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Welcome letter by

Mr. Rhee Han Woo,

new Editorial board member

Dankook Unviversity,

Korea.

About international cooperation between
North Korea and Russia in the Arctic

and the role of business in integration
process.

The ocean currents heated at the equator

cools in the Arctic and form currents

that return to the equator, which control

the climate of all continents.
The Arctic, humanity's ice storage,

IS awaiting more expert research

and more benign investors'

sustainable investment.

A new route between Europe and Northeast Asia,
which has long been blocked by glaciers,

is being opened in the Arctic, and South Korea and
Russia are becoming countries

that enjoy the benefits themselves.

Natural gas, oil and gold buried in the Arctic

will be developed in an environmentally friendly
manner to contribute to the sustainable
development of the countries involved.

It is a great personal honor to be part

of this journal, which shares the deep research
and academic achievements of experts from
Agricultural and Biological Sciences,

Physiology (Medical), Mechanical Engineering,
Energy, Earth and Planetary Sciences

to realize this close future.

| am working on bilateral multilateral
international cooperation at my workplace, the
Korea Energy Agency. The conclusion

| have gained from doing this is that partners of
cooperation need a deep understanding of each
other and that business must

be based in order for that cooperative
relationship to continue.

As an expert in international relations,

I would like to study what the Arctic region
means to South Korea and Russia,

how effective it is for the two countries

to cooperate, how global cooperation

should be and what kind of business there should
pe to sustain that cooperation, a

nd exchange views with other experts.

Wishing for the development

of the Russian Arctic, and the grace of God

to all the experts who work together.

February, 7
Rhee Han Woo
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PROBLEMS OF ENERGY SUPPLY IN THE ARCTIC REGIONS
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This paper examines the current problems of energy supply in the Arctic regions and analyzes
their main causes. The experience of the EU, USA and Japan on the use of renewable energy
sources is presented. Ways to improve the efficiency of energy supply in the Arctic are shown.
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Introduction

Today, the Arctic is characterized, on the
one hand, by a huge volume of proven
hydrocarbon reserves (the main sources of
electricity in the world), and on the other —
by serious problems in supply of electricity
to the region. The northernmost regions of
Russia are not included in the centralized
power supply system (via high-voltage
transmission lines) and are traditionally
supplied with electricity from outdated
diesel generators and small coal-fired
stations (Fig. 1).

Fuel is delivered to the Arctic as part of the
so-called "Northern delivery" and due to the
high remoteness of the Northern regions,
limited delivery times in the summer and the
obsolescence of existing diesel generators,
the cost of electricity for them is very high
[1]. In addition, due to frequent interruptions
in supplies, the local population is forced
to keep diesel fuel reserves for an average
of 1.5-2 years. Diesel power plants have low
efficiency and remarkably high cost of
electricity production, which reaches 80-120
rubles per KW/hour.

Tariffs for electricity in isolated power
supply systems in the Far North regions
today amount to 22-237 rubles/kWh, which
is 5-55 times higher than the average for
Russia. At the same time, for comparison,

© KA. Zmieva

if you take the average price of electricity in
the zone of centralized energy supply in the
country — it is 3-4 rubles per kWh for the
end user [2].

Several decades ago the inclusion of the
Arctic and other sparsely populated distant
areas of the country into the centralized
power supply system was considered to
be inefficient and too expensive project.
At the same time, the high cost of electricity
production entails the need for budget
subsidies to contain tariffs for the population
(covering the difference between the tariff
for the population and the required gross
revenue). The total amount of state subsidies
is estimated in the hundreds of billions of
rubles, and the total cost of energy supply
to all consumers in the 15 regions of the Far
North today is 1.7 trillion rubles.

The lack of electricity and its high
cost strongly constrain the pace of
development of the Arctic region and make
it less comfortable and attractive for the
population.

Estimation of energy supply costs
in the regions of the Far North of the
Russian Federation.
According to official data, the numlber of
decentralized power supply systems, with
high electricity costs, in the regions of the

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)



Far North, which serve more than 11 million
people, exceeds several thousands. In total,
more than 30 thousand settlements are
powered by local power supply systems
today. More than 6,000 among them have
population of more than 500 people, more
than 1,000 settlements have population
of more than 2,000 people, and 580
settlements have population of more than
3,000 people [3]. At the same time, the total
cost of energy supply to all consumers in 15
regions of the Far North is 1.7 trillion rubles.
A significant part (two-thirds) of energy
supply costs are incurred by large-scale
industry and pipeline systems. Revenues
of utility organizations from the sale of
electricity, heat and natural gas are equal
to 464 billion rubles. The total expenditures
of budgets of all the levels for financing
energy supply to the Far North regions in
2016 accounted to more than 150 billion
rubles. The share of budget expenditures in
the payment for services of energy supply
organizations in many regions of the Far
North exceeds 30%, and in some cases —
even 60%, with an average level of about
20% in Russia. The amount of cross-subsidies
and losses of companies that supply energy
to consumers in the Far North exceeds 40
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billion rubles. About half of this amount is
spent on subsidizing consumers of territories
with isolated energy supply systems. In
almost all regions of the Far North (with
the exception of those producing oil and
gas), the share of energy supply costs in
GRP (Gross Regional Product) is 20-37%
and exceeds the threshold of economic
availability of energy, which does not allow
the economy to develop dynamically. For
localities with isolated power supply systems,
the ratio of energy costs to municipal
product often exceeds 40 % [4].

Thus, we can conclude that the regions of
the Far North and the Arctic especially need
to implement innovative energy-efficient
solutions, as well as modern autonomous
power plants that use much cheaper
renewable energy sources. It is here, in these
regions, that the introduction of alternative
renewable energy technologies should not
only pay off, but also significantly reduce
budget expenditures on subsidizing energy
consumption. And the potential for such
modernization lies precisely in the current
high budget costs for energy supply to the
Arctic regions.
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Fig. 1. The power supply scheme of the Russian Federation'!

1 [llustrations provided by the Department of Renewable Energy of SPbPU. Based on the materials of

the International forum on electricity UPCrid.



World experience in implementing
renewable energy sources.

The development of renewable energy
today is a global trend, due to both the
need to ensure the energy independence
of countries and regions, and concern for
the environment. According to the results of
the past 2019, electricity consumption in
Europe decreased by 2% (-56 TWh), returning
the demand to the level of 2015. At the same
time, the EU's gross domestic product grew
by 1.4% over the past year.

The share of renewable energy sources
(RES) in production of the European
electricity reached the record of 34.6%. Solar
and wind power together generated almost
18% of electricity (569 TWh), surpassing
coal in power generation for the first time.
The share of renewable energy sources in
gross final energy consumption by EU
Member States is shown in Fig. 2. The figure
shows that many countries have already
reached the 2020 target, although the year
Is far from over.

Share of energy from renewable sources

in the EU Member States

(in % of gross final energy consumption)
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In just one year, coal-based electricity
production in the European Union fell
by 24%, and in 2019 was less than half of
the level in 2007. Coal-based production
decreased by 32%, and brown coal-based
production decreased by 16%. As a result,
European energy sector CO2 emissions fell
by 12% in 2019 — the largest drop since at
least 1990.

Half of the coal generation was replaced
by wind and solar power, and half by natural
gas. The share of wind and solar generation
has increased due to the installation of
new capacities, while the growth of gas
generation is due to higher CO2 prices and
lower gas prices, which has increased the
competitiveness of gas-fired power plants
compared to coal-fired ones. It shall be
noted that in 2019, gas generation in terms
of output was 8% lower than the record level
in 2010.

Of course, there are also nuances of using
renewable energy sources. For example,
solar panels are useless in cloudy weather
and at night, and wind farms are idle in
windless weather. But even in these issues,

@ 2020 target achieved
® 2020 target
2015
2004
L
L] @ ®
5 ®e %y o ®
T e T IEII= 1=
144 §
IIJIFITsIfE] ]

eurostati|

Fig. 2. Share of renewable energy sources in gross final energy consumption in the EU Member States:
indicators for 2004, 2015 and 2020 (target and current value).?

