAYUU UHMEZPATbHOZ0 éapuayuoHHozo npunyuna Iamunbmona-Ocmpozpadckozo, npeonosice-
Ha mamemamuueckas mMooenb O0GYXHPOBOOHOU ONUHHOU JIUHUU INIEKMPOnepeday, Komopas pabomaem HA XO0T0CHOM X00).
Ilpeocmaenensl pe3yiomamol KOMRbIOMEPHOU CUMYIAUUU NEPEXOOHBIX NPOUECCOB 8 8UOE PUCYHKO8, KOMOPble AHATUIUPYIONCA.

bu6n. 12. puc. 12.

Knouesvie cnosa: mareMaTHYecKoe MoaeJIMpoOBaHue,

npuauun  amuiasTona-Octporpaackoro,

ypaBHeHue Diinepa-

.JIarpamlca, JJIEKTPOIHEepreTrudecKkas CUCTEMa, IMHUSA JJIEKTpoIiepeaay ¢ pacnpeaeJIeHHbIMA MapaMeTpaMu.

Introduction. Mathematical modeling of complex
electrical systems today is an important technical prob-
lem. With mathematical simulation device can analyze
electromagnetic and electromechanical transient processes
in electrical facilities and systems, not using for the latest
expensive full-scale experiments. No exception here and
electricity.

In the current work as an example Lehera system
analysis [1] uses a long line with distributed parameters
that runs on direct current. We know that these lines have
found their proper place in power systems around the
world. Transmission of electricity in this way: it reduces
losses in the lines (due absence of skin effect phenome-
non) makes possible association between local power
systems that operate with varying frequency and reduces
the cost of construction for large distances due to fewer
wires and auxiliary fittings, etc.

Unfortunately, in our country for some reason, how-
ever, and economic, in 2014 were brought down the only
DC line Volgograd-Donbass, which has been designed for
a voltage of 800 kV. But in highly developed foreign
countries mentioned lines are not only effective, but
commissioned new due to certain advantages mentioned
above. Here we can mention the following lines: Line
Pacific DC power 1400 MW, + 400 kV voltage, length of
1362 km for the transmission of electricity from hydro-
power plants in Oregon grid in Los Angeles; power
transmission line HPP «Xiangjiaba» — China's Shanghai
+ 800 kV voltage guarantees transmitting 6400 MW over
a distance of 2000 km; Canada three transmission line

length of about 900 km, built by HPP Nelson River, lo-
cated in the Arctic Circle, to the city Winnipeg in the
South of country. Epps was the third power of 2000 MW
at a voltage of = 500 kV; Brazil put into operation two
chains of the line of HPP Itaipu of throughput of 3,150
MW at a voltage of + 600 kV. The length of each circuit
of about 800 km, and others [2].

Analysis of last investigations. Among a number of
scientific papers devoted to the analysis of transient proc-
esses in power systems look at some of them, next to the
theme of this work.

In [3] developed a mathematical model of two- and
three wire power line AC to study transient processes and
phenomena of overvoltage in a 500 kV line. Based on the
software code ATP-EMTP transients were calculated and
investigated the phenomenon over during the emergency
state line.

A practical approach in the study of transient elec-
tromagnetic processes in [4] is represented. After describ-
ing the many cases of simulation modeling for selected
items grid requirements are presented. Also, a compara-
tive analysis of studies of transient electromagnetic proc-
esses in the correct and incorrect model grid is made.

In [5] the mathematical model of electromagnetic
transients in electrical systems that is based on discrete
nodal equations in phase coordinates and implicit numeri-
cal integration methods, which enables modeling tran-
sients with symmetric and asymmetric switching and inju-
ries in electrical networks of any configuration.
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The work [6] covers a wide range of analysis and
derivatives re-established processes in electricity under
the original angle. Materials book is based on the classical
approach to the modeling of electric-energy-systems. Un-
fortunately, apparently because of the limitation of the
volume of the book, the latter did not present the results
of computer simulation of wave processes in lines.

The goal improvement on the base of utilization of
variation approaches, methods of mathematical modeling
of transients in Lehera line which operates on a non-
working pace, and due to this more correctly simulation
of wave processes.

Variation model of the Lehera line. To build
mathematical models of objects under consideration with
a high level of adequacy to properly use basic fundamen-
tal laws applied physics, applied in the relevant fields of
science [9]. In our case this is electrodynamics [1, 6, 7].

Mathematical modeling is usually using two ap-
proaches. The first — a classic approach based on the law
of conservation of energy and the second — variation
based on minimizing functional of the system [9]. Each of
these approaches has its advantages and drawbacks, but
when used properly leads to reliable results [8]. In other
words, the roads leading to the final model is differ but
obtained the result — the same. Usually, choosing the right
approach to modeling is a proper of researcher.

We offer analysis of transients in line Lehera use
modified Hamilton-Ostrogradskiy principle (variation
technique) [9]. The above approach allows you to avoid
decomposition of single dynamic system, and to obtain
initial state equation energetic exclusively on a single
approach, enhanced by constructing Lagrange function
[9]. In other words, the proposed way allows you to build
dynamic systems models based on interdisciplinary ap-
proaches. This is especially true for systems with distrib-
uted parameters, and in that long transmission lines, as in
the equations of the facility it is necessary to consider:
electrostatic effects (arc phenomenon), thermodynamic
effects (conductors heating, especially during melting ice)
mechanical impacts on wires, in particular, various oscil-
lations (especially resonant and close to resonance (beat
fluctuations) processes) and others. In the current work
we do not consider the above mentioned effects, but these
effects, we plan to further consider our investigations ac-
tually for that we offer this approach.

A key element of the principle of modified Hamil-
ton-Ostrogradskiy is extended non-conservative Lagran-
gian. We present its analytical form [8, 10]:

L=T"-P +®" -D" 1)
where L" is the modified Lagrange function, T is the
kinetic co-energy, P’ is the potential energy, @ is the
dissipation energy, D" is the energy of external on-
potential forces.

We have already mentioned that the line Lehera
generally seen as a system with distributed parameters
[10, 11]. Then the elements of the modified Lagrange
function will not feature power, and their respective den-
sities [1]. So, functional of action by Hamilton-
Ostrogradskiy will have a form [9]:

15
S=j L*+J'L,dz d, Isz,dz,here L'=0, @
f ! !
where S is the action by Hamilton-Ostrogradskiy, Z; is the
linear density of the modified Lagrange function, / is the
energetic functional.
We write components of the expanded Lagrange
function (mean linear density) [9]:
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where i(x, £) is the current in the line, Ry, gy, Cy, L, are the
line parameters, @;; is the external energy dissipation, O3
is the internal energy dissipation, O(x,?) is the charge of
the line.

it

uft) u,

Fig. 1. Electric circuit of the Lehera line at open-circuit
operation

It is important to note that in equation (4) minus sign
appears! This is due to the fact that the function external
dissipation depends on the leakage current that flow be-
tween the line wires. Obviously, the electric transmission
line during the transfer of energy from the source to the
consumer consumes the energy dissipated in in space. In
other words, energy is transferred exclusively via the
electromagnetic field lines and wires only indicate the
direction of electromagnetic wave propagation [1].

Taking into account the equations (3), (4) the energy
functional will look like [9]:

t
L 1 Ry » &
1:.[—0 2o 2+.[— (0 drdl. (5
2 Qt 2C() Qx 2 Qt 2C§ Qx ( )
1 0 |e=z
We write the variation of the energy functional (5)
and equate it to zero

t
[1] 00 + Ry [0y d 160, -
/ 0 (6)

t
1 )
— C_OQx+C_gz|).thTdT 5Qx dl:o

Next, for each element of integrand expressions
we use the rule of integration by parts, also known as
Gauss-Ostrogradskiy theorem. Then, for the first
bracket will be [9]:
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and for the second one:
o
-| Gx{CO 0, +5L I 0, Tdr]&leJrQX, (8)
where Q,, Q, are the boundary conditions for the func-

tional (5).
From here we can write
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It is easy to see that variation of energy functional
can be zero only when equality to zero of integrand or
variations function of the charge of the line. As 60
never can be equal to zero [9, 12] the energy functional
(9) obtains a stationary value only in the case when
integrand equals zero, i.e. at presence of the Euler-
Poisson equation [9, 12]

2
L8Q+gOIaQ e, 00 g 20
Cy ox* ox? o ot
We write for the equation (10) an expression of
steady-state connections [1, 10]

~RyZE=0. (10)

1 o 70 _ 6 Q VR, o0 (11)
C() 6x 6! ot
Taking into account the expression [1]
t A2 t
J'Q d :a_Q’ J'a_Q dr=0 (12)
or? =z ot 2 ot
0 ‘t=7

we obtain finally the commonly known telegraph equa-
tion [1, 10]
2

a_g =L\ Cy—> i 9 (Roco + goLo)é_Q+ goRyQ. (13)
Ox or? ot

The equation of the Lehera line (telegraph equation)
is written for the function of the charge of the line. How-
ever, it is easily transformed to the common telegraph
equation

ﬂ_loco HRG+goka) 2 +80Rs A=(Qud - (14)

Experlence shows that for more optimal descrip-
tion of physical processes in the line it is useful to use
as a general function a function of voltage, i.e.
A =u(xr) [1,10].

We rewrite (14) in such a way:

2
% =(CoLy) 1(;—3—(80]40 +C0R0)V—80R0”}% =v.(15)
The most important problem solving equations (15)
is to determine the initial (v(x.,f)|;~,) and boundary
(u(x,1)|y=9 and u(x,t)|,~;) conditions. As to the first, then the
problem is solved in the accustomed way (they calculate
their from previous research or take zero). The main prob-

lem is to find the boundary conditions. In general, the
voltage at the beginning u(x,?)|,—y and at the end u(x,t)|,~;.
Of the line are unknown. In the particular case (on the
current work) voltage is known at the beginning of the
line, while at the end of the line — no. Actually finding
this voltage we loan.
We write equations (11) in such a way (taking into
account Q. (x,f) = Efou(x,t)):
oulx,t
o (16)
Further, for the power transmission line we write
equations (15), (16) in the discrete space (we discretize
them by the line method)

= Ryi(x,1)+ L, %t’t) :
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7=Vj, j=2,...,N—1. (19)

We rewrite equations (17), (18) for the N-th node of
discretization in the correspondence with Fig. 1 in such a
form:

dVN _ 1 1

(= 2uy +uy)-

dt B C()LO (Ax)z 5 (20)
~(goLo + CoRo vy — goRou ]
Uyl —UN—
- =0, 21
e (21)

where uy.; is the discretization node voltage function at
the fictitious layer [10] which will be found from the
equation (21).
Then,
UNyl ZUN- - 22)
Taking into account (20) and (22) we write the final
equation of the long line for the N-th node

dvy 2 P 2 gORo
dt CoLy (Ax)z v CoLy (Ax)z COLO
_ 8oLy + CyRy vy 23)
CoLy
duy
— =y, 24
i (24)

An important functional dependence that is interest-
ing for the potential users is current value in elements of
the Lehera line. Its calculation is possible in such a way.
Discretizing equation (16) by the line method (right de-
rivative) we have:

M~1—U~ . dll
—#=Rozj+Loz (25)
From here we obtain finally
di 1 R
J 0 . .
—=—\u;,-u;)-——i;, j=1...,N—-1. (26
dt LOAx(/ ) L, (26)

Compatible integration is subject to this system of
differential equations: (17), (19), (23), (24), (26).
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Computer simulation results. Computer simulation
is carried out for the Lehera line at DC at open-circuit
operation. The line has the following parameters:
Ry = 08610" Qkm, L, = 0.13410"° H/km,
Co = 0.85:10® F/km, g, = 0.375-107 S/km, length of the
line / = 600 km. The line is supplied by the DC voltage
u(x,t)|=o =400 kV.

In Fig. 2-4 spatial distribution of the electromagnetic
wave as functional dependences of currents (1) and volt-
ages (2) is presented. From these Figures we can see
physical basics of electromagnetic processes in the long
Lehera line. Let us analyze these processes.

U kV LA
480 — 1000—

460 — 800—
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420 — 400~ 2
400 — 200
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380 —| T T T T T T T T \
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0 300 600

Fig. 2. Distributions of current (1) and voltage (2) in the line at

t=0.002s
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400 —-300 T T . ‘ : X, ‘km
0 300 600
Fig. 3. Distributions of current (1) and voltage (2) in the line at
t=0.004 s

Fig. 2 shows the spatial distribution of functions of
current and at time 0.002 s. Analyzing the mentioned Fig-
ure it is easy to see that the function of voltage begins to
decrease, and the central line rises sharply upward. A
stream function in the same place on the contrary — falls.
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Fig. 4. Distributions of current (1) and voltage (2) in the line at

t=0.1s
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Fig. 5. Representation of the voltage transient function in the
central point of the line

Recall that although the line is at open-circuit opera-
tion, leakage currents and currents in cell lines will be
present. Actually the reason — is capacitive currents be-
tween the wires line. Obviously, at the end of the trans-
mission line current will equal zero because the line is
unloaded.
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Fig. 6. Representation of the current transient function

in the central point of the line

o

Fig. 3 shows the same, but in time 0.004 s. If at time
0.002 s (see Fig. 2) function of voltage increased to
460 kV but at time 0.004 s this growth was 750 kV. Volt-
age has almost doubled. As for the current, they fell by
almost four times.
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Fig. 7. Representation of the voltage transient function at the

end of the line
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Fig. 8. Representation of the current transient function at the end
of the line

Fig. 4 shows again the same as in Fig. 2 and 3 at the
time when the transition process is almost completed. Of
the Figure shows that deviation of functions of voltage
and current almost took a minimum value. In other words,
the amplitude of the electromagnetic wave due dissipative
process significantly decreased. Oscillation process prac-
tically attenuates.
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Fig. 9. Temporal-spatial distribution of the voltage function
att €[0;0.02] s

Fig. 5-8 show transient functional dependences of
voltage and current (temporal distribution). The first two
Figures concern central node of the line for voltage and
the central segment of the line for line. The second two
Figures — the penultimate node of the line and penultimate
discrete circuit of the line.

Through a comparative analysis of the above Figures
it is easy to see that the function of voltage (see Fig. 5 and
7) changes little. See quite a different picture (see Fig. 6
and 8) regarding currents. The current changes almost 8
times. This is because the line power transmission line is
(open-circuit operation).

Fig. 10. Temporal-spatial distribution of the voltage function
at¢ €[0.02; 0.04] s

Fig. 11. Temporal-spatial distribution of the current function
att €[0;0.02] s

Fig. 9 and 10 represent the line voltage as a function
of time and spatial coordinates. These figures are pre-
sented in 3D format. Notably relatively high information
content of these figures, which is that the spatial and tem-
poral distribution of creating three-dimensional space. It
is advisable to analyze the Figures mentioned in compari-
son with Fig. 2-5 and 7.

¥ km
Fig. 12. Temporal-spatial distribution of the current function
att €[0.02; 0.04] s

Fig. 11 and 12 show the same as the previous two,
but the function of current. As we see the function of
voltage and current are in opposite phase. Because the
nature of the stress associated with the electric field and
the magnetic current we can make a conclusion of space
perpendicular fields £ and B which maintains the classic
electrodynamics [1]. The presented figures it is advisable
to analyze in comparison with Fig. 2-4, 6, 8.

Conclusions.

1. Variation approaches to modeling processes in long
power lines make it possible to avoid the decomposition
of a unified system, while the final form of the equation
of state exclusively from single energy approach by build-
ing Lagrange expanded function.

2. An important point in the solution of differential
equations of state of long line is a search of boundary
conditions that often is veiled, incorrectly set, and the use
of boundary conditions Neumann and Poincare boundary
conditions. Finding these conditions entails full engage-
ment of system of differential equations of studied object
including transformers, reactors, compensation devices,
etc., which greatly complicates the calculation of tran-
sients in a long line.

3. Experience shows that during the analysis of local
power systems as the best option long line the telegraph
equation it is advisable to write in a function of voltage.
In the case of modeling of local energy systems where
they use electromagnetic model elements of these systems
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(¥ — type and A — type) have difficulty with utilization of
known method of nodal voltages which makes impossible
to determine voltage at the beginning and end of the line
and therefore it is impossible to correctly solve the equa-
tion. All this calls into question the degree of adequacy o
eventual results that are obtained by known engineering
program Mathematica, MatLab, etc., a especially the use
of these programs becomes impossible when considering
the circuit-field model elements. In this case, each actual
task we must use appropriate apparatus of mathematical
modeling.

4. Based on the results of computer simulation we can
make a number of conclusions:

e voltage function has the greatest amplitude of oscil-
lations at the end of the line when the current function — at
the beginning of the line;

e spatial distribution of functional dependence of the
line of sending (Fig. 2, 3 and 4) confirms the physical
principles regarding electrodynamics of wave processes in
long lines of power supply;

e presented in 3D format temporal-spatial distribution
of functions of current and voltage provides most infor-
mation on wave processes in Lehera line at open-circuit
operation.

Materials of this work will be used in further studies
that will cover long three-phase power lines with various
kinds and types of loads.
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INTENSITY SETTER FOR A DEVICE OF SMOOTH START OF SUBMERSIBLE PUMP
ELECTRIC MOTOR

Purpose. Development of an intensity setter, which in a rational law changes the opening thyristor the voltage regulator and ef-
fectively to changing power supply voltage stator windings of the electric pump deepening, ensuring a smooth start in a wide
range. Methodology. Electric submersible pump belongs to the small inertia electric, since it is not significant total moment of
inertia, not exceeding two moments of inertia of the motor and static moment on the shaft does not exceed forty percent of the
nominal torque. For technical requirements that electric acceleration time should have no less than twenty seconds or more. Of-
fice starting modes of electric submersible pumps economically justified using thyristor voltage regulator by forming the dial
changes the intensity of the necessary legislation in time voltage feeding the stator windings. This ensures a smooth start right
rotor of the electric submersible pump. Results. A block diagram of the intensity setter that is: with control unit, two units that
form the exponential voltage supply emitter follower and regulatory elements. The mathematical expressions for voltage at the
stator windings of the motor, changing exponentially, opening the angle of thyristor power unit thyristor the voltage regulator,
which is determined through the initial angle of opening. Provided formula for pick-up voltage and minimum voltage, time con-
stants, which are determined from the basic equations of motion and mechanical characteristics of the electric motor. Analytical
investigated by the voltage dependence violation by changing the time constant flowing and growing exhibitor supply voltage sta-
tor electric circuit deepening pump. Originality. Proposed in the initial time on the stator windings of the electric pick-up voltage
is applied. Under the influence of this voltage, motor rotor begins to accelerate. At the same time, pick-up voltage decreases the
minimum startup voltage varies exponentially in which the rotor of the electric motor continues to rotate more steadily. Now the
voltage at the motor stator windings increases exponentially to the nominal voltage of the supply network. This start flowing
smoothly for the right time to establish nominal rotor speed of the motor. Practical value. Developed dial allows you to increase
the intensity of the electric motor acceleration time and reduce the dynamic loads of the electric submersible pump. References 9,
tables 1, figures 2.