2 According to ec.europa.eu/eurostat
© KA. Zmieva
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the world energy community is constantly
searching for solutions. Thus, in order to
accumulate the generated electricity, more
and more advanced batteries are being
developed, the materials and technologies
used are constantly being improved, and
hybrid systems combining wind turbines,
solar panels and, for example, diesel
generator are being used to increase the
efficiency of generation. Such system will
help to offset the ups and downs of energy
received from windmills and solar panels,
and ensure overall reliability of operation.
At the same time, it is not only the
European Union that shows its high interest
INn renewable energy sources. According to
Bloomberg New Energy Finance, the trend
of increasing the share of investments
in various types of alternative energy is
observed around the world. At the same
time, as can be seen from Fig. 3, wind
power is showing a constant and significant
growth — as one of the most efficient and
inexpensive sources of energy.
Importantly, the cost of electricity
generated from renewable energy sources
has already approached, and in many
cases is lower than the cost of electricity
generated by traditional methods (by
burning hydrocarbons). The unsubsidized

8

normalized cost of wind and solar energy is
currently US $ 30-60 per 1 megawatt hour
(MWh), which is lower than the price range
for the cheapest fossil fuel, natural gas (US
$ 42-78 per 1 MWh) [5].

According to the same Bloomlberg New
Energy Finance, the generation cost for
onshore wind power plants and photovoltaic
solar power plants has already fallen by 18%
in the first half of 2018 [6].

Renewable energy sources
for the Arctic.

The opportunities for RES development
in the Arctic are dictated by nature itself.
Thus, in the northernmost latitudes there
Is potential for the development of wind
energy, and in a number of Eastern Arctic
regions (for example, in Yakutia) — solar
energy. The resource of renewable energy
in the Arctic region is significant and its
iImplementation will allow to provide 40-50%
replacement of diesel fuel rather soon, and
in the future, a larger volume. It is important
to study the natural and economic
opportunities for RES development in each
case and make decisions considering all the
identified parameters and characteristics of
the territory.

Currently, the state of renewable energy

Global renewable energy capacity investment, 2004 to 2019
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Source: BloombergNEF. Note: The figures represent utility-scale asset finance of new wind, solar, biomass and
waste-to-energy, geothermal, small hydro and marine power projects, plus small-scale solar systems. Prior years’
totals have been revised in this round, to reflect new information. Totals are rounded to nearest billion dollars

Fig. 3. Share of global investments in renewable energy from 2004 to 2010 in trillion dollars (wind, solar,
biomass and waste, biofuels, geothermal sources, marine energy, small hydropower)>.

3 According to Bloomberg New Energy Finance as per 2019
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technologies in Russia is characterized by
their weak development, especially in the
regions of the Far North and the Arctic.
However, the importance of renewable
energy in the Arctic is increasing at the
present time, and, as mentioned above,
it is due to the high cost of traditional energy
sources, as well as the need to reduce the
burden on the environment — this is one
of the most important global trends of
our time. In order to increase the number
of renewable energy projects in the Arctic
zone of the Russian Federation, we need an
effective regulatory framework, a favorable
Investment and tax climate, as well as a high
level of state support.

Let us look into the existing system of RES
electricity generation in the Arctic.

A common feature of the climate of the
Northern regions is a long winter (up to 300
days a year) with frosts reaching -35-50°C.
In the short (about 3 months) summer
period, the temperature only sometimes
rises up to +20°C. Stable and strong winds
are observed here mostly in winter, as well
as during the transition period (spring and
autumn). This means that the potential for
wind power development in the Northern
regions is high.

There are two main directions of wind
power development in the Far North:

1. The use of small wind power plants
(WPL) for decentralized energy
consumers, both separately and
as part of hybrid power plants
(together with solar panels and diesel
generators). The most serious obstacle
to the development of small wind
power plants is the relatively high cost
of wind installations. Today it is about
2-3 thousand US dollars for 1 kW of
installed capacity. But, as mentioned
above, according to the experience
of developed countries, the payback
period for such installations is on
average 5-6 years. Thus, small wind
power needs to be co-financed or
subsidized by the state.

2. The use of wind power as part of the
existing developed power grid. The
US and EU have accumulated much
experience in this issue. According
to the Deloitte Center for Energy

© KA. Zmieva

Solutions (USA), if previously there was
No success in ensuring the stability of
the overall power system with the use
of wind turbines, today all problems
are solved and the growth of solar-
wind energy is accompanied by an
increase in the reliability and stability
of power systems [8]. RES either have
virtually no effect on the operation of
the power system or require minor
changes to the operation and use of
existing energy resources [9].

In a cold climate, the use of wind energy
has several positive effects.

First, cold air has a higher density than
warm air. In this regard, the energy efficiency
of the installation at the same wind speed
will be higher. Wind plant power (kW) is
calculated as follows:

P=481*104Edpd™.

where E — s the utilization of wind energy
(measure of the efficiency of the wind
wheel and is a function of wind speed, the
angle of twist of the blade wheel and the
angular velocity of rotation of the wheel),

d —is the diameter of the wind wheel, P"—
Is the air density, :b — is the wind speed,
T —is efficiency of the wind plant generator.

As per this equation, it follows that the
power of a wind plant is proportional to

the density of air P Therefore when the
air temperature decreases, for example,
from +15 to -15°C, the installation capacity
increases by 11 %. At the same time, if there is
a fall in atmospheric pressure, wind turbine
power is also reduced (for example, when
the pressure drop from 770 to 730 mm
Hg, wind turbine power is reduced by 6%).
Such dependencies indicate that obtaining
additional wind power in unstable Arctic
weather conditions is quite difficult.

Secondly, the Northern regions with a cold
climate and a very long heating period are
characterized by high specific consumption
of electricity and heat.

Third, as mentioned above, in the
Northern regions, prices for electricity
and heat are much higher, due to the use
of imported diesel fuel, fuel oil and coal
at power plants.

All of the above should encourage the
introduction of RES into local and centralized

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)
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power supply systems in the Far North
regions. It should be especially noted that in
these regions, improving the comfort and
living conditions of the population is much
more important than in other regions of the
country.

It is obvious that the efficient operation
of wind power plants in the North requires
the use of special materials (cold-resistant
steel, synthetic low-temperature grease for
bearings, special fluids for hydraulic systems)
and operating technologies (heating the
gearbox, blades and weather sensors to
prevent icing and frost deposition). But even
these necessary actions will not make the
cost of electricity higher than when using
traditional sources of its generation.

You might think that the use of solar
cells (solar energy) in the Arctic region
Is unrealistic, but in fact, this is not the case.
It is necessary to take into account the
existence of the albedo effect in the Arctic
(or diffuse reflection coefficient, which is way
higher for white snow than for dark surfaces),
as well as the fact that the potential for solar
energy production increases in cold climates.
It is known that the lower the ambient
temperature, the more efficient solar cells
become (efficiency increases by 0.5% °C).
Thus, at 0°C, the efficiency of the solar cell
Is10% higher than at 20°C. However, during
the Polar night (in winter), the potential
of solar energy in the Arctic region falls
significantly. Thus, the energy system of the
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Arctic, of course, cannot completely depend
on solar energy. For maximum efficiency,
it is necessary to consider hybrid systems
(a combination of renewable and traditional
energy sources), as mentioned above.

Currently, in the Arctic zone, the

construction of power plants based on
renewable energy sources is carried out
pointwise, in Mmany cases in the format of
an experiment. Here are some examples of
renewable energy projects currently being
iImplemented in the Arctic:

- Furniture factory "Green House" (since
2015) (Murmansk), capacity 500 kW.
Fishing and tourist complex, Mudyug
island, lighting system (since 2014),
Arkhangelsk region, capacity 1.5 kW.
"Polaris" project (implemented under
the Kolarctic international program),
with 4 wind power plants (since 2016),
Nenets Autonomous district, capacity
200 kW.

Anadyr wind plant on the Cape of
Observation of the Anadyr district,
10 wind generators (since 2002),
Chukotka Autonomous district, 2mW
(Fig. 4).