Key words: submersible pump, induction motor, thyristor voltage regulator, opening angle of thyristor, intensity setter, start-
up, acceleration time.

Paccmampueaemesn 3a0aua ROCmMpoenus 3a0amMUUKa UHMEHCUBHOCIU OA (POPMUPOSCARUA USMEHEHUS Y2lia OMKPLIGAHUA MU-
PUCIOPOE Pecyiamopa HANPAXCEHUA. MO NO360IAEM MEHAMD NO CIOMHCHOI MPAEKMOPUL HANPAIICEHIE NUMAHUA HA CMAmMOope
INIEKMPOOsUAMeNna NOPYHCHO20 HACOCA, 0Decneuuean, mem Camblm, HYHCHOE 6PeMA NIAGHOZ0 YCKOPEHUA 6PALeHUs POMOPA.
Jna peanuzayuu 3a0amuurka UHMEHCUEGHOCMU ARNAPAMHBIMU CPEOCINEAMU AGMOMAMU3AYUU NPeOCmasiena O10K-cxema, a
RPOZPAMMHBIM Rymem — mamemamuyeckue epipaxcenus. bu6n. 9, Tadin. 1, puc. 2.

Knrwouegvie cnosa: MOrpyKHOM HACOC, ACHHXPOHHBIH 3JIEKTPOABHIaTe]b, THPUCTOPHBIA PEryJsiTOP HANPSIKEHUS, YroJl
OTKPBIBAHHSI THPHCTOPOB, 33/IaTYHK HHTEHCHBHOCTH, IIyCK, BpeMsl YCKOpeHHs.

Introduction. The growth of both residential and
industrial construction in recent years has made steady
and quality supply one of the priorities. The most promis-
ing way is to use its underground water sources via wells
of varying depth, which is a complex hydraulic structure
that requires a skilled approach to construction and reli-
able equipment — borehole pumps. These units are spe-
cifically designed to work in rather difficult conditions.
They are expensive and, because of the specific installa-
tion, repair them connected with considerable difficulties
and costs. Therefore, when selecting such equipment
should pay attention to detail and a number of practical
points to help extend the smooth operation of the equip-
ment and minimize operating costs.

One of these key parameters — a way to start an in-
duction electric submersible pump (IESP), which is one
of the most negative modes for the electric motor and
water-lifting pipe and water supply part of the well. The
electric pump in this period briefly exposed to peak, so it
inrush current of 4.7 times the nominal value at a rela-

tively low starting point. This leads to increased wear
thermal insulation of stator windings, which greatly de-
pends on the reliability and durability of the motor. Nox-
ious a launch for the unit and the well as a whole, as is
often accompanied by a hammer that breaks pipeline
valves and pump itself. The most effective solution to all
these problems is to ensure smooth start IESP.

Analysis of investigations and publications. Create
and start the study of controlled AC motors are widely
covered in domestic and foreign literature. Generally, for
this purpose, the following ways: switching scheme of
«star» in the scheme «triangle» or the inclusion of the
electric motor via a starting transformer or by phase con-
trol voltage on the stator or the use of frequency convert-
ers [1-9]. In practice for IESP economically feasible is a
relatively simple device parametric phase control. It uses
thyristor voltage regulators (TVR), which is the most
widespread, their operation will be used in the future for
electric low and medium power [1-3, 6, 8].
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Control starting modes of electric drives using TVR
most simply perform by creating necessary laws intensity
dial changes the time pressure that feeds the stator wind-
ing. Applied to the stator supply voltage regulating by
means of open angle a, thyristors TVR included in the
stator electric circuits. Running start on a constant or con-
tinuous (linear or exponential in law) changing angles o,
formed via hardware or software setters of intensity.
When the static load on the shaft of the mechanism can
not regulate a wide range of time starter motor, thereby
reducing starting currents and electromagnetic shock
value points [2, 3, 6, 7]. However, the known laws regu-
lating angle a, not allowed to perform controlled start
IESP, the technical requirements that need to have time to
disperse at least 20 s or more. IESP refers to small inertia
drives, since it is not significant total moment of inertia
Js<2J,, (J, is the motor moment of inertia) and static
torque on the shaft M<0.4M, (M, is the rated moment).
Therefore, at the start of the IESP methods known enough
moving voltage U, to electric overclocked to speeds close
to par. This launch is not controlled and executed by a
time equal to 0.4-0.8 s and is not regulated in time. Fur-
ther increase in the nominal voltage does not significantly
impact on the smooth start-up, as the motor speed changes
in a small range [8, 9].

The aim of the work is the theoretical study, devel-
opment and implementation of controlled smooth start
asynchronous electric submersible pump when used TVR
with dials of intensity, which in a rational law will change
the angle of opening thyristors that will effectively influ-
ence the supply voltage stator windings of the electric
motor to provide a wide range of time smooth start and
extend the smooth operation of hydraulic structures and
minimize operating costs.

Results of investigations. Smooth start of IESP is
performed in the following manner. At the initial time in
the stator winding electric voltage is applied start U,. Un-
der the influence of this voltage motor rotor begins to
accelerate. At the same time, the voltage decreases Uj
moving during the start t1 exponentially to the minimum
voltage Up,. At this voltage motor rotor has steadily con-
tinued to rotate. Since at time #; and achieve a minimum
voltage U, the voltage at the motor stator windings in-
creases exponentially to the nominal voltage of the supply
network Uj,. This start flowing smoothly at the right time
t, to establish nominal rotor speed of the motor.

To implement this method of launching hardware
device used by intensity setter block diagram of which is
given in Fig. 1.

7, Regulating |—p Forming block (¢ 8, Regulating
element that changes element
voltage
exponentially 4
Start c |
ontro Emitter
block
5 follower
6
Forming block yy
that changes
9, Regulating > Voltage 10,Regulating
element exponentially 5 element
Supply network
. > Synchronization
Submersible > block
pump > 12
: v
: <
Power < Pulse-phase &
block < control
TVR 13 [ block

Fig. 1. The block diagram of the intensity setter
for smooth start for motor type IESP

When implementing this method by software the fol-
lowing mathematical expression is used:

Uge ™ /tn , at
U, +Umin(l—e"2/’" ) at 1 <t<ty,
where #,, 1, are the time constants, ¢, s the total time of the
IESP start.
Opening angle of thyristors of the power block of
the TVR is determined by the initial angle of opening o):
o (l—e_tl/t"l at 0<t<#;
a =1 : @)

s _
a(o)e t2/t", at | <t<t,.

Oﬁtﬁtl;
U

sn

(M

The voltage of moving and minimum voltage in ex-
pression (1), respectively, are determined by formulae:

MmO
U,=U =, 3
S Sn Mn ( )
Ml
N
Umin =Ugn s 0 S
M

where M S is the static torque at a fixed electrical motor
rotor motor; M, is the electrical motor starting torque at
the rated supply voltage; M 1 is the static loading torque

at a minimum rotor speed of an electric motor; M® is the
torque of the electrical motor at the rated voltage and the
minimum rotor speed of the electrical motor.

Time constant #; in expressions (1) and (2) is deter-
mined from the basic equation of motion of the electric
motor and mechanical characteristics:
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where Jy is the superficial electric moment of inertia of
electric drive; @] , @mi, are the synchronous and mini-

mum rotor speed of the electric motor; M, is the electro-
magnetic torque, determined by the mechanical character-
istics of the electric motor.

Substituting numerical data gives the value # (5),
not exceeding five periods of the mains voltage and calcu-
lated for a specific drive. Became time ¢, in the same ex-
pressions (1) and (2) is chosen within one or two values
specified time launch. This is because the voltage is suffi-
cient to disperse IESP in the area of operating speeds,
defines smooth start-up, significantly below the nominal
voltage is calculated from the parameters of a particular
drive. Therefore, increasing the acceleration time IESP in
the area of operating speeds, it is necessary to increase the
daily time .

The Table gives values and Fig. 2 — depending U, =
ft/t,) by changing the time constants ¢, ¢, and voltage U,
which was calculated by the expression (1). Charts volt-
age U; are a fraction of nominal voltage Uy, and the cur-
rent time — a fraction of time in direct starting asynchro-
nous machine with a nominal voltage and T, — between
the supply voltage change network U,

From the results obtained it follows that increasing
the time constant t2 from 5 to 25 T, the minimum voltage
Umin On the stator of the electric motor reaches a value
equal 0.3Uy, (Fig. 2,a). Increasing the time constant #, of
values required time ¢, of the start of the electric drive to a
value equal 10¢, leads to the fact that this stress signifi-
cantly reduced and reaches a value equal 0.05U,.

Table
Dependences U, / Uy, = ft/t,)
Characteristic No. ; ; Characteristic No. U
(Fig. 2,a) o (Fig. 2,b) s
1 5t, | 25T 1 0.85
2 5t, | 5T 2 0.65
3 5t, [12,5T, 3 0.5
4 tn | 5T
5 3t, | 5T
6 10t,| 5T

= == == Calculation

Experiment

Us/Usn
0.8

0.6

0.2 0,4 0,6 08 L0
b
Fig. 2. Dependences U,/ Uy, = f(t/t,)

As the U, decrease to 0.5U, (Fig. 2,b, the third
curve) this function for a time equal to #/¢, = 1 reaches a
value equal 0.35U,/Uy, at U, = 0.8Uj, (the second curve) —
0.43U,/Uy, — 0.43 (Fig. 2,b). At the same time at Uj/Us,,
(the first curve) function has already reached the value of
0.62. Reducing voltage U; leads to longer rise of the func-
tion Uy/U, = f(t/t,).

Conclusions.

1. The necessity of using a wide range of accelera-
tion time of rotor induction motor TVR submersible
pump with dial intensity, which has two time constants
that vary exponentially and takes into account the
magnitude of the voltage moving of the motor rotor is
proved. If you change a designed dial intensity con-
stant voltage value of time and moving of the rotor
turns the family characteristics of feeding pressure
from TVR which could be given to stator windings to
form the starting modes asynchronous electric sub-
mersible pump and extend the smooth operation of hy-
draulic structures and minimize operating costs.

2. Developed intensity setter can be used to form the
frequency converter starting modes used, for example, in
electric drives of conveyor machines for burning pellets.
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RESULTS OF CALCULATION-EXPERIMENTAL INVESTIGATIONS OF ELECTRO-
THERMAL RESISTIBILITY OF SHEET STEEL SAMPLES TO ACTION OF RATIONED
COMPONENTS OF PULSED CURRENT OF ARTIFICIAL LIGHTING

Purpose. Calculation and experimental researches of the electro-thermal resistibility of the steel sheet samples to action standard
pulse current components of the artificial lightning with amplitude-time parameters (ATP), corresponded the requirements of
normative documents of USA for SAE ARP 5412 & SAE ARP 5416. Methodology. Electrophysics bases of technique of high
tensions and large impulsive currents (LIC), and also scientific and technical bases of planning of devices of high-voltage
impulsive technique and measuring in them LIC. Current amplitude 1, 4~=+200 kA (with a tolerance of £10 %); current action
integral J =21 0° A%-s (with a tolerance of £20 %); time, corresponding to the amplitude of the current 1,4 t,,4<50 microseconds;
the duration of the current flow t,,<500 microseconds. Results. The results of the evaluation of the calculated and experimental
studies of electro-thermal resistance of the samples of plates measuring 0,5 m x 0,5 m stainless steel 1 mm thickness to the action
on them artificial lightning impulse currents with rationed ATP on the requirements of normative documents of USA for SAE
ARP 5412 & SAE ARP 5416. A pulse A- component have a first amplitude 192 kA, the corresponding time of 34 us, and the
duration aperiodic component amplitude 804 A, corresponding to the time 9 ms. It has been shown that the long C- component
current of artificial lightning can lead to keyhole these samples. The diameter of the holes in this thin steel sheet, which is formed
during the flow of current C- components can reach 15 mm. The results of calculation and experiment agree within 28 %.
Originality. For the first time in world practice on the generator large pulsed currents experimental studies of resistibility of sheet
steel samples to the action of artificial lightning currents with critical parameters. Practical value. Using the results obtained in
the practice of lightning protection will significantly improve the functionality and fire safety of different objects in conditions of
exposure to linear lightning. References 15, figures 15, tables 5.

Key words: main components of lightning current, impulse current generator of artificial lightning, flat steel sample, electro-
thermal resistibility to lightning..

Ilpugedenst pe3ynomamel OUEHOUHBIX PACUEMHBIX U IKCHEPUMEHMATILHBIX UCCIE008AHUIL ITIEKMPOMEPMUYECKOU CIOUKOCHU
onvimulx 0opazyoe naacmun pasmepom 0,5 m x 0,5 m u3z nepycageroujeir cmanu moawunon 1 mm K 6030eiicmeuto Ha HUX
UMRYIbCHBIX MOKO08 UCKYCCMEEHHONU MOJIHUU ¢ HOPMUDPOBAHHBIMU RO MPeOosanusam Hopmamuenolx 0oKymenmos CIIIA SAE
ARP 5412 u SAE ARP 5416 amnaumyono-epemennvimu napanempanu (ABII). Hcnonv3osanucey Konebamenvnas umnynbcnas
A- Komnonenma c nepeoii amnaumyooii 192 kA, coomeemcmeyroueit epemenu 34 mxc, u anepuoouueckaa onumenvuan C-
Komnonenma amnaumyooiu 804 A, coomeemcmeyioweii epemenu 9 mc. Ilokazano, umo onumenvnas C- KOMHOHeHmMa mMoKa
ucKyccmeennou moanuu ¢ nopmuposannvimu ABII moscem npueooumsv K CK6O3HOMY RPONIAGNEHUIO YKA3AHHBIX 00pPA3U0G6.
bubn. 15, puc. 15, Tadmn. 5.

Knrouesvie cnosa: 0cHOBHbIE KOMIOHEHTHI TOKA MOJHHM, FTeHEPATOP MMITYJILCHOT0 TOKAa MCKYCCTBEHHOH MOJHHH, MJIOCKHUI
CTaJIbHOIT 00pa3ell, 2JIEKTPOTEPMUYECKAasi MOJTHUECTOHKOCTD.

Introduction. For direct impacts of linear lightning,
developing in an air atmosphere of the Earth with an
average rate of 100 discharges per second [1, 2], in the
high-altitude engineering structures placed on the earth's
surface, the amplitude-time parameters (ATP) pulsed
current in the plasma channel its discharge may taking
dangerous both for external structural elements, as well as
electrical power and low voltage electronic equipment
contained within these structures. According to the
requirements of the current normative US SAE ARP 5412
and SAE ARP 5416 documents [3, 4], relating mainly to
be exposed to direct lightning strikes aerospace objects,
the pulse current of the lightning discharge consists of
two main components: the pulse 4- and long-term C-
components. This ATP of normalized pulse A4-
components of lightning current according to [3, 4] take
the following numerical values: current amplitude
1,4 =% 200 kA (with a tolerance of £ 10%); current action

integral J,;=2-10° As with (with a tolerance of + 20 %);
time corresponding to the amplitude of the current 7,
1,4<50 ps; the duration of the current flow 7,,<500 ps. In
this case, the normalized ATP of the aperiodic long-term
C-component of lightning current should be the following
numerical values [3, 4]: the current amplitude
I,c = =£(200-800) A; transferred electric charge
gc = £200 C (with a tolerance of + 20%); the duration of
the current flow 7, = (0,25—1) s. In 2007, at the Research
and Design Institute «Lightning» of the NTU «KPI» a
powerful high-voltage generator type YUTOM-1 artificial
lightning current was created [5], which forms on the test
technical object ATP pulse current of the lightning
discharge on the requirements of the normative
documents [3, 4]. The authors are not known publication
of the effects of lightning on the elements of technical
installations, made of thin-walled stainless steel.
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Therefore, estimates of theoretical and experimental
studies of the stability of the level (resistance) of such
elements to direct lightning strike them with the current
parameters close to the limit, are of practical interest.

1. Problem definition. Consider a flat sample with
size in plane of 500x500 mm from stainless steel
12X18H10T of 1 mm thickness, which is experiencing
the outdoors a direct effect of the plasma channel of
artificial lightning, which has a cylindrical shape. Let this
channel flow pulsed 4- and long-term C- current
components of lightning, standardized ATPs that
correspond to the requirements given in [3, 4]. It is
required initially carry an estimate of the results of the
electro-thermal effects on the reporting sample of said
pulse current component of artificial lightning, and then
using a generator-type YUTOM-1 perform experimental
testing electrothermal lighting resistibility prototype to the
direct impact it plasma channel artificial lightning.

2. The calculated electrothermal resistance of
steel samples to the current of the artificial lightning.
We perform the first assessment of the stability of the test
specimens of thin steel to act on them pulse current
flowing in the channel of the lightning discharge,
according to the procedure recommended in [6] by the
International Electrotechnical Commission.

2.1. The results of calculations by standardized
methodology of evaluate thermal lighting resistibility.
The international standard IEC 62305-1 (see Appendix D,
formula D.9) shows the analytical relationship, provide an
estimate of V) metal object melted due to the effects of
lightning current to it, depending on the elapsed with the
amount of electricity in the next form [6]:

VozUac'ch % 1 , (1)
dO Cw(@m - @e)+ Cs

where V) is the volume of melted metal of the object, m’;
U, is the anode or cathode DC voltage drop near the
object, V; g4 is the the amount of charge carried by the
A- or C- component of the lightning current, C; d, is the
density of the object’s material, kg/m®; C,, is the heat
capacity of the object’s material, J/(kg-°C); 6, is the
melting temperature of the object’s material, °C; @, = 6,
is the ambient temperature of the surrounding media, °C;
C; is the heat of fusion of the object’s material, J/kg.