Experimental wind power station
in Labytnangi (since 2014), Yamalo-
Nenets Autonomous district, capacity
250 kKW.

The wind Park in Tiksi. It is a
technological complex where wind
power plants, diesel generators and

Fig. 4. Anadyr wind plant on the Cape of Observation of the Anadyr district (2mW) 4

4 Photo https/Aww.drive2.ru/c/468787778692318135/
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an electric power storage system are
combined. The wind farm consists of
3 wind turbines with a total capacity
of 900 kW. Diesel fuel economy is 500
tons per year [7].

Wind farm “Zapolyarny”, consisting of
6 wind generators (from 1993 to 2014),
Komi Republic, capacity of 1.5 mW.
Experimental wind power station
"Bykov Mys" in Tiksi, Republic of Sakha
(Yakutia), capacity 1.9 mW.

Solar photovoltaic power plants in the
following rural localities of Dulgalakh
and Kudu-Kyuyol (2013), Batamay
(since 2011), Dzhargalakh, Toyon-
Ary (2014), Kuberganya, Eyik, Delgey,
Batagay, Betenkyos, Ulu, Yunkyur (Fig.
5), the Upper Amga, Stolby, Innyakh
(2015), Yamalo-Nenets Autonomous
District, the total capacity of about 1.4
MWV,

From the data provided, it can be seen
that at the moment, renewable energy
does not provide enough of the needs
of the Arctic regions in electricity. Despite
the huge potential of renewable energy
sources in the Arctic, there are still very
few projects implemented. According to
official data, the total installed capacity of
all wind and solar power plants in the Far
North does not exceed 7-8 MW, i.e. it will

5 Photo www.kemoblast.ru
© KA. Zmieva

not be able to provide electricity to even
one of 1000 settlements with a population
of more than 1 thousand people. However,
the positive experience of the EU, USA and
Japan described above shows that investing
in renewable energy development is
effective, and the development of renewable
energy in the Arctic itself will lead to
economic growth of the region, increase its
attractiveness to the population and reduce
the negative impact on the environment. In
addition, as follows from the analysis of prof.
I.A. Bashmakov [3], with tariffs of more than
20 rubles/kWh, almost all current renewable
energy technologies are competitive, even
with additional costs for their Northern
Implementation.

Such rapid growth of electricity
production from renewable sources in the
world developed countries became possible
largely due to the creation of an effective
regulatory framework for regulating the
activities of energy market participants,
the introduction of significant financial
support measures, tax remissions, as well
as the introduction of modern innovative
technologies of smart small networks
(smart grids), automation and blockchain
technologies. In order to achieve the
maximum effect when implementing RES
in the Russian Arctic, it makes sense to take

Y/ Y/ /4 l-"" / ,.""I ll,-",- 4 4 ‘f
Fig. 5. Solar power plant. Yunkur village, Verkhoyansky district, Republic of Sakha (Yakutia)®.

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)
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advantage of the positive experience of
countries that successfully implement such
projects, and to use the achievements of
domestic science.

Conclusions

The implementation of energy efficiency
programs and the introduction of RES local
power plants in the Arctic regions will allow

us to:

reduce the cost of delivering traditional
fuel (diesel, fuel oil, coal),

reduce the negative impact on the
Arctic's fragile natural environment,
reduce electricity tariffs for the
population, industrial and municipal
facilities,

reduce government costs for
subsidizing high electricity tariffs
for the population, industrial and
municipal facilities,

increase the reliability and stability of
power systems,

increase the competitiveness of
enterprises by reducing their energy
supply costs,

increase the attractiveness of the
Arctic for the population by providing
more comfortable living and working
conditions,

reduce the dependence of the Arctic
on the so-called "Northern delivery".
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References:

1.

Zmieva K.A. Energosberezhenie v
promyshlennosti kak klyuchevoj mekhanizm
snizheniya energoemkosti VVP Rossii //
Elektrotekhnicheskie kompleksy | sistemy
upravieniya. 2013. N2 3. S, 1-10.

Bashmakov LA, Povyshenie effektivnosti
energosnabzheniya v severnyh regionah Rossii /
Energosberezhenie. 2017. N2 3. S. 58-72.
Bashmakov A, Dzedzichek M.G. Ocenka
raskhodov na energosnabzhenie v regionah
Krajnego Severa // Energosberezhenie. 2017. N2
4.S. 40-51.

Bashmakov LA, Povyshenie effektivnosti
energosnabzheniya v severnyh regionah Rossii //
Energosberezhenie. 2017 N2 2. S. 46-53.

Lazard, Levelized Cost of Energy Analysis,
Version 11.0, 2017, p. 2, https://www.lazard.com/
media/450337/lazard-levelized-cost-of-energy-
version-110.pdf

Bloomberg, “Fossil fuels squeezed by plunge in
cost of renewables, BNEF says”, Jeremy Hodges,
28.03.2018, https://mwww.bloomberg.com/news/
articles/2018-03-28/fossil-fuels-squeezed-by-
plunge-in-cost-of-renewables-bnef-says
Potravnyj |.M. YAshalova N.N. Borouhin D.S,
Tolstouhova M.P. Ispol'zovanie vozobnovlyaemyh
istochnikov energii v Arktike: rol' gosudarstvenno-
chastnogo partnerstva // Ekonomika
prirodopol'zovaniya. 2020. Tom 13. N21. S. 144-159.
Motyka M., Slaughter A, Amon C. Report for
Deloitte Center for Energy Solutions «Global
renewable energy trends. Solar and wind move
from mainstream to preferred» // https://mwww2.
deloitte.com/us/en/insights/industry/power-and-
utilities/global-renewable-energy-trends.htm|?id
=gx:2el:3dc4direnenergy:5awa:6di:09132018. 30p.
International Energy Agency, “Status of Power
System Transformation 2018: Advanced Power
Plant Transformation”, 2018, p. 21 https:/doi.
org/10.1787/9789264302006-en



13

UDC 621. 315.051.025: 621.316.1.016.025
DOI: 10.24411/2658-4255-2020-00002

BJTMAHNE TEOMATHUTHDbIX BO3MYLLEHNN B MPUNOJTIAPHDbIX PAMOHAX HA PEXXUM
NEPEOAYUN PEAKTUBHOU MOLLHOCTKX NO BO3AYLWHOU JIMHUU
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[MonydeHbl aHanUTUYeCcKMe BblpaXkeHWa ONg onpegeneHna peakTUBHOM MOLHOCTK
B Hayase M B KOHLE MEeXCUCTEMHOM BO3AYLHOM MHMKM C Yy4eTOM MapaMeTpoB BeTBeM
HaMarHMYMBaHMA CMNOBbIX TPaHCHOPMaTOPOB, MO3BONAIOLLME YUYMUTBIBATL MHTEHCUBHOCTL
BO30EMCTBUA reoMarHuUTHbIX BO3MYLIEHWM Ha pexxkrMbl a1ekTponepedadi. NokasaHo, 4To
yBenuyeHme MHTEHCUMBHOCTM reoMHOYLMPOBaHHbIX TOKOB CMOCOOHO MONHOCTbIO HapyLWMTb
TPAH3UT PEAKTUBHOM MOLLHOCTY 13-33 MHOMOKPATHOIO YBENMYEHMI MOLLIHOCTY HaMarHUYMBaHMs
CVNOBbIX TPaHCHOPMaTOPOB B pe3y/braTte OAHOCTOPOHHErO HAChILLEeHMA MarHUTHbIX CUCTEM.
MouBedeH YMCIeHHbIM MPpUMeR, MNTIOCTRUPYIOWLMIA BO3MOXKHOCTb MpeKpalleHua TpaH3unTa
PEAKTUBHOW MOLLHOCTV MPW AOCTAaTOYHO MHTEHCUBHbIX FTEOMarHUTHbIX BO3MYLLIEHWAX.

KnioueBble cnoBa: BO30yLLUHAaA IVMHWEA, CUNOBOW TpaHCHOPMaTOPR, rEoMHOYLMPOBaHHbIE TOKM,
PEeaKTMBHaA MOLLHOCTb.