To assess the size of holes or cavities, which may be
formed in this sheet sample of stainless steel with a
predetermined thickness % exposed to lightning current,
known numerical indicators contact the main physical
parameters for stainless steel have been used 12X18H10T
shown in Table 1.

After substituting the values of the parameters of the
Table 1 in (1) by varying the charge g, = q. values were
obtained cylindrical volume ¥}, of the molten steel, which,
when divided into a thickness 4 of the sheet, gives the
corresponding values of the area round the heating zone
and the radius 7. of penetration holes in a steel specimen
shown in Fig. 1.

Table 1
Parameters for the steel 12X18H10T [6-8]

Parameter Dimensionality Value
Uge v 10
do kg/m’ 7900
C, J/(kg°C) 462
6O, °C 1455
o, °C 20
C, T/kg 84-10°

For a lightning current C- component of duration 7,¢
from 2 to 40 ms charge g.=q4=10 C at a current strength
is achieved in its channel, ranging from 5 kA to 250 A.
When assessing the radius ., formed holes should be
borne in mind that the heat flux is supplied in a steel
sample is not a dot, and for the area of a circle of radius
rme. Therefore, the molten metal spot radius can not be
less than r,,.. Radius r,. channel of lightning depends on
the strength of the current flowing in it and to normal
atmospheric conditions is defined as [8]:

Fone = 0.11-107 (1,,.)* . )
where I, is the maximal value of current for the long-
term C-component of lighting current in the plate, A.

The results of calculation by (2) of the value of

radius 7, of the channel with C- current component are
presented in Table 2.

L 77

Fig. 1. The dependence of the radius 7, of the melting hole
formed in the test steel sheet of thickness / via leaked through
his material amount of electricity g,

Table 2
Values of radius 7,,. of the channel of lightning
depending on the current of C-component
Current [,,c, A 100 200 400 800
Radius r,,., mm 1.10 1.56 | 2.20 3.11

When the thickness of the steel sheet #=1 mm and
the elapsed charge ¢.=10 C at radius of melting holes
therein in accordance with (1) will be approximately
equal to ».=1.64 mm. The same radius, starting from (2),
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has a lightning channel at a current in it [,,c = 222 A. We
can therefore assume that the action of the steel sheet
(h=1 mm) C- components lasting approximately 40 ms
and the current strength (the average for the time of the
action), about 220 A burning of the sheet will occur. For
particular values of C- component g. charge current
components which have been observed in experiments
(see subsection 4 below), the estimated value of the hole
diameter 2r. of the selected sample is melted steel
(h=1 mm) at ¢~187 C reaches 20.8 mm; and at
q~=165 C - 18.0 mm. The results of penetration of the
steel plate (A=1 mm) calculated by the method of [6] did
not consider the process of heat removal from the sample
of the local heating zone of presence of skin effect and
merely assume its cylindrical hole burning. Therefore,
they are numerically overstated.

2.2. The results of calculations by the method of
mathematical modeling based on the applied code.
Method of solution of the problem used electrothermal
further based on known fundamental analytical solution
of the thermal problem for the massive flat metal
conductor with instant surface point source disc-shaped
heat radius ro [9]. This analytical solution [8] was the first
approximation extended to the case of pulsed current at
direct lightning strike into a sheet. Between time 0 < ¢ <,
in the area of the circular support band channel has a
lightning shape heat source disk radius r, with average
heat flux g(¢) applied to the flat outer surface of the metal
plate uniform wall. In the cylindrical coordinate system
for spatial and temporal changes in the temperature rise
O(r,z,t) in the material of the wall of a steel sample
thickness % in a circular area of effect to it in time air t
surface heat flow with the average density go(f) of the
plasma channel lightning current can write the following
approximate solution of the unsteady electrothermal
problem [8]:

Ty
0(r.zt) = ﬁ j 10(D)qo (D F (r,z,t —T)dz,  (3)
0

7o

where 0(r,z,t) = (6, — ) is the temperature rise of the wall
material of the metal sample; 6, is the current and time-
varying temperature of the flat wall of the sample
material; §, is the ambient temperature of the air around
the wall; r is the radial coordinate directed from the axis
of the current channel of lightning along the wall of a flat
sample; z is the longitudinal coordinate directed from the
lightning current hearth heat exposure inside the center of
the flat walls of the sample; go(7) is the average density
acting on the wall surface steel sample heat flow caused
by lightning plasma channel;

F(r,z,t—7) = exp[—zcq / 49 (t — 7)] %

o0
-1/2 2
x(t =) [expl-q(t =)V 1 cg Vo ()1 (vrp)abv;
0
7, v are the auxiliary variables; r((7) is the current value of
the lightning current channel radius; ¢ is the current time;

ty is the duration of the pulsed 4- and long-term C-
components of the lighting current; J,, J; are the
respectively the Bessel functions of zero and first order;
Ao, Co are the respectively the thermal conductivity and
specific heat capacity of the wall of the volume of flat
steel material sample taken for the solved problem
constants.

Described briefly the mathematical model has been
implemented as an application program [10], which
allows the calculation of the consequences of thermal
effects on the pulsed 4- and long-term C- components of
lightning current. Here joint consistent effect on steel
samples of said lightning current component is not
considered. The results of the approximate numerical
calculations on the program [10] the thermal action of
only one pulse 4- component lightning current on a steel
sample (k=1 mm) are presented in Table 3.

Table 3
Results of assessment of the thermal action
of A- component on the steel sample [10]

Lugs | twas | Tpa» | Melting depth 4,4, | Melting radius 7,4,
KA us us mm mm
192 | 34 | 500 0.04 31.6

In addition to the above, we note that we are
considering the case of the radius rOA channel lightning
pulse A4- component according to its current by the
Braginsky formula as follows [8]:

0.4 =0.093(1,)" (1) @

When 7,,,=192 kA and ¢,,=34 ps radius ry4 of the
lightning channel, calculated at (4) is equal to 31.3 mm. It
is evident that this numerical value of radius 7,=31.3 mm
is consistent with the radius of r,,=31.6 mm surface
melting steel sample zone, caused by the action of pulse
A- component to it. As a result of pulsed 4- component
with a current /,,,=192 kA, through penetration of the
sheet is not observed. In accordance with Table A.3 of the
Standard [6] with a current probability of lightning more
200 kA is not more than 0.01 (1 %). Therefore, thermal
effect alone activities A- lightning impulse current
component of the steel sheet with a thickness #=1 mm
and more can be ignored in terms of occurrence of it
therein through hole.

The results of assessment on the basis of (2) and (3)
a steel plate (=1 mm) on the thermal action on its outer
surface of long-term lightning current C- component are
shown below in Table 4.

It should be noted, that the physics of the process in
real lightning current sheet is more complicated than in
the above calculation model. An important factor here is
the consistent flow of the A- and C- current components.
As a result, the wall is done preheating object A4-
component of the current. Therefore, obtained by [10], the
results underestimate the value of the radius of the hole in
the steel sheet for the received version of their action. We
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can assume that the actual size of the hole in a sheet of
two-component impact of natural lightning are between
the values of the diameters calculated according to the
methods discussed above.

Table 4
Results of assessment of the thermal action of
long-term C- lightning current component on the flat steel
sample of thickness #=1 mm [10]

qcs | Ines | Te=Tiong=to, | Diameter 2r. of the Average
C A ms melted hole, mm current, A
10¥| 500 40 2.72 250
20% [ 1000 40 4.06 500
40" | 800 100 4.96 400
125 | 500 500 6.40 250
200 | 800 500 7.72 400
350%]1400 500 9.68 700

Note.

*) The probability of exceeding the tolerable in the plasma
channel lightning storm magnitude charge gc of 10 C and
20 C, respectively, as determined by 50 % and 20 % ([6], see
Fig. A.5);

1) Excess of gc amount of charge over 40 C transported
downward lightning negative polarity, has a probability of less
than 5 % (see [6], Table A.1);

2) Excess of the value of the lightning charge gc over 350 C
transported by the lightning of positive polarity, has a
probability of less than 5 % (see [6], Table A.1).

3. The test circuit and the electrical parameters of
high-power high-voltage generators of PCG-A4 and
PCG-C. Fig. 2 is a schematic diagram of the type of
generator YUTOM-1 used in the experimental studies on
electrothermal lighting resistibility of test specimens (TS)
of the selected steel roofing technical facilities. From this
scheme it is clear that the structure of two separate and
parallel operating one electrical load type YUTOM-1
generator included TS of pulse current generator (PCQ),
one of which PCG-4 simulates pulse 4- component of an
artificial lightning current and other PCG-C — long-term
C- component of artificial lightning current. We point out
that their own electrical parameters of the discharge
circuit generator HIT-A up [5]: resistance R;~0.057 Q;
inductance L,~2,5 pH; capacity C, =333 uF. Own the
electrical parameters of the discharge circuit generator
PCG-C were equal to [5]: resistance R~4.74 Q;
inductance Lc=~11.43 mH; capacitance C=~45.36 mF.
Generator PCG-4 was compiled on the basis of 111
parallel-connected high-voltage pulse capacitors such as
HK-50-3 (rated voltage of £50 kV; nominal capacity 3
puF) and PCG-C generator - based on 324 parallel
connected high-voltage pulse capacitors NMM2-5-140
(nominal voltage =5 kV; nominal capacity 140 pF) [5,
11]. The discharge circuit generator PCG-4 three-
electrode mounted air switch F; with massive steel
electrodes, and the discharge circuit PCG-C generator —
air-electrode switch F, with graphite electrodes.

< ‘Fll _ ‘Fz
iU3A —LC :tU3C
La T Lc
I'BIIN
Ra J2C O Rc
C C
= =+

Fig. 2. Principal electrical circuits of high-current discharge
circuits of generators PCG-4 and PSG-C to form a roof in steel
sample pulse 4- and long-term C- artificial lightning current
components (I'BIIU — generator of high-voltage igniting
microsecond pulse amplitude voltage of + 100 kV; Fy, F, —
respectively, three and two-electrode spark high-voltage
overhead switches PCG-4 and PSG-C; C,=180 pF — luggage
capacity on the pulse voltage up to + 120 kV in the circuit of
I'BIIU controlling the actuation of the spark switches F; and F»;
JIDC — two-electrode system; 1O — roof test specimen; 1K —
shunt coaxial type IIIK-300 for measurement of artificial
lightning impulse current amplitude from =10 to +300 A kA;
+U 4, £U;¢ — charge voltages respectively of PCG-4 and
PSG-C; L, and L¢, R, and R¢, C and C¢ — respectively own
inductances, active resistances and capacitances of discharged
circuits of PCG-4 and PCG-C) [8]

High-voltage switches F, and F, are high voltage
products of own production [12]. Flat steel sample
according to Fig. 2 firmly fixed on the desktop, a
powerful generator of YUTOM-1 between the massive
aluminum electrodes that are connected to the bit
generator circuits PCG-4 and PSG-C. In the test circuit as
shown in Fig. 2 for playback on plasma channel TS
artificial lightning using air two-electrode system (TES),
provided with a thin electrically exploding wire (EEW).
As an EEW in accordance with [3, 4], a copper wire with
a diameter of 0.2 mm and a length /,=(37-50) mm. Fig. 3
shows in enlarged form the TES of the generator desktop
YUTOM-1. The air gap between the top A, a massive
cylindrical electrode TES and massive flat bottom
electrode — TS could range from 27 to 14 mm. Air gap 4,
in TES between EEW and TS remained unchanged and
equal to about 1 mm.

TUT-A

Fig. 3. Enlarged schematic representation of TES used in high-
current discharge circuit generators PCG-4 and PSG-C in the
preparation of flat steel TS at pulse 4- and long-term C- current
component of an artificial lightning (1 — upper massive
cylindrical steel electrode, 2 — thin copper EEW; 3 — lower the
massive flat steel electrode (TS); 4 — solid aluminum electrodes
are designed to secure the TS; 4, — the length of the air gap in
the TES; A, — the length of the air gap between the lower edge of
the circular copper EEW and the outer flat surface of the TS) [8]
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Fig. 4 is a perspective view of used TES.

: Y = - 1 |

Fig. 4. General view of the TES with copper EEW desktop of

generators PCG-4 and PSG-C when tested in their discharge

circuits TS thin steel roof on electrothermal resistance to direct

impact on them of pulse 4- and long-term C- artificial lightning

current components with a normalized according to [3, 4] ATP
(1;=37-50 mm) [8]

Charge voltages of high-voltage capacitors
generators PCG-4 and PSG-C to perform the planned
experiments selected negative polarity, and the modules,
respectively, their levels do not exceed U;4<25 kV and
Usc<4.2 kV. Selecting the polarity of the charging
voltages Uiy and U;c determines the need for physical
modeling of the most severe in terms of electrothermal
conditions described in the TES and, respectively, in the
area round the binding of a high cylindrical plasma
channel with artificial lightning current on the outer
surface of the flat steel roof TS technical facilities. To
prevent mechanical damage to the capacitor banks
generators PCG-4 and PSG-C and provide the required
safety conditions and safety for maintenance powerful
generator type YUTOM-1 personnel in the emergency
mode of his work (for example, in electrical breakdown of
insulation of at least one of the 435 these capacitors in
their charge or discharge) all high-voltage outputs are
used capacitors generators PCG-4 and PSG-C protective
resistance were installed, made from high-voltage
constant bulk graphite-ceramic resistors type TBO-60 for
DC voltage +25 kV [5, 13]. Moreover, in the terminal of
the capacitor-type HK-50-3 were installed protective
resistors type TBO 60-24 Q (rigid assembly of four
parallel connected resistors), and WM?2-5-140 type
capacitor terminals — one protective resistor type TBO-
60-100 Q. Parallel operation of generators PCG-4 and
PSG-C on steel roof of the TS according to the diagram in
Fig. 1 simultaneous actuation of high-voltage three-
electrode-managed air switch F; with massive
hemispherical steel main electrodes at the rated voltage of
+50 kV [12] and the high-voltage two-electrode air switch
F, with massive rectangular graphite electrodes
containing a flat working surface, a rated voltage of

+10 kV [12]. In turn, the synchronous operation of
switches F, and F, performed by feeding through the
separating capacity C, to switch F; average spherical steel
electrode set fire by a generator of high-voltage pulses
(GHVP) of microsecond duration voltage pulse amplitude
to £100 kV [5, 12]. In the breakdown by GHVP one of
the two air gaps switch £ and its subsequent activation
occurs surge voltage to a TES with TS leads to virtually
simultaneous with it and triggering the switch F,. After
tripping switches F; and F, due to discharge pre-charged
high-voltage capacitors generators PCG-4 and PSG-C
through TS of steel roofing technical facilities begin to
flow simulated lightning current pulses required by [3, 4]
ATP. It should be noted that the nominal value of the
stored electrical energy in the power generators PCG-A4
and PSG-C are respectively 416 and 567 kJ [5, 8, 13].

Measuring ATP of pulsed 4- and long-term C-
artificial lightning current component in the identity of the
roof steel was carried out with the help of attorneys
metrological service measuring coaxial shunt type K-
300 [14], has for these currents, respectively, conversion
factors K,~10417 A/V and K=5219 A/V and digital
storage oscilloscope Tektronix TDS 1012 type.

4. Results of tests of the roof steel samples for
resistance to pulsed 4- and long-term C- artificial
lightning current component. Fig. 5 shows a general
view of the desktop with powerful TES generator
YUTOM-1 and is rigidly fixed to it a flat roof TS steel
thickness #=1 mm in the grooves of massive aluminum
electrodes that are included in the high-current discharge
circuit of high-voltage generators of PCG-4 and PSG-C.

Fig. 5. External view of Ts of steel roof fixed in TES with

EEW desktop YUTOM-1 type generator, to direct exposure

to high-voltage generators of PCG-4 and PSG-C of pulsed

A- and long-term C- artificial lightning current component
(h,=27 mm; [,=50 mm)

The following two types of experiments to
determine the electrothermal lighting resistibility identical
TS steel roofs have been received for the same values of
charging voltage in the PCG-4 and PSG-C (U;,=-25 kV;
Us=-4.2 kV), the air gap h,~1 mm and two values of the
air gap h,, equal to 27 and 14 mm.

4.1. Results of experiments at 4#,=27 mm. Fig. 6
shows the waveform of pulsed 4- component of artificial
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lightning current flowing in the identity of the roof steel
technical facilities.
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Fig. 6. Waveform of pulsed 4- component of artificial lightning
current acting on the TS of the roof

From decoding of the waveform it follows that for
this case the amplitude of the first pulse 4- component of
artificial ~ lightning current TS steel roof was
1,4/~192 kA. This amplitude decaying exponentially
oscillating current component corresponds to the time 7,4,
equal to 34 ps. The duration of the first half-wave 74
current in this case was about 94 s, and the total duration
of the current components 7,, simulated lightning - about
500 ps. Fig. 7 is a waveform of C- aperiodic long-term
artificial ~ lightning current amplitude components
I~ -804 A, flowing in the id stainless steel roof (k=1
mm). It can be seen that the duration of this component z¢
lightning surge current at 0.5-7,,c was equal to about 160
ms, and its complete length z,c — about 0.516 s. #,¢ time
corresponding /,,c amplitude equals to 9 ms.
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Fig. 7. Waveform of long-term C- component of artificial
lightning current acting on the TS of the roof

According to Fig. 6 on the curve of the long-term
C- components of artificial lightning current, especially in
the final stages of its course, clearly visible multiple

superimposed oscillations due to combustion instability of
TS pulse arc of the roof in the air gap length 4,=27 mm.
At the current time ¢, equal to 7,c~0.516 s, given the
instability of the arc leads to the edge of the plasma
channel and an end to the long-term C- component of the
current in the tested TS of the steel roof. Decoding the
waveform in Fig. 6 shows that over time the amount of
electricity from 7,c~0.516 s, elapsed in the discharge
circuit of the generator PSG-C through the TS of the roof,
was in this case the absolute value of about 178 C. This
charge corresponds to the average value of current used in
current components in the TS equal icc=q/t,~—345 A.

Figures 8 and 9 show the outer appearances and
back surfaces of the TS steel roof after co-exposure to the
pulsed A- and long-term C- artificial lightning current
component with the ATP, the relevant data waveforms in
Fig. 6 and 7. It can be seen that the penetration through
the wall of the roof TS stainless steel thickness A=1 mm,
in this case (h,=27 mm) has not occurred. Rounded
binding zone on the outer surface of the steel roof TS of
pulsed 4- component of simulated lightning current was
the largest dimension of up to 60 mm. The depth of the
crater formed in this area does not exceed 50 um. The
circular zone of long-term C- binding prolonged artificial
lightning current local melting of the components
occurred TS steel wall material of the roof, having a
melting point of about 1455 °C [7, 15]. The diameter of
the melting zone as shown in Fig. 8 and 9 does not exceed
23 mm. On the back surface of the steel roof of the TS
clearly manifested «discoloration» the action of its
material high temperature pulsed Joule heating.

f -y 1= (
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Fig. 8. General view of the outer surface of the steel roof TS
circular hearth direct exposure to the pulsed 4- and long-term
C- artificial lightning current component with a normalized
according to the requirements [3, 4] ATP
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Fig. 9. General view on the rear surface of the TS steel roof
rounded hearth direct exposure to the pulsed 4- and long-term
C- artificial lightning current component with a normalized
according to the requirements [3, 4] ATP

4.2. Results of experiments at #,=14 mm. Figures
10 and 11 show waveforms respectively for pulsed 4- and
long-term C- prolonged artificial lightning current
components obtained with respect to the test steel roof of
the TS electrothermal lighting resistibility decreases in
TES value %, to 14 mm. ATP of the pulsed components of
the simulated lightning current at the same time fully
consistent with the ATP this current component of the
lightning discharge, shown in Fig. 6. With regard to ATP
of the long-term C- component of the current simulated
lightning, in this case (h,~=14 mm; /=37 mm) were
changed only their three parameters: total duration ic
current flow decreased to 7,,~0.448 s; elapsed charge has
decreased to a value of ¢c=165 C; average current
increased to the level of icc= —367 A. Despite these
changes in the long-term ATP of the long-term C-
components of artificial lightning current, in this case
occurred keyhole TS roof wall stainless steel with
thickness #=1 mm. Diameter 2r. penetration holes in TS
was 12 mm (Fig. 12).
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Fig. 10. Waveform of the pulsed 4- component of artificial
lightning current acting in high-current discharge circuit high-
voltage generator PCG-4 on flat steel roof of thickness of
h=1 mm (1},,,~=192 kA; t,,,/~34 ps; 7,,~500 ps; J~1.9-10° Az-s)
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Fig. 11. Waveform of the long-term C- component of artificial
lightning current acting on the flat roof of the TS steel of
thickness of A=1 mm (/,,c=—804 A; t,,c=9 ms; 75~160 ms;
7,070.448 55 g~—165 C; icc==367 A)

Obtained when h,=14 mm experimental results
concerning the keyhole simulated lightning current of the
test thin-walled sample steel roof technical facilities, it
can be explained by the fact that a decrease in the length
of the air gap 4, in TES (respectively, and the length /, for
EEW) desktop type used generator YUTOM-1 comes
stabilization zones binding on the outer surface of the TS
steel roof of plasma channels for long-term C- and pulsed
A- artificial lightning current component. In addition, the
decrease in the value %, prevents branching (division) in
the air cylinder configuration corresponding plasma
channels for high-voltage electrical pulse and arcs (trace
smelting from such channel separation for simulated C-
current components of lightning just present in Fig. 8
and 9) which also contributes to the local concentration of
heat energy generated in the material studied stainless
steel roofing samples.
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Fig. 12. External view of the area with a diameter of about
12 mm of penetration through the flat wall TS steel roof
(h=1 mm; h,=14 mm) by a direct action on long-term
C- component of the current artificial lightning and rounded
zone diameters up to 58 mm in its surface melting from direct
action on TS of pulsed 4- components of with standardized
requirements for [3, 4] ATP

In favor of this physical explanation of penetration
through the wall of the test thin-walled steel roof TS used
by us pulse currents with a decrease in the length of the
air gap in the TES A, (even with a decrease in leaked
through the TS of the electric charge for a long-term C-
artificial lightning current component from 178 to 165 C)
show results followed by a series of experiments carried
out on a powerful generator type YUTOM-1 study at TS
h,=14 mm. Figures 13 and 14 show the corresponding
waveform for use in this case pulse current component of
artificial lightning. If the curve for the pulse current
component A simulated lightning in the latter case,
repeats similar curves for this current component of
artificial lightning, shown in Fig. 6 and 10, the curve for
long-term  C-  lightning current component are
significantly different from those of the current curves
shown in Fig. 7 and 11. These differences mainly relate to
more stable combustion over TES in high TS i¢ pulsed arc
with a current in the air gap length 4,=14 mm. One of the
signs of the process flow of the arc is the virtual absence
of the curve aperiodic current ic imposed considerable
amplitude fluctuations (see Fig. 14). The consequence of
this electromagnetic process is increased the total duration
7,¢ flow through pulse current TS steel roof ic, reaching
the numerical value of 0.736 s. This implies also an
increased amount of electricity gc~ —187 C, elapsed
through a rounded zone of the plasma channel binding
long-term C- component of artificial lightning current on
the outer surface of the TS.
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Fig. 13. Waveform of the pulsed A- component of simulated
lightning current acting in high-current discharge circuit PCG-4
high-voltage generator on a flat thin-walled steel roof 10 of
thickness of A=1 mm (/,,,,~—192 kA 1,,,~34 ps; 7,,~500 ps;
J=1.9-10° As)
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Fig. 14. Waveform of the long-term C- component of simulated
lightning current acting in high-current discharge circuit PCG-C
high-voltage generator on a flat thin-walled steel roof 10 of
thickness of A=1 mm (/,,c=—804 A; t,,c=9 ms; 15~160 ms;
7,c70.736 85 g~—187 C; icc=—254 A)

Fig. 15 shows the appearance of the direct results of
the joint impact on the flat thin-walled (A=1 mm; 4,=14
mm) of the TS roof stainless steel pulsed 4- and long-
term C- artificial lightning current component normalized
by [3, 4], the ATP which led to keyhole steel wall TS.
2r,,4 diameter of the surface (to a depth of no more than
50 pum) electrothermal exposure chamber on the outer
surface of the flat roof on steel TS from pulsed
A- simulated lightning current components made with up
to 59 mm. The diameter of the holes in the area of
penetration through the wall of the test sample from the
roof of the electrothermal effect on her long-term
component of the current long-term C- simulated
lightning was 15 mm.
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Fig. 15. External view of rounded zones of thermal influence on
the flat roof of the TS steel of pulsed 4- and long-term C-
artificial lightning current components with standardized

requirements for [3, 4] ATP accompanied keyhole TS wall (=1

mm; 2,=14 mm)

5. Comparison of the results of calculation
estimations and performed experiments. This
comparison is conducted for the case of a direct action on
experimental walled (A=1 mm), the samples of stainless
steel 12X18H10T C- current component shown in Table 5
(the experiments were performed at the air gap length in
TES h,=14 mm).

Table 5
Comparative data for the results of the executed
calculations and experiments for evaluating thermal
lighting resistibility of steel samples

Diameter of the melted hole in the steel sample
3HayeHne wall (A=1 mm), mm
3apsna q., C . By formula | Numerical method
Experiment
&) [10]
165 12.0 18.0 7.1
187 15.0 20.8 7.7

From Table 5 it follows that the calculated results of
the evaluation electrothermal lighting resistibility of steel
specimens (A=1 mm) using (1) satisfactory (with an
accuracy of up to 28%) agree with the results of the
experiments.

Conclusions.

1. The results obtained at the Research and Design
Institute «Lightning» of the NTU «KPI» computational
and experimental evaluation studies electrothermal
resistance experienced flat sample size in terms 500x500
mm stainless steel | mm thick to the direct impact on
them in the air of pulsed 4- and long-term C- artificial
lightning current components with standardized ATPs
according to the applicable requirements of the US
regulations SAE ARP 5412 and SAE ARP 5416 indicate
that we investigated thin-walled steel samples can be
exposed keyhole. The diameter of the through-hole

penetration in the investigated samples of steel round
anchor zone on the outer surface of the plasma channel of
long-term C- components of simulated in the laboratory
lightning current can reach 15 mm.

2. A significant influence on the results of the electro-
thermal effects of artificial lightning plasma channels
with 4- and C- components of the pulse current at the
steel studied experienced technical facilities provide
examples of electrical processes of binding the
corresponding plasma channels on their outer surface and
burning them on a high-voltage pulse of the arc in the air
gap TES used in the experiments, a powerful high-voltage
generator type YUTOM-1 artificial lightning current.

3. To prevent possible flashpoint of flammable liquids
and materials, placed under the bottom of the thin-walled
steel liner with these characteristics, is striking in the open
air directly blows high-lightning, it requires the
development of specific technical measures that increase
the fire safety of such technical facilities to act on them
large pulsed lightning currents.
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A TECHNIQUE OF MEASURING OF RESISTANCE OF A GROUNDING DEVICE

Introduction. Measurement of resistance of the grounding device (GD) by means of a three-electrode system. This requires not
only the right choice of installation locations of measuring electrodes, but also the determination of the point of zero potential.
Implementation of these requirements quite time-consuming, and in some cases impossible. Aim. Develop a new technique for
measuring the electrical resistance of the GD. Task. The method of measuring the resistance of the GD with the help of a three-
electrode setup is necessary to exclude the determination of the point of zero potential. Method. Mathematical modeling and cal-
culation engine. Results. A three-electrode system for measuring the resistance of grounding devices (GD) for various purposes is
considered. On the basis of Maxwell equations a theoretical substantiation of a new technique for measuring the resistance of
any GD of any construction in random soil structure has been proposed. An equation system of the sixth order has been obtained,
its solution makes it possible to measure its own mutual resistance in the three-electrode installation with sufficiently high accu-
racy. Peculiarities of drawing up a calculation scheme of substitution of a three-electrode installation with lumped parameters:
self and mutual impedance. Use of the principle of reciprocity eliminates the need of finding a point of zero potential which is a
rather difficult task. The technique allows to minimize the spacing of measuring electrodes outside the GD, which substantially
reduces the length of wiring of the measurement circuit and increases the «signal-to-interference» ratio and also removes the
restrictions on the development of the territory outside the GD being tested. Conclusion. The procedure allows to evaluate the self
and mutual impedance grounding all the electrodes in a three-electrode measuring installation of the grounding resistance of the
device without finding the point of zero potential. References 12, tables 2, figures 11.

Key words: grounding device, resistance measurement, three-electrode installation, minimum spacing of measuring
electrodes, technique of measuring, substitution circuit.

Paccmompena mpexnekmpoonas ycmanoeéKka 01a U3MEPEHUA CONPOMUGNEHUA 3A3eMAAWUX ycmpoiicme (3Y) paznuunozo
Hasznauenusn. Ha ocnose ucnonvzosanus cucmemol ypasnenuii Makceenna npeonorxceno meopemuueckoe 000cHosanue Memo-
OUKU usmepenusn conpomuenenusn 3y n1060i KOHcmpyKyuu 6 npou3eonsHoii cmpykmype cpynma. Ilonyuena cucmema ypaghe-
HUl Wecmozo nopaoKa, peuieHue Komopoil no3eoisaem onpeodeums coOCmeeHnble U 63aUMHbLIE CONPOMUGTEHUA 6 MPEXINEeK-
MPOOHOIL YyCManogKe ¢ 00CMAMOUHO 6bICOKOU MmOoYHOcmblo. Paccmompenvl ocobennocmu cocmagnenusa pacuemnoil cxemol
3amewienun mpexineKmpooHoll usMEPUmMebHOl YCMAHO08KU C COCPEOOMOYEHHbIMU NAPAMEMPAMU: COOCMEEHHBIMU U 83AUM-
HblMu conpomuenenusamu. Ucnonv3ya npunyun 63aumMHoCmu, UCKIIOYEHA HEOOX00UMOCHIL OMBICKAHUA MOYKU HY1€6020 NO-
menyuana, npeocmasnAoueco 6ecoma mpyooemkyr zaoauy. Memoouka nozeonaem obecneuums MUHUMATLHO 603MOIMCHbLIL
DPA3HOC UBMEPUMENbHBIX INEKMPOO08 3a npedenamu 3Y, umo cyujecmeeHHO ymeHbuiaem ONUHY COeOUHUMENbHBIX NPOGOO08
CXeMbl UBMEPEHUA U YeeIuiUGaem OmHOuEeHUE «(CUZHAI—NOMEXU), d MAKHCe CHUMAEem 0ZPAHUYEeHUs RO 3ACMPOIiKe meppumo-
puu 3a npedenamu ucciedyemozo 3y. butdin. 12, radn. 2, puc. 11.

Kniouesvie cnosa: 3azemuisiiolmiee yCTpPoOiicTBO, M3MepeHHe CONPOTHUBJIECHHUS, TPEXIEKTPOIHAS YCTAHOBKA, MHHUMAJIbHBIN
Pa3HOC U3BMEPHUTEIBHBIX 3JIEKTPOI0B, METOIUKA, CXeMa 3aMeLeHu .

Introduction. Fundamental works of famous scien-
tists: A.L. Vainer [1], S.I. Kostruba [2], A.B. Oslon [3]
[u.V. Tselebrovskii [4], A.I. Yacobs [5], and others deal
with problems of measurement of electrical parameters of
the earth and grounding devices (GD). In their works do-
mestic and foreign researchers note that one of the main
problems is that the exact measurement of resistance of
GD for various purposes.

Currently, widespread is a three-electrode measuring
device for measuring the resistance of the GD. One of the
main problems to be solved to get to this setting, suffi-
ciently accurate results, is as specified in [6], the right
choice of places measuring electrode, i.e. correct place-
ment at which the measured value is accompanied elec-
trodes different from its true value by not more than a
certain amount, which is called acceptable error of meas-
urement. It is usually assumed that at the measurement of
the GD resistance error of about 10% in either direction is
acceptable [5].

Measurement of resistances of large GD in a uni-
form soil is presented in [6] which describes the calcula-
tion method defined-division optimal placement of meas-
uring electrodes when measuring resistance of large GD
permitting the electrodes placement at short distances by
GD. However, it is noted that the calculations with the
help of earth considered models have only limited appli-
cation due to their external fields.

Analysis of Tagg methods for measurement of
earth resistance given in [7] showed that Tagg method
is not suitable in soils with increasing the depth of soil
resistivity.

Besides, in the conclusions of [8] it pointed out that
there is a fundamental ability to accurately measure of the
GD resistance for any character of the soil heterogeneity
and any size and configuration of GD without the use of
computational programs which also shows the realization
of this possibility. However, unfortunately, in this case it
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will be necessary to determine the location of the poten-
tial electrode by finding the point of zero potential on-site
measurements.

Mathematical modeling of the GD resistance meas-
urement process for current of industrial frequency in
multilayer soil is presented in [9] which describes an al-
gorithm for calculating the GD resistance measurement
errors of electrical installations in multilayer soils at vari-
ous locations of the measuring electrodes and is an exam-
ple of building an equal error lines for GD complex
shapes in a four-layer ground. Unfortunately, as the au-
thors note [9], choose a layout of electrodes, in which the
measured GD resistance equals true, experimentally in
measurements on the ground is impossible.

The goal of the work is theoretical substantiation of
methods of measuring the GD resistance by means of a
three-electrode measuring setup with any character of soil
heterogeneity of any size and configuration of GD and the
random placement of the measuring electrodes.

Theoretical justification of a developed GD resis-
tance measurement technique. Three-electrode system
for measuring the resistance of memory for various pur-
poses in the general case is a multi-electrode system. A
calculation of multi-electrode systems in a linear conduc-
tive medium of any structure, as noted in [9], based on a
system of equations proposed by Maxwell [10].

In this regard, we first consider the example of the
calculated equivalent circuit when placing passive
grounding in the current field of active GD. Fig. 1 shows
the elements of the equivalent circuit: R, is the active GD,
R, is the passive GD, R;; is the mutual resistance.

O

"2O) ¥4 @ Y3 @

@Iz . @11 Eﬁffs

Fig. 1. Mutual influence of active (1) and passive (2) GD

We assume that the current source /; has the second
pole (R3), being located so that its field has no effect on
the potential at point 2. Potential in point 2 (¢,) is deter-
mined as [;*Rj; then from passive electrode R, current [,
flows into the ground. Source (of current) loaded by addi-
tional current I»; if the source is defined as a «source of
voltage», the potential of point 1 (¢;) is reduced. In the
case of «source voltage», power load increases due to the
summation of the currents /; and /. The presence of the
two currents (/; and I,) allows the use of already known
system Maxwell equations:

@ = 1Ry + [HRy5;
(1)) =]1R12+12R2. (1)

We note certain limitations in determining the (pilot)
of mutual resistance: from the experience of two ground-

ing resistance R, is indefinable. The desire to determine
all three resistances is realized when working with a sys-
tem of three mutually influencing groundings.

Maxwell equations define the potential field com-
munication, whereas to simplify calculations it is more
convenient to use the equivalent circuit with some (¢, 7,
R) parameters.

On the example of two GD streamlined by the same
current source (U, /) in a series chain (Fig. 2), consider
the options of the equivalent circuit.

O

A O) p202)

s

Ri1 i Rz

o o

Fig. 2. The system of two GD at their series connection

Following the electrostatic analogy and Maxwell
equations we have

= IR — IRy»;
4 B 1 12 )
Oy = —[R12 + IRZ
On the base of equations (2) we can write
@1 +¢=U=1I(R R+ Ry —Rpy)= 3)

=I(R + Ry = 2Ryy)= IR,y

Following equation (3) the equivalent circuit has a
form (Fig. 3).