INFLUENCE OF GEOMAGNETIC DISTURBANCES IN THE POLAR REGIONS ON THE REACTIVE
POWER TRANSMISSION MODE ON THE AIRLINE
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Analytical expressions are obtained for determining reactive power at the beginning and at the
end of an intersystem overhead line, taking into account the parameters of the magnetization
branches of power transformers, which allow one to take into account the intensity of the
influence of geomagnetic disturbances on power transmission modes. It is shown that an
increase in the intensity of geo-induced currents can completely disrupt the transit of reactive
power due to the multiple increase in the magnetization power of power transformers as a
result of one-sided saturation of magnetic systems. A numerical example is given illustrating
the possibility of terminating the transit of reactive power with sufficiently intense geomagnetic
disturbances.

Keywords: overhead line, power transformer, geo-induced currents, reactive power.

CraTtbga nonydeHa: 11.11.2019
MpuHaTa K nyonmkaumnim:0412.2019
OnybnumkoBaHa oHNamH: 26.03.2020

© Aleksey A. Kuvshinov, Vera V. Vakhnina, Alexander Yu. Khrennikov, Aleksey N. Chernenko
This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)



BBepeHue. MHoronetHme Habto-
deHna oTMedatoT okono 2500 reo-
MarHWTHbBIX BO3MYLEeHUWN, NOeHTNPU-
LUPpYEeMbIX KakK «MarHMTHaa Oypa» U
«CUNbHaaA MarHMTHaa bypsa» B TedeHue
1-neTHero umkia CoffHeYHOM aKTMBHOCTM
[1-4]. [eOMarHUTHbIE BO3MYLLEHWMA Bbi3biBa-
FOT MPOTEKaHME rEONHAYLMPOBaHHbIX TOKOB
(FAT) B 333eMNeHHbIXx 0OMOTKax BbICOKOIO
HanpsakeHnsa (BH) cunoBbix TpaHchopMa-
TOPOB 3/IEKTPUYECKUX CeTEM C HOMUHA M b-
HbIM HampaxxeHmnem 110 KB 1 Bbiwe. [1og,
Bo3aemcrteueM [NT pexkiM nepemMarHiiyii-
BaHWSA 2NEKTPOTEXHNYECKOW CTasiv CUMOBbBIX
TpaHCchOoPMaTOPOB C OPOHECTEPKHEBOM 1
OPOHEBOW KOHCTPYKLUMEW MarHUTHOM CUl-
CTeMbl cMellaeTca B 001acTb TEXHUYECKOTrO
HacbllweHna [5,6]. Bo3HmMKaeT ogHOCTOPOH-
Hee HacbllWeHWe MarHMTHOM CUCTEMbI CA-
NOBOro TpaHchopMaTopa. B pesynsrate Tok
HaMarH4mMBaHMa NPMobPETaeT NpaKTde-
CKW OOHOMONAPHYO GOPMY M MHOTOKPATHO
MPeBbILIaeT HOMUHANbHbIV TOK XOTOCTOIO
xofa [7]. MOLHOCTb HaMarHM4YBaHMAa CUO-
BOro TpaHchopMaTopa TakKe MHOIMOKPaTHO
BO3pacCTaeT, OKa3blBad CyLLEeCTBEHHOE BW-
AHVve Ha 6anaHc peakTMBHbIX MOLLHOCTEV B
BO3OYLUHbBIX MMHMAX 2N1eKkTponepenadn [8,9].
B uactHoOCTK, [T, BbI3BaHHbIE B 3/1EKTPO-
aHepretTnyeckon cucrteme Hydro-Quebec

14

KaHafobl reoMarHuUTHoM bypen 22 oKTabp4a
1999 ., NOCAYXUMIN MPUYMHON YBETMYeH ]
NOTEPb PEaKTVMBHOW MOLLHOCTM C Mocneny-
oMM Pa3BUTMEM MTaBUHbBI HaMPAXKeH MM
[10,11].

TaknmMm obpas3oM, 3afada MccnenoBaHna
MEXaHWM3MOB BIMAHNA [ VT, BbI3BaHHbIX re-
OMarHUTHbBIMY BO3MYLLIEHWAMM, Ha PEXVMDbI
nepenadr PeakTMBHOM MOLLHOCTM MO BO3-
OYLLIHOW NUHNW ABNAETCA aKTyabHOW, Mpw-
yemM ocobyIo akTyallbHOCTb OJaHHagd 3a0adva
NpwvobpeTaeT 019 BbICOKOLMPOTHBLIX TMHMI
SM1eKTponepenaqn.

Pac4yeTHaa cxeMa MeXXCNCTEMHOW 3M1eK-
Tponepenadmn. PacyeTHaa cxema (a) M cxemMa
3aMelleHna (6) MeXCMCTEMHOM BO3AYLLIHOM
nuHnm (BJ1), cBA3bIBatoLWen OBe 2N1eKTpO3-
HepreTy4eckme crctemMbl 99C, 1M 99C,, NOKa-
3aHbl Ha puc.l. HerTpan 0OMOTOK BbICOKOIO
Hanpsax&xeHna (BH) cnoBbiX ToaHCHOPMaTO-
poB T, 1 T, 3a3eM/1eHbl. [eOMarHTHble BO3-
MYLLEHWA MHULMNPOYIOT BO3HMKHOBEHME Ha
MNOBEPXHOCTW 3eM/M KBA3UTMOCTOAHHOTO re-
O3M1EKTPUYECKOro Mogd U COOTBETCTBEHHO
PA3HOCTU MOTEHLMANOB MeXay 3a3eMia-
FOLWVMU YCTPOMCTBaMU HenTpanem oomMo-
TOK BH crnosbix TpaHcdopmatopos T, 1 T,
KOTOPAasd YUYMTbIBAETCA B PaCHeTHOW CXxeMe
MCTOYHWKOM KBasumnoctoaHHon 34C (e, Ha
pwncla)l.

20C, 7, BT Loy, 29
¥ —4 } ¥
fom
i Y
= €ryr =
a)
29C, . X, x, U 929G
@ N
%xﬂl X,
=

PucyHoK 1— PacyeTHas cxema (a) u cxema 3amelleHms (6) mexxcuctemHow BJ1.
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[Mon BO3OEeNCTBMEM KBA3MMOCTOAHHOM
2C no obmMoTkaM BH cuvnoBbIX TopaHChop-
MatopoB T, n T, 1 ¢a3HbiM Nposofam BJI
npoTekatoT [ VT Mo KOHTYPY, MOKa3aHHOMY
Ha pwc.l,a.

Ha pwc. 1,0 npeacrasneHa cxemMa 3amMelle-
HNG, B KOTOPOW CUNOBbIE TPaHCHOPMaTOPb!
T, T, NpeacraBfeHbl ynpoueHHon [-obpas-
HOWM CXeMOW 3aMelleHnd, 019 KONUYeCTBEeH-
HbIX OLEHOK BapmaLMn pexkiMa nepeaadm
PEAKTNBHOW MOLLHOCTW Mo, BO3AeWCTBMEM
[T, Ha cxeme 3amMelleHnda NCrnob30BaHb
cnegytouime obosHadeHua:

Xy - HOYKTMBHOE COMpoTMBneHmne Gas-
Hbix MpoBoaoB BJT;

XT1+ AT2 - VHOYKTMBHAY COCTaBAAOLLAS
COMPOTUBEHNA KOPOTKOIO 3aMblKaHWA CI-
NoBbIX TpaHchopmMaTopos T,,T, cCOOTBET-
CTBEHHO;

X yp1 X, - VHOYKTWMBHOE CO-
MNPOTUBIEHME HaMarHM4YMBaHWMA CUTOBbBIX
TpaHcpopmaTtopos T,, T, COOTBETCTBEHHO;

L, , U7, - HanpskeHua Ha WiHax 93C, u
29C, COOTBETCTBEHHO.