Ov ®

Ri: R:>

-Ri2 -Ri12=R 21

Fig. 3. A variant of the equivalent circuit
for series connected GD

The circuit shown in Fig. 3 is suitable for mathe-
matical modeling, but not for the physical model because
of the negative resistances R|,. The physical analogue for
the circuit in Fig. 3 we present in the form of a diagram
on Fig. 4.
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R R

Fig. 4. Calculated analogue of the equivalent circuit

By equality of input resistance of circuit on Fig. 3
and Fig. 4 we have:

Rl + Rz - 2R12 :—(Rl * R2 )R12X . (4)
Rl +R2 +R12X

After arrangement of summands we obtain

)
2RipxRiy =(Ri+ Ry ) = 2Ry (R +Ry), (5)
and from here we obtain
(Ri+R,)
Rppy =17 2) _p_p 6
12X 2Ry 1~ Ry (6)

or obtain a relation between resistances R, (see formula
(5)) and R,y

(Ri+R,)
Ry = (7)
2R +Ry+Ripx) -

We take into account that mutual resistance R;, less
than the smaller of resistances R, or R, and R,y > 0.

Using the model for the Fig. 4 in the calculations
permits to find the value R,y in view of the expression
(7) makes it possible to determine the relative resistance
Ry,x; accounting effect of R, (with the appropriate sign)
should be carried out according to Fig. 3.

Measurements at two GD (see Fig. 2) by the input
source (U, I) do not allow to decipher the values of Ry, R,
and Ry, as well as the potential ¢, and ¢,. We introduce
the third electrode to the point 3, as shown in Fig. 5, and
consider three experiments: 4, B and C.

Fig. 5. A three-clectrode system of GD, experiment 4

In the experiment A the active electrodes 1 and 2,
streamlined common current / from the source, create a
potential field for the passive electrode 3, which deter-
mines the potential of the latter:

@3 =Rzl —Rpl =I(Ri3—Ryp) = IRy . (8)

There are U;; and U, voltage. For example, when
U;, < Uy and influence of the electrode 2 on the for-
mation of ¢; increase over the electrode 1. Under the
influence of ¢; in the electrode 3 the current /3 = ¢3/R;
flows. In the case of Us, < U,z current /3 has same di-
rection as the current in resistance R,; direction of cur-
rent / in the electrode 1 is assumed positive, and in
electrode 2 — negative.

The presence of current /3 should be considered for
active electrodes 1 and 2 through the respective mutual
resistance in Maxwell equations. Taking into account the
expressions (8) for the active electrode 1, the summand
appears

R3-R
LR :_1( 13 32)R13,
Ry
and potential of the electrode 1 is determined as

Ri3—R
D :Rll—Rlzl—]%Rl?, =
3

©)
Rz — Ry )R
=I{R1—R12—( 13— Rsp )Ry

3

Analogously, we obtain potential for the active elec-
trode 2:

:|=IR1E.

(Ri3—R3p)R3y
R

}IRM. (10)
3

Py = I{Rz —Ryp+
Potentials ¢, p,and @3 according equations (8), (9)
and (10) are expressed by source current / and values of
resistors (own R; (R;, R, and R;) and mutual R,
(Ri2= Ra1, Ri3= R31 and Ry3 = Ryy)).
Voltage measurement between passive 3 and active
1 and 2 electrodes determines respectively

Uiz =01 —93;
Upp=¢p3—¢,.
As aresult,
U
U
Usy =I(Rsp —Ryp) and %=R3E_R2E' (12)

Voltages measurement U3, U;, at current / deter-
mines left-hand sides of two coupling equations with six
resistors according to (11) and (12).

The next two equations we obtain as measured input
current between points 1 and 3. In this case, according to
Fig. 6, we consider experiment B.

9T
(pw@ ‘Pi@ W@

]
R 23 |
R3 1\1_| |_R.z @1‘12

R
rl]yr -

12

Fig. 6. Connection of the source (U, /) in the experiment B

52 ISSN 2074-272X. Electrical Engineering & Electromechanics. 2016. no.3



Voltages U and current / are «owny for this experi-
ment, i.e. they different from the values in the experiment
A. Measuring voltages Us, and U, allows to determine,
for example Us, < Uj; a then to assume current in the re-
sistance R, coinciding with the direction of current in the
resistance Rj.

For the passive electrode 2 we have potential

@2 = I(Ry3—Ry3)= IRy,
and flowing from its current
L=1 (Rys — Ri2)
Ry

For the active electrode 1 we determine potential by

expression

Ryz —Ry» )R
(p121|:R1_R13_( 23 RIZ) 12}=1R15~
2

Taking into account mutual influences, for active
electrode 3 we have potential

(Ryz3 = Ria)Ry3
o

As a result, we obtain voltages available for meas-
urements

§03=[|:R3—R13+ :|=1R3E.

U
Uiy =¢1 — ¢y =1(Rip — Ryp) or % =(Rip—Ryg) (13)

and voltages
U
Usy =3 =@ = I(Ryp — Ry ) or %=(R35 ~Ryp)- (14)

In the experiment C the source (U, I) is connected
between points 3 and 2 as shown in Fig 7.

!
v 4O

v O

Z

/‘*\ R13 R23
RN 0 — R |V r——3—r{ |11
Rz

—|— 1

Fig. 7. Connection of the source (U, I) in the experiment C

Measuring voltages U3 and Uy, allows in the case,
for example U3 > Uj, assume the potential ¢, near to
potential ¢, and currents for points 1 and 2 have the same
direction.

We express potential of passive electrode 1:

o1 =—IR;y +IR3 =1(R3~Ri)=IRp .

Current /; in the resistance R; we determine by for-
mula:

I =I(R13 _Rl2).
Ry

Potentials of active electrodes 3 and 2 are respec-

tively determined by formulae:

R:—R
» =1(R3 — Ry _¥Rl3j =IRp;3
|

and

(R3—R

12)
) :I(Rz—R32+ R RIZJZIREZ-
1

Because of in this experiment we measure voltages
Uiy =¢ — ¢y = 1(Rpy — Rp)
and
Uiz = ¢ — 93 = I(Rg — R3)»
then finally we obtain next two equations:

U

%:(REI_REZ) (15)
and

U

%Z(REl—REs)- (16)

So, above consideration determines amount of tests
(measurements) in three experiments (4, B, C).

Input of the source (U, /) in points 1 and 2 (experi-
ment 4) and measuring voltages Ujs, and Usyy at current
1, gives a possibility to calculate input resistances

Uiy
=R_
7, (1-3)4
and
U
324 ~ Ra_ays.
1,

Such resistances are left-hand sides of equations:
e from equations (8), (9) and (11) we obtain

Ri1-3)4 = {(R1 - Rlz)_(Rla—RM
3

o from equations (8), (10) and (12):

—(Ri3—R3y).(17)

Ri3—Ryp)R3, |
R(3-2)4 = {(Rz _R12)+(13R# +(R3p — Ry3).(18)
3
Experiment B, input of the source (U, /) in points 1
and 3 and measuring voltages U;yp and U,z at current /.
Taking into account above-mentioned (expressions
(13) and (14)) we obtain

U,
Ri2)p = 1112;3 =
(19)
Ryz — Ry» )R
:{(RI_RB)_—( 23 RIZ) 12}(1323—1312);
2
U
R(3-2)p = 1323 =
? (20)

- {(& ~Ryy)+ Bos = RiaJRoy ‘élz)RB } ~(Ryy ~ Rix).

Experiment C, input of the source (U, /) in points 3
and 2, measuring voltages U,;c and Ujyc at current /.
Taking into account expression (15) we obtain

U, Rz — Ry )R

12C:(R12_R13)+ R2—R32+( 13 12) 12 | _

Ic R (21)
=Ri-2)c>

and from expression (16) we have
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UIBC =(Rip —Ri3)+ {Ra —R3; —(RB_RM} =
c 1 (22)
=R-3)c-

Finally, we obtain a system of six equations
(17) — (22) with six unknowns (R, Ry, R3, R2, Ri3, R»3) at
known from measurements resistances values R(i.3)4,
R4 Raayss Riays, Raaes Rassye-

Solution of the obtained system of six equations
with six unknowns is carried out by the code realized in
the Mathcad environment.

Some peculiarities of measuring GD resistance. It
is useful to add the following to the presented technique.
In the case of applying the method to an electrode of zero
potential ¢, for example, a linear circuit «object with R, —
current electrode R.» and experimentally determined loca-
tion and potential of the last electrode R, they achieve the
condition
(23)

at series connection of R, and R, with source (U, I) — see
Fig. 2.

In general case, the potential ¢, by equation (23) is
not zero, but there are the potentials of the current / to the
electrodes R, and R.. Then, if there is some conductivity
(to ground) potential electrode when at ¢, # 0 and a cur-
rent /, flowing between the electrodes in the circuit volt-
age dissipated:

Py = 0= agpl—acpl

Pg = Pp =Ug_p:
g ¥p~Ygp (24)
Pe=Pp = Uc—p’
in accordance with expression
Pp=agpl —agpl +ap,l,=Uqs , ~Uc_ ), U, (25)

where a,,, is the own potential coefficient of the GD of the
potential electrode.

Voltage U,, can U., can be measured under the
condition of the measuring circuit is negligibly small in-
fluence on the current distribution of conductivity in the
investigated system (electrodes R,, R, and R,.).

At known current / and measured voltage U,., by
expression

U

g-p =gl

', (26)
we estimate the value of a,.

In this system three grounding (Fig. 5) similar to the
calculations of the type (26) allow us to determine (based
on designations in Fig. 5) mutual resistance R),, Ri3, Ra3.

Known values are now possible to consider the mu-
tual resistances for determining own resistances three
equations, for example, (17) — (19) or another combina-
tion of the equations forming the reciprocal of resistances
after introducing in the third order system.

The above approach to the definition of the self and
mutual impedances in the case of three of earth is based
on the mutual influence of natural elements of earth of a
particular group. Great opportunities for research give

equivalent circuit and methods of calculation of electrical
circuits. It is obvious that communication should form the
equation in the case of three GD of the sixth-order equa-
tions (the number of mutual and inherent resistance).

Formally, especially solutions of the sixth-order
equations can be estimated at solutions for the equivalent
circuit with the desired resistors. Estimated scheme (also
used for physical modeling) for a group of earth discussed
below.

We distinguish for example a group of three GD as
shown in Fig. 8.

GD1

Fig. 8. Placement variant (in plane) of GD group
with distances S one from another

Lack of electrical (conductive) links between them
necessarily checked.

By definition — every memory can be characterized
by some «own» resistance R; (as if there is no effect of
«neighbors») and the effect of the mutual resistance R,..

By the way, the traditional situation (as reflected
in the instructions, guidance documents, and others) of
measurement, for example, Rgp; is consistent with Fig.
8 at GD2 (or GD3) — current electrode and GD3
(GD2), respectively — potential. Moreover, it is rec-
ommended to ensure the lowest possible mutual im-
pedance (in fact — interference) through a search for a
comfortable position for GD2 and GD3, either through
an increase in distance. Obviously recommendations of
RD [11, 12] in their implementation involve estimation
of own resistance of GD1.

We will seek to simplify (v. RD) for proper Rgpi,
namely through the definition of (quantitative) of R, and
R,. in the circuit according to Fig. 8. The proposal re-
moves the requirement to remove the RD current elec-
trode from Rgp; (unknown); simplified measurement of
their capacity to Rgp;.

For three (electrically not connected) GD located in
some way in the area (Fig. 8) the use of electrostatic anal-
ogy, taking into account the transformations (6) and (7)
allows you to submit a design scheme of substitution in
the form shown in Fig. 9. We note that the initial meas-
urements are three points accessible: 1, 2, 3.
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Fig. 9. Calculated equivalent circuit for the group of three GD

Some source (U, e.g. transformer) is connected al-
ternately to the two points of the system and we measure
the applied voltage and the voltage of the third point on
the two connected to the source. Separate experiments (I,
II and IIT) are shown in Fig. 10 and designated as a, b and
c respectively.

The corresponding voltage (Uyy, U3, Usy,) in differ-
ent experiments are different by values.

Under laboratory conditions, the equivalent circuit
model is studied (see Fig. 9) with certain parameters,
which are shown in Table 1.

Table 1
Resistors values for the circuit on Fig. 9
Resistor Rl Rz R3 RIZ R13 R23
Value, Q 10 20 5 5 3 3

Results of measurements are presented in Table 2.

Table 2
Measurements of voltages in the equivalent circuit model on
Fig. 9 in accordance with Fig. 10

Source connect | Uy, V| Uy, VU3, V0o, Vg, V]gs, V
Test I, Uy, 275 | 142 | 1.33 [ 1.18 | 1.6 | 0.18
Test 11, U,z 1.47 | 231 | 0.83 | 0.28 | 1.77 | 0.55
Test 111, U3 1.4 0.82 | 2.24 | 1.5 | 0.09 | 0.74

Voltages on the «own» resistance measured with re-
spect to the point of «0», designated by the appropriate ¢.

The ratios of measured voltage systems are de-
scribed by systems:

Up=¢1+¢;

Fig. 10,a <Uy3; =@, —3; 27
Uiz = o1+ 93
Up=0 -1

Fig. 10,b U3 =@ + ¢5; (28)
Uiz =o1+ 93
Up=01 -0

Fig. 10,c U3 =, + 03; (29)
Uiz =01+ 93

Uiz
10

U3 Uz3

Fig. 10. Connection of the source and measured voltages in the
group of GD on Fig. 8

Some equalities in (27) — (29) are satisfied with the
approximate measurements of voltages

Formally, the system, for example, (27) has three
equations with three unknowns ¢;, ¢, and ¢;. However,
the system is unsolvable by elementary exception of one
of unknowns and further solution of two equations with
two to remain unknowns.

However, we note that (according to the measure-
ments, calculations) assessment of values ¢ in systems
(27) — (29) is sufficient to obtain the desired resistance
of all six unknown resistances (three of their own, the
three mutual).

Additional investigations on the territory of the
placement of grounding devices GD1, GD2 and GD3
are to remove the gradient curves in an easy direction
to connect the variants of Fig. 10. We suppose that t
two GD switches at the earth's surface to an applied
voltage (Fig. 11,a) is formed the U, potential field,
including any and 1 lines on the surface of earth be-
tween the GD edges (Fig. 11,b).
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Fig. 11. Potential field between two GD and a gradient curve

The curve (potential) in Fig. 11,b corresponds to the
gradient curve AU, /Ax (see Fig. 11,c). AU, measurements
appear to be relatively simple: the input terminals of a
voltmeter connected to the electrodes with a length Ax
spacing interchanges along the line / of the template.

The voltage measured by the voltmeter (one terminal
— in the soil at the site m, the second (by turn) in point 1
and point 2) assess ¢; and ¢,. Like the majority of meas-
urements for the GD, the method considered for ¢, ¢, is
approximate.

Knowledge of ¢, ¢, determines the ¢; value for the
system (27); from the values of ¢; and ¢, we find ¢, in
(28); from the values of ¢, and @3 we found ¢, in (29).
The subsequent calculation of the possible conductivity
(resistance) for the circuit according to Fig. 9 is discussed
above.

The code which implements the methodology set out
in the paper allows on the basis of the relevant electrical
measurements to evaluate not only the resistance of the
grounding of electrical devices, but also as its own and
mutual resistance grounding all the electrodes in a three-
electrode setup measuring the resistance of the grounding
device. Also, there is no need to distribute the measuring
electrodes longer distances and therefore use large wire
length measuring circuit in a three-electrode system. Fur-
thermore, the proposed method is no limitation in the ar-
rangement of the measuring electrodes due to local condi-
tions, even in the case of densely built-up area outside of
the investigated GD. Finally, most importantly — there is
no need to find the point of ground potential at the meas-
urement electrode or the potential for counting zero error
boundaries representing a time-consuming process.

The results of experimental investigations of a three-
electrode setup of measuring GD resistance in the electro-
lytic bath of the National Technical University «Kharkiv
Polytechnic Institute» showed that the proposed method
provides a fairly accurate results in all cases, measure-
ment of resistance of grounding of electrical devices.

Conclusions.

1. Firstly is a theoretical foundation of the new
technique of measuring the resistance of the GD with
the help of a three-electrode measuring setup with any
character of soil heterogeneity, of any size and con-
figuration of grounding devices and random placement
of the measuring electrodes, which, in essence, is uni-
versal is presented.

2. On the basis of the investigations carried out it
is found that the developed method has the following
advantages:

e it permits to evaluate own and mutual resistances of
GD of all the electrodes in a three-electrode setup measur-
ing the resistance of the grounding device;

o there is no need for spacing measurement electrodes
over long distances in the measuring circuit of a three-
electrode unit;

o there are no restrictions in the arrangement of the
measuring electrodes due to local conditions, even in
the case of dense building areas outside of the investi-
gated GD;

o there is no need for searching the point of zero po-
tential in the place of measuring for the potential or in the
calculation of zero error boundary representing a time-
consuming process.
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A METHOD FOR DETERMINING LOCATION OF VOLTAGE FLUCTUATIONS
SOURCE IN ELECTRIC GRID

Purpose. The purpose of work is development of a method of definition of the location of a source of fluctuations of voltage.
Methodology. The reasons of emergence of fluctuations of voltage at an arrangement of a source both in power lines, and in the
consumer's networks, are connected with changes of consumption and active and reactive capacities. As criterion for definition of
the location of a source of fluctuations of voltage we choose change of size of the active power received by reception substation on
equivalent communication with system. The source of fluctuations of voltage is external for the consumer if emergence of fluc-
tuations of voltage leads to the coordinated changes of tension and consumed in the area of active power that corresponds to a
condition of the positive regulating effect of active loading on voltage (1). The source of fluctuations of voltage is internal for the
consumer if emergence of fluctuations of voltage leads to counter changes of tension and consumed in the area of active power
that resembles a condition of the negative regulating effect of active loading on voltage superficially (6). Results. The method of
definition of the location of a source of fluctuations of voltage in an electric network which, works by the principle of an assess-
ment of correlation of change of power and tension in a power supply network is developed. The method allows to consider shift
between extrema of curves of change of voltage of U(®) and power of P, (t). Originality. The method of definition of an ar-
rangement of a source of fluctuations of voltage is developed. Practical value. The answer to this question where the source of
fluctuations of voltage (in the territory of the consumer is located or in an external network) confirmed with the determined cal-
culation, can form a basis of the expert opinion for the solution of legal disputes at an assessment of the damages caused by poor
quality of electric energy. References 5, figures 4.