[ToTepn akTVMBHOWM MOLLHOCTM B (Pa3HbIX
npoBodax BJT 1 crunoBbiXx ToaHchopMaTO-
cax T, T, He yduTbiBatoTCca. [T, npoTtekad
Mo 3a3eMeHHbIM 0OMOTKaM BH, Bbi3biBa-
IOT OOHOCTOPOHHEE HacblleHMe MarHnT-
HbIX CUCTEM CUIOBbIX TPaHCchOopPMaTopoB T,
n T, JaHHOe 0bCTOATeNbCTBO OOYCNaBIN-
BaeT ya3BMMOCTb paccMaTpumBaemMon BJT K
BO3OeunCTBUtO [ VT, pe3ynstaToM KOTOPOTo
ABNAETCA MHOTOKPATHOE YMEeHbLUEHWE UH-
AYKTUBHbIX COMPOTUBNEHWIN X |, X , BETBEM
HaMarHM4YMBaHWA CUNOBbIX TPaHCPOPMATO-
poB T, 1 T, 13-3a CYLLECTBEHHOWN HENNHEeW-
HOCTWM OCHOBHOW KPWMBOW HaAMarHM4MBaH Mg
SNEKTROTEXHUYECKOW CTall MarHMTHOW CK-

cteMbl [12]. IMEHHO M3MEeHeHWe MHOYKTVB-
HbIX COMPOTUBMEHMI BETBEW HaMarHU4-
BaHWA CWI0BbLIX ToaHCPopMaTopoB T, 1 T,
apnaeTca GakTopoM, onpenenatoLm cyLe-
CcTBeHHOE BMaHme [T Ha pexxmnMHble na-
PaMeTPbl NeKTponepenadm.

MOTOKKN peaKTUMBHOM MOLLHOCTU MO
MEeXCUCTEMHOWU BO3AYLWHOWU JIUHUMN.
|'<OMI‘I)‘I€KCbI TOKOB DNEeKTPUYEeCKMx ceTemn

23C, (II) 22C, (I;) onpenenarTca cucTe-
MOW ypaBHeHMM

I1 = L1 ?11—1:

I:=U1-¥Yu-U:-Yn

w
roe Y 11 — KOMMIeKC COBCTBEHHOM MPOBO-

OVIMOCTUM BETBM 92C, MPW OTCYTCTBUM MCTOY-

HINKa HalMpPAKeHNA,
L L

Uz: Y 22 - komnnekc cobcTBeHHOM Mpo-
BOOAMMOCTW BeTBM 22C, NMpKt OTCYTCTBUY
MCTOYHMKA HanpiHKeH g,

L

w
Y2

[_jl; — KOMT1EKC B3aMIMHOW MPOBO-
OUMOCTV BeTBel 22C, 1 93C..

KoMmnneKkchl cOOCTBEHHbIX M B3aUMHOWM
npoBoAMMOCTEN OyayT onpenenaTbca Bbl-
PAXKEHMAMMN

a Moy COOCTBEHHbIX 1 B3aUMHOW MnEo-
BOOUMOCTEN — BbloaKeHMAMM

L (2, +_r_“{m.}}
Yu = .
(0 + 20 X X T3 - X )
(x + X M}} .
Vqq =
T Xy XXy TX) X )
x
Yia=¥n= — g
(0 25 2 - Xy T X0 X )
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Xp X,
e 4 = ' ,
I.e.:.l + I.-'I + I;Q
X_-X
i) 1ad
IJ = - .
X +X;+X .
. 'T_e.ﬂ. IJ:_HJ
"T_u-r'.?xﬁ',: - "

X, +X,+X,,

AHanNM3 BblpaXkeHn (2) mo3BondeT 3a-
KTIOY KT, YTO COOCTBEHHbIE Y, , ¥, 1 B3a-
MMHasa Yy, MPOBOAMMOCTU MEXCUCTEM-
HOW 3M1eKTpornepefayn TakxKe 3aBUCAT OT
Benn4uHbl I'T. TTosTOMY B YCITOBUMAX reo-
MarHUTHbBIX BO3MYLLEHWI MOALOEPXKAHMA
HeV3MEeHHbIMY HanpsxeHun U = const
U, = const Ha wmnHax 23C, 95C, HepocTa-
TOYHO, KaK MoKa3bIBaET BblipaxkeHme (1), 414
COXPaHEHNA HEWM3MEHHbBbIMIK KOMIMTEKCOB TO-

-

koB I, 11V CNenoBaTensHo peXxmMa ne-
penadn aKTMBHOM W PeakTUBHOM MOLLHO-
CTV MO MEXCUCTEMHOW 31eKTponepenade.
Ha pwvc.2 npeacraBneHbl KpyYiBble, MoKasbl-
BalOLLIME XapaKTep M3MEHEHWA SKBMBANEHT-
HOMO MHAOYKTUBHOIO COMPOTVBAEH WA BETBEW

* 4 *

xl,uz x,u [g=:5:3]

180

16

HaMarHM4YMBaHWA CUMOBbLIX TPaHCPOPMATO-
PoB T, 1 T, B 3aBMCUMOCTM OT YOUHbI HaCbl-
LLIEHWA MArHUTHbBIX CUCTEM MO BO3OENCTBU-
eM [T, KoTopaa onpenendaetca BeTMYMHOM
Ga30BOro yrMa HaCblLeH 3.

B kayecTBe KOMMYECTBEHHOIO KPUTEPUS
rNyOUHbl HaCbIWEeHWAa MarHUTHOWM CUCTEMb
CMIOBOTO TpaHchopMaTopa MCMNOb30BaHa

BeNMYMHa Ga30BOro yria HacbleHns (@? ),
onpenenatllero NPOAOIMKUTENbHOCTb Of -
HOMONAPHbIX OPOCKOB TOKa HamarHM14MBa-
HVA Ha Mepurone HanpmHKeHa Npr Bo3nemn-
creum [T [8]. C mnomMoLwbo BolpaxkeHni (1)
MOYKHO OnpenenTb BENUYMHY PeakTMBHOW
MOLLIHOCTW, Bbl1aBaeMou 29C,

Qi :Uf ¥y —U;-U;y -y, -coso (3)

M BETNYMHY DEIKTUBHOM MOLLHOCTW, MOCTY-
natoLyto B 99C,

Q=U; Uy ¥yn 'CDSﬁ_Ui Y2244

roe - yros Mexay BeKTopaMin HarnpsixeH 1
22C, 1 23C,

CpasHuBad (3) 1 (4), BUOHO, 4TO 23C, Bbl-
naet, a 32C, noTpebndeT PeakTUBHYHO MOLL-
HOCTb, T.e. 3HakM Q, 1 Q, MPOTVBOMONOXKHbI.

\

180 \
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\/ Nt (k)
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£
\/\" e

iy \
20
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& rp.

20 40 a0 a0

PMcyHOK2 — 30BUCHMOCTb 3KBUBAJIEHTHOIO MHOYKTWUBHOIO COrNpoTUB/IeHNS (_‘_[‘
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F

) BETBUM HAMArHU-
FLE ]

Sic
YMBAHKMS OAHOrO CHI0BOIO TPAHCHOPMATOPA U [ABYX OAHOTUIHbIX CHU/IOBbIX TOAHCHOPMATOPOB (X ;= )
OT QA30BOro yr7/1a HACILEHWNS MATHUTHOW CUCTEMBI.
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Torna notepw PeakTUBHOM MOLLIHOCTU B MH-
[YKTVBHbBIX COMPOTUBAEHMSAX SeKTponepe-
fAauu 6yayT onpenensaTbca anrebpanyeckon
CYMMOW

2 2
AQ=Q,+Q,=U7-y,;-U, (5)

"¥a

2 2
Te.npy Ui-¥q > U; ¥4, notepu no-
KPbIBaIOTCS! 3@ CUET PeaKTUBHOM MOLLHOCTM

23C, a npw UlE ¥y < Usy -¥2 norepu
MOKPbIBAtOTCA 3a CUET MoTpebNneHnsa peakx-
TVBHOM MOLWHOCTW 13 22C,.