Key words: quality of the electric power, indicators of quality of the electric power, fluctuation of voltage, source of
fluctuation of voltage, curve of change of voltage, curve of change of active power, definition of responsibility.

Ilpeonosicen memoo Koppenayuu Konedanuii MOUWHOCMU U HANPANCEHUA, KOMOPbLI NO360IAEM ONpedensims Mecmo pacnono-
JHcenun UCMOYHUKA KOJIeOanuil HAnPANCEHUA 8 cucmeme nekmpocuabicenun. bubn. 5, puc. 4.

Knrouesvie cnosa: Ka4ecTBO 3JEKTPOIHEPrUHU, NOKA3ATEIU KAYECTBA 3JIeKTPOIHEPIHHU, KoJIe0aHUsl HANPSKEHHs, HCTOYHHK
KO0JIe0aHUsI HANpsKeHHsl, KPUBas M3MEHEHHUsl HANpSKeHHWsl, KpPUBasi M3MeHeHHsl AKTHBHOH MOIIHOCTH, ONpejeeHHst
OTBETCTBEHHOCTH.

Introduction. In terms of defining the subjects par-
ticipating in the responsibility for violation of require-
ments of power quality (PQ) in determining the source of
voltage fluctuations (VF) in the system of power supply
to consumers, with a light load, the main issue is the loca-
tion of the VF source: on the territory of the consumer or
in the external network. The answer to this question, con-
firmed by a deterministic calculation, can be the basis of
expert opinion to resolve legal disputes in the assessment
of damages caused by the poor quality electrical energy.

We are talking about systematic VF which are recur-
ring in nature, and which may be at some interval measur-
ing time 7 to characterize by the number of voltage
changes m, voltage repetition changes rate Fs;; and other
indicators relevant VF [1].

Sources of VF are powerful power-consuming
equipment with a pulse, sharply changing nature of con-
sumption of active and reactive power: arc and induction
furnaces; electric welding machines; electrical motors
during starting.

Problem definition. From the consumer’s point of
view the VF source may be placed in its electric networks
or networks of other users. In the first case, if the system-
atic VF exceed the allowable value, the consumer must
take action to reduce the level of fluctuations. In the sec-
ond one — VF at consumer external factor identified as
coming to him through the networks of electricity sup-
plier. In this case, responsible for carrying out measures
to reduce the level of the VF is a supplier.

The goal of the work is the development of a
method for determining the location of the VF source.

The information necessary for determining the posi-
tion of the VF source can be obtained by analyzing the
parameters of the current mode of the power supply. As it
is known, the regulatory effect of the active load voltage
is almost always positive [2]

aPload/aU>0' ey

Therefore, reducing the voltage decrease caused by
external factors will reduce the load active power. Ac-
cordingly, an increase in voltage caused by external fac-
tors, will lead to an increase in the load active power.
With regard to reactive power, the regulatory effect of the
reactive load voltage is also positive (0Quq / OU > 0) if
the voltage exceeds a critical value (U > U,,). With deep
voltage brownouts (U < U,,) regulating effect of reactive
load voltage becomes negative (00, / 0U<0). Taking
into account that for the tires 110 kV critical voltage can
reach values of the order 0.8U,,, [2], the use of reactive
power change as a criterion must be confirmed by addi-
tional research.

If the voltage change is caused by internal factors,
then the object in question the voltage drop do not cause
changes in other parameters of the regime, but the conse-
quence.

Results of investigations. We represent the power
supply of the consumer in the form of equivalent circuit
(Fig. 1) in which E, is the equivalent EMF of the sys-
tem; U is the voltage on the busbars of the receiving sub-
station; Zg is the equivalent resistance of the connection
with the system; Z, is the equivalent resistance of the
load of the enterprise.
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Fig. 1. Equivalent circuit of the customer power supply

Changing of the voltage U on the tires of the receiv-
ing substation caused by external to the electrical network
of the consumer exposure, it can be seen as a consequence
of changes in the EMF of the system E|,,,. On the assump-
tion of the immutability of the load resistance (Zj,y =
const) Ej,, reduction reduces the current / on the load
lines and power consumer P44, raising E,,, — to increase
of I and Py, In fact, when changing the voltage U the
load resistance Z;,,; may vary somewhat, but in general,
this change corresponds to a positive regulatory effect of
active load by voltage [4, 5].

If the source of the VF is located in the electrical
network of the consumer, the voltage U changes in the
tires of the receiving substation is due to varying load at
constant EMF of the system (£, = const). The voltage U
is determined by the loss of voltage on resistance of the
connection with the system Z,, [5]. If we neglect the
transverse component of the voltage drop, which is typi-
cal of the distribution networks, we can write:

Pload Fsyst + Qload *Xsyst

U = ESySt - U s (2)

where P4, Oiaa are the powers of active and reactive
consumer’s load.

In accordance with (2) a prerequisite to reduce the
voltage U tire receiving substation at E,,, = const is to
increase the voltage loss in the equivalent connection with
the system and, hence, the numerator in the fractional part
of the formula:

|_(Pload + Apload ) rsyst + (Qload + AQload ) xsyst J_
- Pload Tsyst +Qload “Xsyst >0,

where APjyuq t jAQ)aa 18 the increment of power caused
VF

)

The increase of U will be observed in the case when
the inequality (3) will change its sign. This is possible if
the power increments will be negative (4P;,4<0;
4 Qload<0)~

This implies changes in the conditions of the power
load, causing the VF. At a negative voltage change AU:

AU < 0; )
Apload Fsyst + AQload “Xsyst >0,
At a positive voltage change AU:
AU > 0;
)
APload syst + AQloaa' “Xsyst <0.

Condition (5) is necessary for the emergence of the
VF at the source location in the networks of the con-
sumer, but is not sufficient. Conclusion sufficient condi-
tions for the task is not required, since the aim is not to
establish the fact of VF (VF is fixed by measurement),
and the definition of the source location.

The causes of VF at the location of the source in the
power network, and the network user, are associated with
changes in consumption and active and reactive power.
As a criterion for determining the place of supply VF

location chosen change in the active power received by
the receiving substation for connection with an equivalent
system.

VF source is external to the consumer, if the occur-
rence of the VF resulting in consistent voltage changes
and consumed active power line that corresponds to the
condition of a positive regulator of active load voltage
effect (1).

VF source is internal to the consumer, if the VF oc-
currence leads to changes in the counter-voltage and con-
sumed active power line that resembles the condition of
negative regulatory effect of active load by voltage:

aPloaa’/aU<0 : (6)

Conditions (1) and (6) correspond to the static load
characteristics and can be used in the absence of load the
motor component of the consumer. In general, with the
dynamic characteristics of the engines, the criteria for
determining the location of the source VF requires clarifi-
cation as voltage curves of the U(f) and active power
P,.(t) may have a time shift 7. k, factor which takes into
account dynamic characteristics unlike the static, usually
in the range k; = 0.7+1 [3]. The physical meaning of the
coefficient — the ratio of acceleration (or deceleration)
durations k; =t,/ts, defined by static (¢,) and dynamic
(tayn) characteristics. At the conditions of regular VF in
distribution networks when the swing changes 6U; voltage
is not so large to cause equipment failures, and constant
inertia is much lower than on the interconnections, should
expect k, values close to unity. At the same time, at inter-
vals averaging close to extrema instead of criterion (1) the
criterion (6) may be falsely recorded. The probability of
error increases with the frequency of recurrence Fjy, of
voltage changes.

To take into account for a possible shift between the
extremes of the curves of changes of the voltage U(f) and
power P,,,(?) it is advisable to make a parallel analysis of
these characteristics. We consider a characteristic of
change in the rms of the voltage U on the consumer tires
To simplify the analysis we assume that the curve U(¢) of
voltage change is continuity of an arbitrary shape (Fig. 2).

uvu,u” U(t
Unom == ===~ Hiaiaiaiet :1\mm\'_7/“
U i
't yan ;
U ! ,/ /tf \

Fig. 2. Characteristics of voltage fluctuations U(%),
the first U'(¢) and the second U’(¢) voltage derivatives

The smoothed shape of oscillations, in varying de-
grees, it is assumed in any case, as the information is re-
ceived will be the integration of Instant Mode parameters
for the averaging interval z. The minimum value of
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should be sufficient to convert the instantaneous voltage u
in the rms U (of the order of one period of the fundamen-
tal frequency).

In the considered problem we should focus on the
averaging interval 7 that according to GOST [1], complies
with the requirements for other indicators of quality of
electric energy, which are long-lasting changes in voltage
characteristics (voltage asymmetry coefficients for re-
verse K,y and zero Ky sequences ratio distortion sinusoi-
dal voltage curve Ky coefficient of the n-th harmonic
component of voltage Ky).

Whatever the curve of the voltage U(?) at regular VF
it is inherent in the existence of local extremes (see Fig. 2)
availability of extremum conditions are known [4]. A
necessary condition of the extremum of the function U(f)
at the point ¢ is the fact that its derivative at this point
U'(¢,) is either zero or does not exist.

If at the point ¢ the function U(f) has an extreme,
and this is the maximum, then going through the # point f
the derivative changes sign from positive to negative; If at
the point ¢ = ¢ function U(¢) has a minimum — from minus
to plus. If the derivative U'(f) when passing through the
point ¢; does not change sign, the extremum at the point ¢
is absent.

To estimate the extremum sign it is possible using
the second derivative. If at the point ¢ extremum is
reached, and U"(#;) < 0 then the point ¢ = ¢ the function
U(#) has a maximum; if U"(#) > 0 then the point t = ¢
function U() reaches a minimum.

Known methods of analysis of curves having local
extrema can be used to estimate the power and voltage
fluctuations, and in particular, to identify the source loca-
tion of the VF according to the criteria (1), (6) and with
the dynamic characteristics of the motor load.

We suppose that the curve of active power change
P(?) is similar to the voltage U(f) curve and is not time
shift (At4, = tan— ty = 0) defined by difference of static
and dynamic characteristics (Fig. 3). Then local extre-
mum of the curve U(¢) will corresponds to local extrema
of the curve P(f). At the points of extrema ¢ = t;, t = ¢; first
derivatives must be equal to zero:

U =U"tp=P =P p=0- O

If the source of the VF is in the system, maxima of
U(¢) will correspond to the maxima of P(f), minima — to
minima (see Fig. 3,a). Signs of first derivatives U'(f) and
P'(f) must be the same throughout the measurement time
interval T:

signU'(t;) = signP'(t;);
signU'(t ;) = signP'(t ;).

The second derivatives at the points of extrema must
match the sign:

®)

signU"'(t;) = signP"'(t;); ©)
signU"(t ;) = signP"(t ;).

If the source of the VF is in the customer network,
maxima of U(#) will correspond to the minima of P(?),
minima — to maxima (see Fig. 3,b). Signs of first deriva-
tives U'(f) and P'(f) must be opposite throughout the
measurement time interval 7

signU'(t;) = —signP'(t;);

(10)
signU'(t ;) = —signP'(t ;).

The second derivatives at the points of extrema must

be opposite by sign:
signU"'(t;) = —signP"'(t;); (1
signU"'(t ;) = —signP" (1 ;).

Accounting for the dynamic characteristics of the
motor load curve gives the power shift P(¢) with respect to
the curve of voltage U(f) at the time of the delay
Aty = ta —ty (Fig. 4). Accordingly, local extrema of the
curve P(f) will be shifted relative to the extrema of the
curve P(¢) at the time of 4¢,,,. For this reason, in the shear
zone relations shown above (see Fig. 3) can not be ob-
served and criteria (1), (6) will not work.

(]’ U', U
P,P',P”

U()

a3} .

l], U’, U"
P,P',P”

Unom 7

.
Pav__"_"

U'(f)

U! !(t)

Q
K
L
.

P

Fig. 3. Characteristics of fluctuation of voltage U(¢) and active
power P(2), their first U'(¢), P'(¢) and second U"(¢) and P'(¢)
derivatives at the VF source placement:

a — in the power supply system; b — in the customer network
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It should be noted that the shift can be observed by
the consumer load motor at the location of the source of
VF in the system. If the source of VF is located in the
customer network the VF are the results of changes in
load power (2). The constant of the electromagnetic tran-
sient in the power line distribution network is small, the
shift can be ignored.

In general case, to determine the position of the
source of the VF, apparently, should be carried out paral-
lel analysis of the curves of voltage U(f) and active power
P(t) over the entire time interval of the measurement T’
tracking and comparing features of their change.

In the practical analysis of information on the re-
gime parameters coming from the registrar in the form of
discrete recording of instantaneous values of current and
voltage with discrete intervals, providing a given accuracy
class, and, consequently, the final amount of measure-
ments (e.g. ANTES AP-3F — 100 measurements per pe-
riod). Use the information on the rms voltage and active
power can be selected for the averaging interval 7. Meth-
ods of determining the place of location of the VF intends
to use the basic signs of change (7)+=(11) of the power
curve P(¢) with respect to the curve of voltage U(?) at their
the discrete implementation.

u U', U"
P,P,,P”

50

Unom iy
7

Py - -

U!!(t)
PNl

Tnis

Fig. 4. Account of dynamic characteristics of the motor load
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Conclusions.

1. A method for determining the location of the source
of VF in the electrical network, which operates on the
principle of evaluating the correlation of power and volt-
age changes in the power supply network is developed.

2. The method allows to take into account the shift be-
tween the extrema of the curves of changes of the voltage
U(¢) and power Pp,.4(1).
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ORTHOGONAL COMPONENTS OF THE THREE-PHASE CURRENT
AT ASYMMETRICAL ACTIVE-REACTIVE LOAD IN 4-WIRE CIRCUIT

Purpose. For the unbalanced sinusoidal mode with asymmetric voltage in 3-phase 4-wire to receive the orthogonal 4-component
decomposition of 3-phase current, are classified symmetry/asymmetry of active and reactive load elements separately.
Methodology. The methodology is based on the vector approach, which with one voice allows to analyze the energy characteristics
of a 4-wire and 3-wire circuits as balanced and unbalanced modes. At asymmetrical voltage the matrix representation
methodology of the equivalent conductivities is used. Results. For 3-phase 4-wire network with a sinusoidal unbalanced mode
with asymmetric voltage obtained 4-component orthogonal decomposition of the 3-phase current. The components have a clear
electro-energetic sense and are classified irrespective by the load condition. Originality. The resulting decomposition current
develops the theory Currents' Physical Components (CPC) for 4-wire circuit with asymmetric voltage. For the first time the
unbalanced current is classified by activity and reactivity of asymmetry load elements. Practical value. Practical value of the
obtained orthogonal decomposition current and the power equation is a possibility of their utilization for the increase both quality
of delivery and quality of consumption of electrical energy. References 8, figures 1.

Key words: three-phase circuit, active and reactive power, power shift, power equation, unbalanced current and mode, active-
reactive asymmetrical load, asymmetrical voltage, currents' physical components (CPC).

Mna  3— aznonn  cxemvl  21eKMPOCHAOIHCEHUA  PACCMOMPEH  CUHYCOUOANbHBIL  Hecummempuunvlii  pexcum. Ilpu
HECUMMEMPUYHOM HARPANCCHUU U ACCUMEMPUYHOI AKMUBHO-PEAKMUGHOI HAzpy3Ke 015 4— NPOBOOHON cemu NOyYeHO
opmozonanvnoe  pasnodycenue mpexgaznozo moka. Uemvipe cocmagnaOwue  PaA3noONceHUs  KIACCUPUUUPOBAHbL
AKMUGHOCMbIO/PEAKMUGHOCHIBIO U cCUMMempuUell/acummempuei HAZPy3KU U UMEIOM 0OHO3HAYHbBLI IJIEKMPOIHEPZEMUYECKULL
cemoien. /s 4— npoeoonoii yenu ¢ HeCUMMEMPUYHOU HAZPY3KOU RPU HECUMMEMPUYHOM HANPANCEHUU NOTYYEHHOE YPAGHEHUE
MOWgHOCIU pa3eueaem meopuio mokosvix usuueckux cocmasnarouiux (Currents’ Physical Components — CPC). bu6n. 8, puc.
1.

Kniouesvle cnosa: Tpex(pasHasi nenb, aKTHBHAsi M PeaKTUBHAs MOIIHOCTh, MOIIHOCTh CIBUra, YPaBHEHWE MOIIHOCTH,
HeCOAIAHCHPOBAHHBINH TOK H PEKUM, AKTHBHO-PEAKTHBHASA HECHMMETPHYHAs HArpy3Ka, HECHMMETPHYHOE HANpSKEHHe,
Currents’ Physical Components (CPC).

Introduction. Active-reactive unbalanced load
not only consumes electrical energy (EE) of active
power, but also the EE of inactive components of total
power (TP) which leads to additional losses. An
effective solution to the problem of reducing losses and
increasing the accuracy of accounting EE is the
combined use of compensating devices and differential
accounting means consumption EE. However, even in a
sinusoidal mode, taking into account existing means of
measuring energy efficiency they measure EE due to
only the symmetry of the load active and reactive
elements (active power and reactive power of shift). In
real conditions of asymmetry voltage components of
TP due to the asymmetry of the active-reactive load
elements lead to additional losses, however, are not
measured are not counted and will not be compensated.

Problem definition. Compensation, measuring and
accounting for components of TP are related,
complementary objectives of effective EE consumption.
These tasks are the same positions should be solved
within the framework of the general theory of power
using orthogonal decomposition of 3-phase current [1-6]
The mutual orthogonal component decomposition can
uniquely estimate the losses caused by them
independently. Widely used power theory Currents’
Physical Components (CPC) [2, 4-6] uses a methodology
of orthogonal decomposition. At the sinusoidal
unbalanced mode, 3-phase current comprises two
orthogonal components: balanced and unbalanced.
Balanced component (due to the symmetry of the active-
reactive load elements) comprises orthogonally reactive
current and active for three, and for a 4-wire circuit. The

asymmetry of the active-reactive load elements, both in
symmetric and asymmetric under voltage leads to
unbalance current.

Unfortunately, even in a sinusoidal mode CPC
theory developed either for 3-wire or 4-wire circuits with
a symmetrical voltage [2, 4-6]. Thus, for 3-wire circuit is
decomposed into two components with unbalanced
voltage in the CPC power theory of unbalance current,
using the method of symmetrical components [6], which
is not shared by the asymmetry of the load active and
reactive elements explicitly.