AHaNM3 MNONYyYEeHHbIX BblpaXeHunu
MO3BONAET OTMETUTb, YTO HEeU3IMEeH-
Hble 3HAYEeHUA PEXXMMHbBIX MapamMeTpoB
(U, = const, U, = const, & =const) He
obecrneyaT B YCIOBUAX reoMarHMTHbIX BO3-
MYLLEHWI COXpaHeHMe pexxmrmMa nepegadm
PEAKTUBHOWM MOLLHOCTM.

Ha puc. 3 npedcraBieHbl aHepreTmyeckme
auarpamMmbl banaHca pPeakTUBHbLIX MOLLHO-
CTEWN D2NeKTponepenadyn npn oTCyTCTBUMMN
M NPV PasnNYHbIX YOOBHAX MreOMarHUTHbIX
BO3MYLLIEHWIN L COOTBETCTBEHHO [ T, SHep-

reTmyeckme guarpaMmbl MOCTPOEHbI O14
cnydas paboThl BJ1 B HaTypanbHOM pexirme,
KOraa MOLWIHOCTb MAarHMUTHOTO MoMAa NMHMK
PaBHa MOLLHOCTM S1EKTPUYECKOTO Mod
(@1 = Oay), Te. NVHUA He NoTpebnaioT
VI HE reHepupytoT PeaKTUBHYO MOLLHOCTD.
[Mon OTCYTCTBUMU MrEOMArHMTHbIX BO3MYLLIE-
HWA i, = O, peakTMBHOM MoLWHOCTM Q, 23C,
onpepenaeMon BolpayeHumem (3), LocTaTou-
HO 019 CO30aHMA MOLLHOCTM HaMarHmM4m-

BaHWA CMNOBbLIX TpaHchopmaTopos T,T,,

Q;.;l (Zrpr)- Q;;:-g (2 rarr) COOTBETCTBEHHO
N BblAa@u V1 PEaKTUBHOW MOLLIHOCTW Q, B MpW-
emMHyto 935C..

Mo mepe yBennyerHumda I'T Bo3pacTa-
eT MOUWHOCTb HaMarH4mBaHMa CHUIOBbIX
TpaHcpopmaTopoB T, T2 HACTOSBbKO, UTO Ha-
CTYMaEeT PaBEHCTBO

O, =0, Uryr) + O, Uryr)

Te. BCA peaKTVBHad MOLIHOCTb 93C, pacxo-
OYeTCa TOMbKO Ha MOKPbITWME MOLWHOCTU Ha-
MarHudrBaHmnd. B npriemMHyto 99C, peakTmB-

Had MOLLHOCTb He oTaaeTcd, Te. @, =0
(pnc.3,0).

23C; El;l T, Ei Tl BII EI’I.ZF;', T, '[i"l 35¢,
— I I =1 = ul I —_— =1
I | | |
I I Oy =05y | ] l |
IR S | !
Q.alirm)
Q_ul {F-I'HT }
a)
- | 4 | B T 3¢,
—%b I I Q. Tl I I '_'_-‘_JJ =0
| | | I |
I
I I Oy =0apn I ] l |
]! o
. O, (i)
Q1 (rgrp) &)
3! L-rl Uﬂ U U 2 PuycyHok 3 —
gt | L | BJI IL-E I | 33C, 3SHepreTmyeckue
] | ANArpamMMmbl MoTo-
2} | | I o KOB PeaKTUBHOW
— I | Ou=0 | | = MOLLHOCTU B
| | L an1eKkTpornepena-
| ye FlpM'
I ] l I I l )i =0;
Q_{E (‘E]_—H_]; 6)I/7/IT FMT7 ’
Q-“l {Im} E) Biry = ryyra > ey
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[Mow DanbHenweM yenmderHnm [T Bo3-
MOYKHO yBenmyeHme MOLIHOCTM HaMarHm-
YMBaHUE CMI0BOTO TpaHchopmaTopa T, 0
YPOBHSA (pnc.3,B)

Q;.;l (frﬂr) - Ql .

B aTOM Ccny4dae gnga nogaepaHma ypoBHA
HanpsxeHus U, B KOHLE TMHUK MOLLHOCTb
HaMarHM4YMBaHMA CMNOBOro TpaHchopMa-
TOpa T, OO/MKHa MOKPbLIBATLCA MOTPEONeH M-
eM peaKTVBHOW MOLWHOCTV 13 NPUeMHOMN

22C, Te.
Q;;z (frﬂr) =0,

KoTopaa Ao/mkHa obnanaTb COOTBETCTBYO-
LM pe3epBOM PEAKTUBHOM MOLLHOCTM.

A A

i@ i@ - _
Xp =X =008 x,=x,

18

Ha puc.4 npencrtasneHbl rpaduk MamMe-
HEeHMA CYMMapHOW MOLLHOCTM HaMarHm-
YMBaHUA CUNOBbLIX TPaHCPoPMaTopoB T, T,
(kpmBadal), peakTMBHOW MOLLHOCTU, BblgaBa-
emMon 23C, (KpuBada 2) 1 notpebnaemMon, a
3aTeM v BblgasaemMon 32C, (KprBad 3) B 3a-
BUCMMOCTW OT MHTEHCUMBHOCTM reoOMarHmT-
HbIX BO3MYLLEHWM, BO3pacTaHe KOTOpOoW
Bbl3blBaET yBEIMYeHre $a3oBoro yrna Ha-
ChllleHna (§2) MarHUTHbBIX CUCTEM CUMOBbIX
TpaHchopmaTopos T, T, 3aBUCKUMOCT M0~
CTPOEHbI C MOMOLLbIO BblpakeHumn (3), (4) n
(5) ona cnabo sarpyskeHHon (P, = 01347) u
CPABHUTENbHO «KOPOTKOW» NUHUK 2N1EKTPO-
nepegadn, KoTopada MMeeT cnegyrollve na-
pamMeTpbl

=174.64 ;x5 =0,0506 (50xu).

l_? L Y
5,0
4,0
1
— i
3,0 :
2|
1.0
:__-l'"-" E 180 "'P, F[:}EI,EI,
?"‘h—. ;,.-""" »
0 40 ™\Jso  [120 Heo; [200
1,0 :
—— 2 :

PuUCYyHOK 4 — DHepreTm4yecKkme XapaKTepUCTKK Sr1eKTponepenayu rnpmv sosgenctemm MT (1 - cymmap-
HAS MOLLHOCTb HOMAIrHUYNBAHWS CHU/TOBbIX TDAHCPOPMATOPOB, 2 — PEAKTUBHAS MOLLHOCTb, BblABAe-
mas 32C,; 3 - peaKTMBHASI MOLLIHOCTb, BblAaBAeMas B (noTpebsgemas n3) 33C,).
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[MpoeacTaBneHHble YMCNeHHble 3HavYeHna
npuBeaeHbl K HOMUHaNbHbIM MapamMeTpam
CUNOBbIX TPAaHCHOPMATOPOB. VHOYKTVBHbIE
COMPOTVBNEHME BETBEW HaMarHM4YmMBaHma

X1:%,7  CUNOBbIX TpaHcpopmaTopos T,
T, yKasaHbl And pexxmmMa HopMasbHOro ne-
peEMarHMYMBaHMAa MarHUTHbIX CUCTEM MPU
OTCYTCTBUMM FrEeOMarHUTHbIX BO3MYLLEHWMN
(i = O ). Kak B1OHoO, Mo Mepe yBennyeHmd
[T 1 cooTBETCTBEHHO Ha30BOro yIfa Hachbl-
LLIEHWNA MArHUTHOW CUCTEMbI CUMOBbIX TPaHC-
dopmaTopos T, T, MHOIOKPATHO BO3pacTa-
eT CyMMapHagd MOLLHOCTb HaMarH4MBaHua

CUMI0BbIX ToaHCchopmaTopos T, T, (kpmBad 1)
oT sHadeHus @, = 0,008 npy @ = Ozp.
[0 3Ha4eHu4a Q_:z =1.0 Npv @ = 84zp.,
Te. PaKTM4ecKky 00 3Ha4YeHMa HOMUHalb-
HOWM MOLLIHOCTW CMIOBOIo TpaHchopMaTopa
[13,14].