The goal of the work is for unbalanced mode with
asymmetric voltage in 3-phase 4-wire to obtain
orthogonal 4-component decomposition of the 3-phase
current, are classified by symmetry/asymmetry of
separate active and reactive load elements separately.

Periodic power processes. When considering
a 3-phase 4-wire circuit we assume that the voltage in the
phases are measured relative to the neutral (Fig. 1).

= ;
Iy v
i
Ua
NETWORK Y
unbalanced Ib . | [ unbalanced linear
sinusoidal voltage . ‘: U » load
—  icid
I N
c v
on

Fig. 1. 3-phase 4-wire power supply
with unbalanced load — sinusoidal mode
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At any time, instantaneous values (i.v.) of
voltages (relative to a «neutral» conductor) and i.v. of
currents in the phases are considered as 3-dimensional
vectors (matrix columns) of an arithmetic 3-
dimensional space R®

u(t) =[u, () up(t) u.OF , i) =i, ) i) i. O] , (1)
hereinafter 7 is the transposition sign.

Steady power mode in a 3-phase section <4, B, C> is
determined by 3-D T-periodic curves of current and
voltage:

ul)=u(t+T)> i(t)=i(t+T)-

An ensemble of 3-D (3-phase) T-periodic vector

curves

x(t) =[x, (1) x,(0) x (O], te(yv+T) (2)
with finite root mean square (rms) value
v+T

I .
x| 7jx(t) x(0)dt < 3)

form a Hilbert space
LT ={x(), te@y+T):lxlke}. @)
For vector curves x(t), y(¢) € L(23)(T ) a scalar
product (SP) is determined

v+T v+T

<xps=— [x0 0t =— [0 )

as integral averaged of scalar products of i.v. in a 3-D

space R®.
In particular, for active power
1 v+T | v+T
<iu>=— J.i(t)ru(t)dt - J' (i(0),u(t)dt=P. (6)
v P v

Instantaneous power

p(t) = iru = ia (t)ua (t) + ib (t)ub(t) + lc(t)uc(t) (7)
equals to the electricity rate through the section
<4, B, C>. In the space (4) the inequality of Cauchy-
Schwarz is correct

<xy><|x|-[xl. ®)
In particular, active power does not exceed the
apparent (total) power
P=<iu> < |ul-|i].
Sinusoidal mode and 3-complexes.
3-D curves of i.v. sinusoidal processes of voltage and
current

u()) =N2RAU' ], i(t) = 2RI ). (9)

are T-periodic (Tw = 2n) and fully determined by
3-complexes of voltage and current

Ua U, eV ['a I, e
U=|U, |=|Ue" |, I=|1,|=]|1,e/* (10)
UC U, elVe ['C I. /%

— vectors of complex rms of voltage and current.
3-complexes (10) are calculated by 3-D curves of i.v.
of sinusoidal processes of voltage and current

U:£v+T £v+T
T

ju(z)e—f i, 1= j i(edr. (11)

An ensemble of 3-form a 3-D complex space c®
with a complex SP
(X,2)=X"Z"=X,Z, + X, Z, + X .Z.. (12)
Hereinafter * is a sign of complex conjugation.
Thus, for rms

2 * y * 2 2 2
IxP=X"X" =" X,4,=> X,=IXF=x".

In particular,

lulHUI=U, |[i|=1]|=1. (13)

For a couple of sinusoidal processes x(),
HOLG L(23)(T ) the equality is correct

<xz>=Re[X Z']=Re[Z°X"]. (14)

So, if 3-complexes are orthogonal then

corresponding 3-D curves are orthogonal, too. The
converse is not true.

From (14) it follows that at the sinusoidal mode
active power is adequately represented in terms of 3-
complexes of voltage and current

P=<iu>=Re[I'U |=Re[UT]. (15)

The temporal shift of 3-D curve of i.v. of sinusoidal

voltage u, (1)=u(t—T/4) is equivalent to a rotation of

the 3-complex of voltage in the space C ) to 90°

u, (£) = \2Re[U, &/*" 1= 2Re[- jU’'].. (16)

Here | u, ||=||u| . Because of

<uju>=Re[-jU U 1=Re[-j|U1=0,
3-D curves of voltages are orthogonal (u L u, ).

Integral determination of reactive power (known as
power of shift) is represented in terms of 3-complexes of
voltage and current

O=<iu, >=Re[-jU T )=ImU'T*]. (17)

Powers (15) and (17) are connected by complex

power — SP of 3-complexes of voltage and current
S=UT =Re[UI']+ jIm[U T*|=P+ jO. (18)

At the sinusoidal mode at symmetrical load the

equation of powers is correct
P?+ Q% =i|-[|u]- (19)
Equivalent conductivities of load current. At the
sinusoidal mode 3-complexes of current and voltage

permit to determine equivalent conductivities of current in
the section <4, B, C>

Ty =Gy = By =, metabe}  (Q0)

m
and represent a 3-complex of 3-phase current in the
matrix form

uy,| |Y, o o]|U,
I= Ube =0 Yb 0 Ub -YU (21)
uy.| |0 o Y, |U,
by using a diagonal matrix
Y = diag{Y,.¥,.Y,} 22)

For a 4-wire circuit with a star-type load equivalent
conductivities (20) in the section <4, B, C> equal to
conductivities of phase loads.
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Active power and power of shift are adequately
represented by quadratic forms of the 3-complex of
voltage

P=Re[UY'U"], 0=Im[UY'U"]. (23)
Active power (power of shift) depends only on
conductivities of active (reactive) load elements

P=3% G,|U,f.0=) B,IU,F.
Losses of total 3-phase current per one QQ
lilF=RelI"T"1=) (Gy+B)IU, (25
Active and reactive current. For 3-D curve of
sinusoidal current (9) it is correct
i(t) = \2Re[YU/*"], I =YU . (26)

Algebraic form of complex equivalent conductivities
(20) permits to resolute the diagonal matrix (22)

Y=G-jB, (27)
G =diag(G,,G,,G,} , B=diag{B,,B,,B,}  (28)

and divide 3-complex of current into two components
associated with active and reactive load elements

24

I=1,+1,,1,=GU, I,=—jBU=BU,. (29)
Resolution of 3-D curve of current (26)
i) =i,(t)+ig(t) (30)

into active and reactive current
i () =2Re[GU" ], iy (1) = 2Re[ BU /'] (31)
is orthogonal in the space of 3-D curves (4).
Because of the quantity
i1 =(GUY (- jBU) = j ) U.G,B,
is pure imaginary then 3-D curves (31) are orthogonal
<igip>=Re[I{Iz]=0 = i, Liy. (33)
Because of orthogonality of the resolution (29) for
losses per one Q2 the Pythagoras equality is correct

(32)

ilP=1li P +1ig I - (34)

Losses of active and reactive current
lipP=RelIiT31=) Gu|U,F, (35
lir.IP=Re[I}Iz]= ) By |U, [ (36)

determine losses of total current (25). Here
liglP <1 lig IP <117
Active current guarantees EE supply with active
power of total current (24)
<wmi,>=Re[UI)]=Re[U'GU"] =

=Y G, |0, =<iu>=P. (37)

Reactive current guarantees EE transmission of
power of shift of total current (24)

<igu, >=Re[-jU I,]=ImU'BU | =

=Y B,|U,[=<iu >=0. (38)
m

In the resolution (30) active (reactive) current is
caused by summarily symmetry and asymmetry of active
(reactive) load elements.

Balanced current component. A sinusoidal mode
is balanced if 3-complexes of current and voltage (10) are
collinear (parallel I||U)[7, 8]

HU < I=pU (B=F+jp", B#0). (39)
A mode is really balanced [7, 8] if Jm[f]="=0.

If the load is symmetrical then the mode is balanced at
any unbalanced voltage.

For an unbalanced mode the 3-complex of
components of current balanced with 3-phase voltage
equals to projection of 3-complex of voltage in the

space c®
-
I =(I0" )= % : (40)
Hereinafter:
v=[0, v, O, lv)P=v2+v}+v2=1 (4])
is the ort of the 3-complex of voltage
U=|U|v, U, =Us, (me{a,b,c}). (42)

In terms of conductivities of the 3-complex of
balance current (40)

[S:M:(S*/UZ).U:})SU. (43)
Hereinafter:
Vs =S /U =Y 0} + Y0 + Y0} (44)

is the equivalent complex conductivity of the balanced
current component;
"= =I1'v =UYU"
is the complex conjugate power.
In terms of the ort of the 3-complex of voltage (42)
the active and reactive power have equivalent form of
representation:

P=Re[S]=U'GU" =U? (45)
Q=Im[$]=U'BU"=U>)" B,v,.  (46)
m

Equivalent complex conductivity (44) of 3-D curve

of balance current
i,(t) =\2Rely U], I, =y U (47)

in all phases is the same and equal to weighted average
sum of equivalent complex phase conductivities (20).
Weighting factors are determined by the ort of the 3-
complex of voltage (42).

If voltage is symmetric with direct sequence (DS)
then

2.
G,Up 5

v=(1/BN " af,v>=v}=0>=1/3, 48)

where o =e/? =—1/2+ j+3/2.
If the load is unbalanced
Vs #Y,, Vs %YV, Vs 2 ¥},
then the mode is unbalanced at any voltage

The complex conductivity of the balance
current (47)

(49)

ys:gs_jbsv (50)
determines conductivities associated with symmetry of
active and reactive load elements

9s =G> +Gop + Gk (51)
bs = B0 + B,vj + B.v? . (52)

These conductivities equal to weighted average
sums of phase conductivities. If the load is unbalanced
then
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gs;tGa’ gsiGb’gsiGc; (53)
b,#B,, by #B,, by #B,. (54)
Conductivities (51, 52) characterize the symmetry of
active and reactive load elements by phases for the
3-phase voltage.
3-complex (43) of the balanced component has two
components: active and reactive

ISA :gsU$ IsR :_ijU:bSUJ_ (56)
and guarantees resolution of the balanced current
£(1) = i, (0) +ip () (57)

into components associated with active and reactive load
elements:

iy (1) =V29Re[ I 4e’™ | =2Re[gUe’™ ], (58)

iz (£) = 2Re[I e’ 1=2Re[b U, e/*']. (59)
3-D curves (58) u (59) are orthogonal because

<igig>=Rel[j ) Upgbsl=0 (40

Because of orthogonality of the resolution (57) for
current component the Pythagoras equality is correct

i) Lig() = Iy+Ig=17;  (61)
I =g3U%, I=biU*.
From (58) it follows
<wiy>=Re[U I, 1=Re[UQU1=P (5

Because of balanced active current is really parallel
with voltage (I, ||U = [I,,=9U) it guarantees EE
supply of active power (62) with minimal losses [7]

liga 1< Iliy [ 1121

Here P=<u,i > =|ul|-|liy|.

(63)

Balanced reactive current guarantees EE supply of
power of shift

<upig>=Re[-jU T l=<u,i>=0 (64
Because of balanced reactive current is really
I U, =
supply of reactive power of shift with minimal losses
iz I<lig <1l ]| Here

parallel with voltage it guarantees EE

1O |=I<uy,ig >[=llull-lig || (65)

Unbalanced current and asymmetry of load
conductivities. At the unbalanced mode the unbalanced
component of the 3-complex of current (unbalance
current) is determined as an orthogonal complement to the
balanced component (40)

Ip=1-1I¢,(I,L1Is). (66)

Unbalanced component (66) can be represented
by using vector product in the space of 3-complexes

c® 17, 8].
From (21) and (47) it follows
In=1-I;=YU-y U= -y)U=YU. (67)
5/_/
Yo

The matrix form of the 3-complex of unbalance
current

Vo, 0 0]0

a

In=YyU=| 0 vyp, O |U,]|. (68)
0 0 Yp|U.
Uses a complex diagonal matrix
Yo = diag{YDasyD;,aYDc} (69)
of equivalent conductivities of the unbalance current
VYo, =Y, = Vs, meia,b,c}. (70)

If the voltage is symmetric to DS then (48) and
Yo, =V, =Y Y3, mefabei. (D)

Complex conductivities (70) characterize dissipation
by phases of load conductivities regarding balance
conductivity. Unbalance (asymmetry) determines the
unbalanced current

i, (1) =\2Re[ I e’ ™1,
which is orthogonal to voltage

<wi, >=Re[U{ ypU) 1=Re[U*) v (T, ~Ys)l=

(72)

= Re[U* () 0p%,)=Vs)1=0. (73)
N
Vs
Here from (67) the resolution follows
I=I+1,,i(t)=i()+i, (). (74)

Dissipation (unbalance) by phases of separately
active and reactive load elements

9on =G, —9s » bp,, =B, —bs, me{a,b,c} (75)
is represented by diagonal matrices of conductivities of
active and reactive load elements:

9p =diag{9p,.9p;-90.} »
bp = diag{bp,bp,:Pp, } -

Unbalance by phases (asymmetry of phase
conductivities) separately of active and reactive load
elements determines resolution of 3-complex of
unbalance current into two components

ID = IDA + IDR > (76)

IDA = QDU = [gDaUa ngUb gDcUc]T > (77)

1,,=-jbpU =—jlbp,U, bpU, bpU.J. (78)
The resolution of the unbalanced current is correct

i, () =i, (1) + i, (1) | (79)
where iuA(t) _ \/EERQ[IDAejM] — \/EERQ[QDUejwl] , (80)

i (1) =\2%Re[ I ppe’®' 1= 2%e[bpU, ™'] (81)
are the components determined by asymmetry of active
and reactive load elements.

3-D curves (80) and (81) are orthogonal because

<y >=RelIp,Ipp]=Relj ) UpGp,bp,]=0.

Because of orthogonality of the resolution (79) the
Pythagoras equality is correct

i) Lig(t) = Ipg+1pg=1p, (82)
2 2,22 2.2 2.2

IDA =U (UagDa +0,9Dp T U, gDc) S (83)

Ipp = U (ugbp, + 030, +07b,) (84)
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So, for the resolution of current two dichotomous
factors are used:

o the first factor is determined by activity and
reactivity of load elements;

e the second factor is determined by symmetry and
asymmetry of load elements by phases.

Resolution of 3-phase current and power
equation of unbalanced mode. Combination of values of
two factors classifying the load:

o «activity/reactivity» — the first factor)
i=i,+ig;
¢ («symmetry/asymmetry» — the second factor)
i=i +i, ,
permitted to obtain four mutually orthogonal components
of 3-phase current

b by Lgs Bugs
which guarantee resolution into four mutually orthogonal
3-phase current components

P=ig+ip = +i,)+(p+ig).
\—ﬂ.,_—/ \—ﬁ./__d

Iy r

(85)

Because of current resolution (85) is orthogonal then
identity (equation of losses per one Q) is correct

=i 17 + W I+ D I + e 1P (86)

Multiplication of equation (86) by square of rms of

voltage ||u|° gives the equation for powers of sinusoidal
unbalanced mode

St =P*+0*+D%:+Dj. (87)
Here:
Sy =[[E]]-llul] (88)
is the total power;
P=ligll-[lull=<iu> (89)

is the active balance power determined by symmetry of
active load elements;

O Flig I-lu[|= <bu, > (90)
is the reactive balance power determined by symmetry of
active load elements;

Dg =i |- llull on
is the unbalance power determined by asymmetry of
active load elements;

Dg =i [|-[|ull 92)
is the unbalance power determined by asymmetry of
reactive load elements;

Power equation (87) generalizes the equation for the
sinusoidal unbalanced mode [7]

I*-U*=P*+Q*+D?, 93)
because of D} = D¢ + Dj .
Practical value of the received orthogonal

decomposition of current and power equations is the ability

How to cite this article:

to use them not only for separated measurement and
recording of inactive components of TP but also to solve
the compensation problem at sinusoidal unbalanced mode.

Conclusions. For a 3-phase 4-wire network with a
sinusoidal unbalanced mode at asymmetric voltage a 4-
component orthogonal decomposition of the 3-phase
current is obtained. Components having a clear power
sense independently classify the load condition. The
resulting decomposition expands the CPC theory to 4-
wire circuits with unbalanced voltage imbalance by
resolution of the unbalance current into two components
determined by the asymmetry of the active and reactive
load elements.
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NETWORK CENTRISM OPTIMIZATION OF EXPEDITIOUS SERVICE OF ELEMENTS
OF THE POWER SUPPLY SYSTEM

Purpose. Development of precision selection criteria of options of technical realization of effective active and adaptive system of
expeditious service of elements of a power supply system in the conditions of network-centric management. Methodology. In
development of power supply systems their evolution from the elementary forms using elementary network technologies and
models of interactions in power to more irregular shapes within the concept of Smart Grid with elements of network-centric
character is observed. This direction is based on Internet-technologies of the last generation, and realize models of power activity
which couldn't be realized before. Results. The number of possible options of active and adaptive system of expeditious service of
elements of a power supply system is usually rather big and it is difficult to choose the acceptable option by direct search.
Elimination of admissible options of the technical realization constructed on the principles of a network centrism means
application of the theory of multicriteria optimization from a position of discrete programming. The basis of procedure of
elimination is made by algorithm of an assessment of system by criterion of accuracy. Originality. The case of an assessment of
the precision characteristic of system at restrictions for the set accuracy is connected with need of decomposition of requirements
of all system in general and on separate subsystems. For such decomposition the ratios connecting the accuracy of functioning of
a separate subsystem with variations of parameters of all system, and also with precision characteristics of subsystems of the
lower levels influencing this subsystem are received. Practical value. In the conditions of the network-centric organization of
management of expeditious service of elements of a power supply system elimination of options of subsystems when using
precision criterion allows to receive the maximum number of essentially possible options of system of service taking into account
the accepted service strategy. References 8.

Key words: network-centric managements, precision criterion, expeditious service, element of technical realization, output
variable of a subsystem.

B cmamve yodeneno enumanue 60npOCam UCHOJIb306AHUS CEMEUEHMPUUECKO20 N00X00a NpU (HopMuUposanuu aKmueHo-
A0ANMUGHOI CUCHEMbl ONEPAMUBHO20 OOCTIYHCUGAHUA INIEMEHNMOE IHEP2OCUCmeEMbl 8 yc0eusax uoeonrozuu Smart Grid.
Onpedenen moUHOCMHON KpUMEPUTI OMCe6a 6APUANINOE MEXHUYECKOU Peanu3ayuu IMoil CUCHEMbl, Peanu3yioueli KOHYenyuio
«obdcnyxcuseanus Ha ochoee omkaukay. buon. 8.

Kniouesvie cnosa: cereneHTpHYecKoe YyIpPaBJIeHH,

TOYHOCTHOH KPUTEPHIi,

OInepaTuBHOEC oﬁcﬂymnBaHne, 3JIEMECHT

TeXHUYECKOM peaju3anu, BBIXOAHAA NMEPEMEHHAHA NMOACUCTEMBI.

Introduction and problem definition. Today in
Ukraine there is a growing interest in the rapidly
developing in the last decade throughout the world
toward science and technology innovation transform
electric power based on the new Smart Grid concept.
State structures in most countries consider Smart Grid as
an ideology of national power development programs,
energy companies — as a base for sustainable innovative
modernization of its activity [1-3].

At the same time, a number of problems of
improving the power grid management, taking into
account the recent experience of energy reforming are
developed not enough [4]. The development of an
integrated concept of the formation of adaptive control
structure and power system information and intellectual
bases of increase of efficiency of management techniques
in the framework of a customer-oriented approach in the
Smart Grid concept is an important and urgent issue of
reforms in the energy sector of Ukraine.

Analysis of last investigations and publications.
Smart Grid technology helps to create a next-generation
power grid, which will allow power companies to
effectively manage the production and consumption of
electricity. Smart Grid is a system delivering electricity
from generating energy enterprises to consumers, with an

integrated communication and information technologies
and providing improved transparency of the energy
system, high-quality customer service and providing
environmental benefits [5].

Despite the concept of smart grid can be interpreted
in different ways, it is obvious that an intelligent
communications network is the basis of smart grid.
Enterprises of power industry are investing in
communications networks to improve the situational
awareness of the resources for the purpose of power
system automation, integration of systems and control [6].

Intellectual energy value lies in the fact that electric
power companies will be able to «smooth out» the need
for electricity in times of peak load, eliminate the use of
hot spares and reduce the need for long-term investment
in additional generation companies, as well as reduce the
need for other investments, such as system reorganization
to improve performance [7].

Platform for advanced energy systems constitute
intellectual elements that are at the level of the digital
technologies that electric power companies were added to
the traditional analog and modern infrastructure of the
energy system.
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In modern power systems most acute problems are
of reliability, safety and efficiency of power plants on the
basis of the organization of operational management. The
aim of this process is the uninterrupted supply of
electricity to consumers of adequate quality, including the
task of daily schedules of power plants, maintenance of
current conditions, the output of the equipment to be
repaired and the elimination of the emergency power
system conditions [8]. Development of optimization
methods will solve the important problem of optimal
organization of the system of operational maintenance
and management of its energy system as a component of
the structure of operational management within the
customer-oriented approach Smart Grid concept.

The goal of investigations is the development of
precision criteria for the selection of technical options for
the effective implementation of the active-adaptive grid
system of operational service elements in a network-
centric control.

Main materials of investigations. In the
development of power systems observed their evolution
from the simplest forms, using basic networking
technologies and replicate traditional models of
information interactions in the energy sector, to more
complex forms within the Smart Grid concept with
elements of network-centric nature. This direction is
based on the latest generation of Internet technologies,
and implements models of energy-related activities,
which previously could not be realized. Existing
scientific developments in this area have not yet formed
an integrated security model of functioning of a multi-
level set of software and hardware complexes of
operational dispatch and automatic power systems with
the flexibility to manage intellectual elements (active-
adaptive) network with increasing automation of
volume and an increase in the quantitative and
qualitative collection of characteristics, handling,
storage, distribution information.

With regard to energy network centrism is used as a
term associated with the operational management of the
power grid in a single information and communication
management space, we consider the union of dissimilar
objects act as a system, and a discrete manner how some
segments of unified management of distributed network.
In this case, network centrism is the organizing principle
of the operational control system power supply system,
which allows to realize the mode of situational awareness
due to the formation and maintenance of the same for all
tiers of an integrated management, contextual information
environment and inclusion in the process of continuous
updating of the greatest possible number of primary
sources of information.

Network-centric approach to the construction of
information system in the power industry should be based
on the creation of equal geographically distributed nodes
that perform different functions, and allows users to work
with applications and databases through a browser from
any location and from any device connected to global

telecommunication networks. Network-centric system
should allow to bind to a single system interface and
database management, monitoring and development
control decisions for the use of various software
applications regardless of location of objects and subjects
of management.

Ukrainian information system requires a higher
level of structural and parametric elements of the
organization and the energy system should be
developed based on the principles of functioning of
large systems. However, this requires the restructuring
not only the merging of local power system elements,
but also the entire global information network (a set of
distributed energy facilities).

The solution of the problem is complicated by the
presence of weak and at the same time, extensive
information management connections over large areas,
which limits the ability to collect and analyze large data
flows. That is, in our country, its regions and cities
require technical and organizational support for a new
level of structural and parametric elements of the
organization of energy systems, including taking into
account the promising development.

Taking the above into consideration, within the
framework of improving the structural and parametric
organization of energy systems based on active-adaptive
electric networks as the primary network infrastructure,
new electric power it is necessary to provide:

e creation of a single adaptive management
information network within the intellectual electric power
system of Ukraine, in order to achieve the sustainable
development of electric power strategic indicators;

o the development, integration and access to industry
databases based on the information gathered and the
introduction of smart electricity grids;

e development and implementation of information
monitoring which allows you to plan and allocate
resources to the tasks, and provide control over the
achievement of results, taking into account the territorial
management priorities;

e determination of conditions, the general principles
of the energy market regulation techniques based on
«Smart Grid — Opportunities», providing high efficiency
of state regulation and market self-regulation — based on
intelligent electrical power system of Ukraine with the
active-adaptive grid power systems that solve the problem
the introduction of the new market organization-
economic nature, including new formats of energy
consumer actions;

e implementation of feedback mechanisms between
the government regulation and energy companies on the
basis of a fundamentally new class of intelligent
distributed management environments based on Smart
Grid and related organizational change of management
techniques.

The specific implementation of the principle of
network centrism in structural-parametric elements of the
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organization of power systems provides the fulfillment
of certain conditions. The first condition is, above all, the
presence of the stable type of communication from the
head of any rank in any place, wherever he may be at the
moment. The second condition — it should be possible to
access information on the current response of the energy
system changes its state under the influence of various
factors. The next condition is the possibility of replay for
analysis guidelines and to take the necessary decisions
for displaying the information received in a variety of
applications. In a word, the state of the power system
information should be presented in a form suitable for
analysis, recognition, transmission, distribution and
storage.

Network-centric management system with the
development of the technical component of the overall
process is constantly being improved and developed. It
should be noted that the network-centric management
system in its entirety, but there is only elements of the
system, but they are constantly being improved.

Specificity of the organization of operational
management of energy systems implies an adaptive
operational service. Among the activities of operational
services should be allocated grid complex of works on
maintenance of the required mode of operation of the
power elements, the production of switches, inspection
equipment, preparation for production of repair,
maintenance of equipment.

The implementation of network-centric energy
system of governance will build adaptive operational
services based on the concept of «service system on the
basis of response» (SSR). Implementation of the SSR
concept aims to service a particular object (digital
substation, power lines, power system status monitoring
subsystem elements, etc.) located in a particular area and
at a particular time, and which currently require
operational services in accordance with the response of
the energy system.

Technical implementation of effective active-
adaptive grid system of operational maintenance (SOM)
built on the principles of network centrism based on the
supremacy of communication systems that enable real-
time to receive and transmit information packets huge
variety of customers, including centralized and distributed
transmission. The peculiarity of this system lies in the fact
that the information in the system hangs, and it allows
you to access it without additional time.

A management system implemented in the SOM
should be based on developed and implemented in the
practice of software products on the intellectual level, the
so-called common design models (tasks) combined in a
single system.

These components are the basis for formulation of
the problem for the development of network-centric, and
SOM is the cornerstone of the network centrism. In a
single population in the synthesis of SOM are executive
digital elements, means of communication, ways and
forms of SOM.

The embodiment of a network-centric concept of the
SSR in the proposed ESR is inextricably linked with the
use of unmanned aerial vehicle (UAV) — quadrocopters.
This is dictated by the rapid development of various
power equipment diagnostic methods, such as the power
and the switching and control equipment and protection
in connection with the high cost of direct and indirect
losses as a result of accidents.

The development of modern methods of diagnosis
allows a high degree of probability to determine the
actual condition of the equipment and to predict its
change in the near future. However, modern diagnostic
equipment is very expensive, which hinders its complete
set of each object. It should be noted that the proper
organization of work can significantly reduce of
diagnostic costs.

An example of such an organization could be the
implementation of a special SOM, being composed of
UAVs to carry out thermal imaging inspection of
substation equipment, optical inspection supporting-rod
and hanging insulation, examination of technical
condition of transformers and auto-transformers, and a
number of other works.

Presence of UAV determines ways of formation of
administrative decisions regarding the structure of the
power system to adapt to the results of SOM activities of
the SSR concept. Screening valid options involves the use
of the theory of multi-criteria optimization with discrete
programming position. The number of options is usually
quite large and select the appropriate solution by brute
force is rather difficult. We define the basic provisions of
the procedure for constructing options dropout SOM
which implements the management decisions adopted
within the framework of the SSR.

The basis of this procedure is evaluating options of
SOM algorithm according to the criterion of accuracy. In
our case it is the concept of precision is very important in
management decisions as well as the use of drones as a
source of information about the state of the power system
elements introduces some degree of uncertainty.

Accuracy of SOM operation as a whole will be
judged by the values of deviations of output variables
from the set of software subsystems values of the n-th
level calculated in accordance with the equations of state
at the time ¢, +1=T:

h h h
Aynl?(‘}i) = yn}(zx(vi)T _ynl?(O)(T)’
(hel,,a=1,.., a,i'h),

where yﬁff (v;)7 is the value of the a-th component of the
output variable of the /4-th subsystem of the n-th level of
SOM at time T for variant v, eV ; yf’,;f‘(o)(T) is the
given program value of the output variable of the
subsystem of the n-th level of SOM; Ayf,’;f’ (v;) 1is the

value of deviation of the output variable of the subsystem
of the n-th level of SOM.
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Here, the set of technical implementation options of
the designed SOM is determined as:

M
V=1{v;} :HVi :
i=1

The values of the output variables subsystems of the
n-th level of SOM depend on the types of control laws
defined by the SSR strategy; of the accuracy
characteristics  of elements of the technical
implementation of an appropriate control law, defines a
set of 1, (for hel,)) subsystems of the n-th level of SOM;
output variables y, = (¢,) of subsystems of n-k-th levels
VkeK,;,. Variables y, = (t,) also depend on the accuracy
characteristics of the elements of the technical
implementation of the control law of the subsystem of the
n-k-th level of output variables of the previous level of
SOM. Overall, therefore, the accuracy of the whole
system depends on the operation of all subsystems levels,
i.e. on a variety of the set V.

Two cases of estimation of the system accuracy
characteristic are possible: the first one — when it is
necessary to find a variant of the system v;€ J minimizing

the value Ay,i';? (v;), the second one — when this value

should not exceed the given one:

h h h
M) <ent, (hel,,a=1, .., ay), @)
where g,},';f‘ is a non-negative value that characterizes the

degree of closeness of a-th output coordinates of the /-th
subsystem of the n-th level of SOM and its program value.

In more detail, consider the second case, as typically
specified in the design constraints on some variables
output subsystem components that operate at the last time
interval.

We assume that each g-th type of element of the
SOM technical realization is characterized by nominal

value of the parameter pg and a set qu(gq)

(¢qel.... & ;)) of possible variants of this parameter

determined by different modifications of the set

Eg(4pg) = 4pyc,) Véq €lisCq}. Then, a table of

given errors will correspond to the separate variant of the
SOM realization:

Api1ys o Apl(ﬁ)’ Apl((lo)

Am(1)s s Wm(g,) s W0

We determine the vector of parameters of dimension
dil(g,) a8
0
Pie) =g £y Vq € Ly )}

corresponding to elements of the SOM technical
realization of the set /) for the control low u;;(s .

We write solution of the system of differential
equations for the /-th subsystem of the i-th level in the
form:

oy . .
y,-j1 (, V;- )= Filj(gl)(”il(gl)(t)’ Pil¢))» yijl(o)) @)
(ke Ky, qelly),
where v;l
of the output variable of the /-th subsystem of the i-th

is the part of variant v,e V" on which the value

level depends; yl.]lz)) = yﬁk,q (t;) (k € K;y) are the initial

conditions for the initial differential equations which are
values of output variables of the subsystem of the i — k -th
levels VkeK; connected by the /-th subsystem of the i-th

level (a :1,...,ai§); is vector function whose

J
Fien
components are continuous functions of their arguments
belonging to the class of discrete optimization problems.

Vector function F;{( gl)components have non-zero

first derivatives in a neighborhood of the point

(yf,k,q(ti), Pii,)0)) defined by the nominal values of

parameters and initial conditions. It should be of a variety
of possible options of the SOM v;eV creation which are
characterized as forms of control laws in each of the
subsystems, as well as errors in the technical
implementation of the elements, select those that meet
criteria (1).

Direct construction of all variants of the set ' with
the assessment of their accuracy criterion (1) makes it
necessary to integrate the system of initial differential
equations and obtain solutions of the type (2) for all
subsystems. This is due to a large amount of
calculation, which does not allow to select the
appropriate version of the system in the given
timeframe. In this connection there is need to develop
prior dropout rules both types of control laws in
accordance with the SSR strategy and elements of the
technical implementation of the SOM. This is due to
the need for the decomposition of requirements on the
system as a whole, determined by the relation (1), to
the requirements for individual subsystem type:

e A U I N (ER ) E A )

i+l

where gl{“ is the closeness of the a-th component of the

output variable of the /-th subsystem of the i-th
level; yl.]l'a(v;'! )|tl~+1 is determined from the equations

describing behavior of the /-th subsystem of the i-th level.

For such a decomposition is necessary to obtain
relations between the accuracy of the functioning of a
separate subsystem with variations SSR parameters as
well as lower levels of accuracy characteristics of
subsystems that affect this subsystem.

In order to output variables of each /-th subsystem
of the i-th level described by a vector function whose
components are continuously differentiable convex or
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concave function defined on a set of parameters
pil(g)and initial conditions y;é(o) that satisfy the

constraints of the form (3), enough to vector deviation
parameters and initial conditions of the nominal values

le(gl)(O) :{plq](gl)(o)} (q:17-~‘7qil(§1))>

Yoy = Wiy (@=L...ap),

meet inequalities

a9 _|l,a _,a q o _ ,
Wiy =|Pig) pﬂ(eﬁ)«))‘ <&y (@=b s dingy),
& =‘yi§“ Sgijl.a;(a :1»'"50‘1'/1')»
where gg(gl);(q:1,...,qﬂ(§1)) u siga;(azl,...,ai{) -

belong the region:

_ a
Di)y = Diz(gl)’
a=l1
in which D:;( ) is the convex domain of the space of

variables Apir¢)) and Ayl.p_ ko formed by the intersection

i+
2% D of subspaces:

1
4 “&e vl
Yt X X =gtk

a<liep Oy qelly A1 51!(4, @
k
k Fi-kq
)3 aq T 2 Z <1.
9<liep Tilg))  qelly A= 11(41
Here
Sty I Vo) Vi) e
]a Sar
~ il il
ser. =1 7 ——’ ’ )
1 il ’
il(¢y) Vit yil(O) _y;z(+)
if yetn > Yioyten”
And value }/l.’;‘(r &) is determined as:
=iy I Vo < Vigoy e
ar  _ ja Sar
Vi) =1 it %ug) «  ja (6
Ul e Yo > i e
Yr(=) =iy
ja
Sar  _ gzl
T M
il
yra(+) = yijla (P1(0)> -+ » Pr—1(0)> Pr + 5,%2,),19”1(0), ®
’leI(O) Vrel,.. ’qil(Cl) +O.’lé,
—_ 1 el -
Yo = Yi" (Pioy Yoy -+ Yiro) +¥io) =9z, ©)
+1 j
lJl(}(;) 5 e ) Vrel,...,qil(§1)+aijl,

oy
Gl yrel,..
op 0
Systems of inequalities (4) are constructed by

successively replacing the first inequality of J value on
the value of y firstly in one member, then in two

ar

; i)+ (10)

members, etc. By the value yf’( +) we indicated values of
the output variable when the values of the parameters or

initial conditions are increased by the value 5 i0C,) and

Vy(-) are reduced by the same value. By /" we indicated

functions of sensitivity of output variables for parameters
and initial conditions in nominal points.

The area of permissible variations of initial
conditions and parameters we consider in positive orthant
(due to the symmetrical shape of restrictions on
assignment variations of initial conditions and
parameters). It is defined by the inequalities (4) and can
be written as:

Dy = [ 1Dz

a=1
where

q al A
Vi) Iy Y
a% aaxi -

gy A=1%g)

i) + ),

Dijeyt 2

a<ui)

ai‘ﬁé’) min{| ,](§)| |7,'0][€§)|};(r:1:~-~

and values 55 () and y°/ (s, are determined by relations
(5), (6).

On the basis of presented relationships we form the
dropout condition of SOM options for the acting SSR.

If the control law u; 4 ,(s,)of the g-th subsystem of
the i-k-th level at nominal values of the parameters leads

to the variations of the output variables Ayf_ &) which

do not belong to the domain:
il
= Ubuy -
¢i=1
at minimal variations of parameters of control lows
ui,) €Uy » 1.8
Sil

= UDPue) Lty
¢ =1

Ayl k(&) eED (11)
it will not form a system of options with control laws
from the set U;; satisfying the inequality (3).

Conclusions. Thus, at conditions of network-centric
organizations of management of operational services of
the power system screening options of subsystems of the
i-k-th level when checking the condition (11) allows you
to obtain the maximum number of principally possible
SOM creation variants taking into account adopted SSR
by narrowing the set of technical implementation of the
[-th subsystem of the i-th level.
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