HanbHenwee yBenmyeHme MHTEHCKUB-
HOCTW TUT 1 $a3oBOro yrna HacblLeHnd
OT 3HadeHna @ = 84dap. N0 3HadYeHud
@ =120ep. conposoxnaetca elle bonee
PE3KVM YBENMUYEHMEM CYyMMaPHOM MOLLHO-

CTW HaMalrH4YmBaHMA, BrJj10Tb 4O 3HaYeHWA
E S

Q. - = 3.2  1Te noytn TpexkpaTHoOro 3Ha-

HeHWAa HOMMHANbHOW MOLLIHOCTM CUMTOBOIO
TpaHchopmaTtopa. MNpu @ =1202p. cym-
MapHaa MOLLHOCTb HaMarHM4YMBaHMA CUMIO-
BbIX TPAHCPOPMATOPOB BO3pPacTaeT TO/bKO
Ha 6%.

yBenmdeHme cyMmMapHOWM MOLLHOCTI Ha-
MarHM4mMBaHWA CUNOBbLIX TPAaHCPOPMATO-
coB T, T, Npwv BO3pactaH MHTEHCUBHO-
CTW reoOMarHUTHbBIX BO3MYLLEHWI Bbl3biBAET
yBenuyeHue norpebnaemon s 33C, pe-
aKTMBHOW MOLLHOCTMK (KpWBaga 2) N YMEHb-
LIeHne peakTUBHOWM MOLLHOCTM, MOCTyMa-
ouwen B 99C, (kpwsag 3). HakoHel, rnpw
@ = S0zp. BbIO34a PEAKTNBHOWN MOLLHO-
CTh B 22C, Npekpallaetca 1 npaxkTn4eckin
BCH pPEeaKTMBHAaA MOLLHOCTb, BbllaBaeMad
22C, pacxoayeTcd Ha NoKpbITVe MOLLHO-
CTW HaMarHu4yMBaHWAa CUIOBLIX TPaHCPOP-
MaTopoB T, T, 1 TONbKO * 19% Ha MoKpbITMe
NOoTEPb PEAKTUBHOWM MOLLHOCTM B MPOLOOSb-
HBIX MHOYKTWBHbBIX COMPOTUBIEHNAX MEX-
CUCTEMHOW 2n1eKTponepenaydn. aHHaa cun-
TyauMa COOTBETCTBYET dHepreTmyecKkom
anarpamMme, n3obpa)keHHom Ha puc.3,0.
Mo @ = 502p. peakTMBHag MOLLIHOCTb
HadnHaeT noTpebndrsca 1 13 33C,. C 3Toro

MOMeHTa BO3pacTatollaa MOLLHOCTb HaMar-
HNYNBaHNA CUNOBbLIX ToaHCHOPMaTOPOB T,
T,, a TakKe U NoTepy PeaKkTUBHOM MOLLHOCTY
B MPOOOAbHbIX MHOYKTVUBHbIX COMPOTMBIEe-
HUAX DNeKTponepenaYs HadmMHaeT NMoKPbl-
BaTbCH 3a CUET MoTpebneHuna peakTMBHOM
MOLLHOCTW Kak 13 22C, Tak 1 13 23C, (CM.
TaKXKe sHepreTuyeckyto guarpamMmy Ha

puc.3,8). B yactHocty, npn @ = 180ap.
CYyMMapHaa MOLIHOCTb HaMarHM4YMBaHMA
CUA0BbIX ToaHCchopmaTopos T, T, Ha = 60%
NOKpPbIBaeTCca NnoTpebneHremM peakTUBHOW
MOLLHOCTM 13 23C 1 Ha ~ 40% notpebneHu-
eM PeakTUBHOM MOLLHOCTK 13 92C . OgHaKo
3TO BO3MOXKHO TOMbKO MPW HanW4ymm CoOoT-
BETCTBYIOLLUMX DE3E€PBOB PEAKTVMBHOM MOLL-
HOCTW. B MPOTUBHOM ClyYyae reoMarHuUTHbIe
BO3MYLLEHMA MPW OOCTAaTOYHOW MHTEHCUB-
HOCTW CMOCOOHbI UHULIMMPOBaTbL pa3BUTME
aBapUVHOW CUTYaLUM TUMa «1aBMHa Hampa-
YKEH Y.

3aknwyeHune. B Hepa3BETB/IEHHOW Cxe-
Me nepefadn NeKTPO3IHERI M MOTOK pe-
AKTVBHOWM MOLLHOCTU B MPUEMHYIO CUCTEMY
CYLIECTBEHHO 3aBUCUT OT MHTEHCUBHOCTM
reOMarHUTHbBIX BO3MYLLEH WM, MOCKOMbKY
yBenuueHve 'MT cnocobHO BbI3BaTb MHO-
rOKpaTHoOe yBenmyeHme MOLHOCTU HamMar-
HUYMBaAHNSA CUIOBbBIX TPAHCHOPMATOPOB MO-
BblLUAOLEW M MOHMKatOLWEW MOOCTaH LU
00 3HaYeHUM OOCTUIaoWMX 1 Oarke MpeBbl-
LIAIOLLMX COOCTBEHHYIO HOMMHANBbHYIO MOLLI-
HOCTb. [10 Mepe yBenunyeHnd I' M T yMeHblla-
eTca NPOonyckHaa CNocobHOCTb BO3AYLLIHOM
JTMHUW, @ MOTOK PEeaKTMBHOW MOWIHOCTM B
MONEMHYIO CUCTEMY YMEHbLUAeTCH BM10Th
00 MOJTHOTO MPeKPaLleHNA 1 NocneaytoLLe
MHBEPCKI HamnpaBieHnd nepegadn.
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NCNOJIb3OBAHUE CYOOBOW SHEPTETUKU 019 YKU3HEOBECIMEYEHUS
APKTUYECKUX OBBbEKTOB

PH. Wynbrat, T. C. CMnpHoBat

I Bcepoccumckimi aneKTpoTexHmnyecKmnii MHCTUTYT-Gunman denepanbHoro rocyaapcrTBeHHOoro

VHUTaPHOro npegnpuatia «Poccumnckim @egepalbHbl AaepHbl LieHTp- BecepoccnimcKkini

HaY4YHO- MCCNenoBaTenbCKMIM MHCTUTYT TEXHMYECKOM GU3UKKM MMEHV aKageMyKa
E. 1. 3a6abaxviHa», . MockBa

X rnshulga@veiru

PaccmoTpeHHble xapakTepucTuki CeBepHOro Mopckoro Nyt (CMI), aToOMHbIX Ne0oKo0B
VI VX CYOOBOWM DHEPreTuKM MoKasbliBatoT Lenecoobpa3HoCTb aHeprocHabweHmna 6eperosbix
noTpebuTenen c MCNob3oBaHKeM Cyd0BbIX PeaKTOPHbIX YCTPOMCTB (PY) Tna aTOMHbIX CTaHL MM
Manow MolHoCcTV (ACMM), 4To MO3BONAET YHUDULIMPDOBATL U TUPRaXMPOBaTb DHEPIOYCTaHOBKM.
Ona Apktukm v CMITT npuMmeHeHre ACMM, 0OMNOMTHEHHOW LUMHOWM MOCTOAHHOIO TOKa U Ha IM4MnMeM
HakonuTenemn, asnaetca 6esanbTrepHaTUBHbIM pelleHeM B 4acTW aBTOHOMUM, CHUMKEH IS
BblObpoCca OMOKCKMAOOB yrnepona W asoTa, OTCYTCTBMEM ODCNY»KUMBaHWA U AUCTaHLUMOHHbIM
LdPOBBLIM yrpaBieHreM. PaccMOTpeHHble aflbTepHaTUBHbIE BapWMaHTbl aHeproobecnedeHya
CTaUVOHapHbIX 1 MOBUMbHbLIX YCTAHOBOK Ha3eMHOro, HaABO4HOrO 1 MOABOAHOMO 6a3npoBaHMA
Ha CKVKEeHHOM NpupooHoM rase (CIMNIMN) npegycMaTprBaloT MCMONb30BaHMe aBMalMOHHbIX
ra30BbIX TYPOUH MOLLHOCTbBIO 00 5 MBT, a 4719 YCTaHOBOK MOPCKOr0 6a3npoBaHg KopabenbHblx
ra3oBblX TYPOUH MOLLHOCTbIO OT 30 MBT ¢ npuMeHeHreM HakonuTenem a1eKTposHepriy,
MOLLHOCTb KOTOPbIX 3aBUCUT OT MMKOBOW MOLLHOCTM noTpebutenen. MNpuseneHbl CTRYKTYpPa
VI cOCTaB MODOUMMABHOIO MOAYbHOMO KOMMIEeKca »n3HeobecnedyeHna (MMKXK) B cocTtase
NOOBOOHOIO MMM HAOBOOAHOIO SHEProMoAyaa C yrpaBadeMblM BblMPAMUTENEM, BbiXOL
KOTOPOro coeguHeH OUMMNoNapHbIM MOABOAHBIM Kabenem NnocToaHHOro Toka ¢ 6eperosbiMm
MoOyNaAMM NpeobpasoBaHng, HakoMNNeHWa 1 pacnpeneneHna. Boixoobl MocnegHero HaseMHbIMM
OUNoNapPHbBIMK Kabenamy CBA3aHbl CO BXOAaMM Moayner BOAOMoAroTOBKY M BO3OYyXOMOArOTOBKY,
a TakXKe MPon3BOACTBEHHBIMMN 1 BCMOMOraTeIbHbIMI MOOYNIAMM. KOMMMEKC HanpaxXeHmnem oT
1 0o 10 kKB mMowHocTbio oT 1 40 10 MBT co3paeTca ¢ MCrob3oBaHMeM npeobpasoBaTene Toka
VI HAMPSYKEeH WA, HakonuTenem a1eKTpoaHeprim, Bolkaodatene 1 kabenem noctoaHHOro TokKa,
OCHalLaeTca UMPPOBbIMK YCTROMCTBAMM YIpaBNeHMd.

KrnouyeBble cnoBa: aTOMHbIM JIEO0KOST, 9H€prOCH86>KeH ne, aHepProyCraHoBKa, WiHa noCtoAdHHOro
TOKa, HaKOoTrnTes b 2J1EKTPOHEePI N, KI3HeobecneyeHue.

USE OF SHIP POWER FOR LIFE SUPPORT OF ARCTIC FACILITIES

R.N.Shulga' T.S. Smirnova'

TAll-Russian Electrotechnical Institute-Branch of Federal State Unitary Enterprise «Russian
Federal Nuclear Center - All-Russian Scientific Research Institute of Technical Physics named
after Academician E. I. Zababakhin» Moscow, Russia

The considered characteristics of the Northern sea route (NSR), nuclear icebreakers and their
ship power engineering show expediency of power supply of coastal consumers with use of ship
reactor devices (RU) of type of nuclear power plants of small power (ASMM) that allows to unify
and replicate power installations. For the Arctic and the NSR, the use of ASMM, supplemented
by a DC bus and the presence of storage devices is an alternative solution in terms of autonomy,
reducing the emission of carbon dioxide and nitrogen, lack of maintenance and remote digital
control. The alternative options of energy supply stationary and mobile installations of ground,
surface, and submarine-based liquefied natural gas (LNG) include the use of aviation gas turbines

© R.N. Shulga, T. S. Smirnova
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up to 5 MW, and for sea-based vehicular gas turbines of 30 MW using energy storage devices,
the capacity of which depends on the peak power of the consumers. The structure and
composition of a mobile modular life support complex (MMCF) as part of an underwater or surface
power module with a controlled rectifier, the output of which is connected by a bipolar underwater
DC cable to the shore conversion, accumulation and distribution modules, are presented.
The outputs of the latter are connected by ground bipolar cables to the inputs of the water and
air treatment modules, as well as production and auxiliary modules. The complex with voltage
from 1to 10 kV with power from 1to 10 MW is created using current and voltage converters,
energy storage, switches and DC cables, equipped with digital control devices.the possibility of
terminating the transit of reactive power with sufficiently intense geomagnetic disturbances.

Keywords: nuclear icebreaker, power supply, power plant, DC bus, electricity storage, life support.
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Ony6nvkoBaHa oHnanH: 25.03.2020

XapaKTepUCTUKU CEBEPHOIO MOPCKOIo
nyTM U oCBaMBaeMbIX TeppUToOpUn

CeBepHbI MOpCcKoW MyTb (CMIT), Tak e,
Kak 1 APKTMKa — 3TO HaUMOHanbHbIM U 10-
OanbHbIM NPOeKT Poccnmn B 21-O0M Beke, KO-
TopbIM TpebyeT Mobunm3aurm BCex pecyp-
COB CTPaHbl, OCBOEHMNA HOBbIX TEXHONOMMMN
ON9 OOCTM>KEHWMA TNaBHOW 3a4a4u: nogbe-
Ma 2KOHOMMUKW, MOBbILLIEHMA BNarococToa-
HVA HapoOda U 3aLUMTbl CEBEPHbIX pybexel
MNPOTAXKEHHOCTbIO 23 ThiC. KM. [1DOTAXKEH-
HOCTb CMIT OT MPONMBOB apxunesnara Hosad
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* He Hajlo NMIATWTL 33 NPOX0J, CYHA (B oTNMWe
or Cyaukoro kanana); t

* OTCYTCTBYIOT 04epeM (kak B cyyae ¢ Cyaukum
KaHanom);

* HET PUCKa HanafeHua NHpaToe.
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3emMna u byxtow lMpoBuoeHua (TUxMM
OkeaH) — 5600 kM. MapLpyT oxBaTbiBaeT 5
Mopel 1 10 mMopToB OT MypMaHCcKa 40 OyXThl
MpoBvaeHMa ¢ gobaBNeHMeM HOBbIX MOPTOR
CabeTTa, XataHra 1 Ap. 014 BbiBO3a HedTH,
OKMKEHHOrO NpupogHoro rasa (Crr), yrna
(aHTpaumTa) ¢ TamMblpa, PyObl 1 3010Ta. Cxe-
Ma CMIT, npuvBegeHHada Ha (puvc. 1), OocTa-
TOYHO HAMMAOHO MOKa3bIBaeT HamnpasneHue
MOTOKa rPy30B B 0OOKX HaMpaBneHuax, 4Tto
BaXKHO A9 KPYTIOrOAMYHOM SKCHyaTaL M
CMIT.

YEM BbIFOJEH CEBEPHbIA MOPCKOW MYTh?

Cazanapaxvasoctok- € eocroka Ha 3anap -
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PucyHok 1— Cxema CMI c o603HQUYeHMeM OCHOBHbIX MOPTOB U BbIrOAbl €ro Mcriosib3oBaHus [1].
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PacctoaHume oT CaHkT-lNeTepbypra o
BnagmnBocTtoka yepe3s CMIT — 14 TbIC. KM, a
vepes toKHble Mopda U CyaUKMM KaHan —
23 ThIC. KM, 1, COOTBETCTBEHHO, PPaxT 3aHM-
MaeT 23 CyTOK MpOoTuB 45 cyToK. [py30000-
poT CMI1 pe3ko HapacTaeT, 1 ecnin B 2013
r. OH cocTaBnan 2,8 MH. T, To B 2016 T — 6,9
MMH. T, a B 2020 r. coctaBuT 30 MIH. T, MPW-
YeM M3 HMX 16 MIH. T— BbIBO3 U3 «HAMan-Cl 1.
K 2030 1. BbIBO3 yrd 13 TanMblpa B KuTam
gocturHet 30 MAH. T. [pu KpyrnoroguyHowm
HaBuUrauumm K 2021 1. OXkMOaeTca nepeBo3ka
00 40 MNH. T, a K 2025 r— g0 75 MaH. T. [1]

CeroaHg, No cfoBaM reHepasibHOro am-
pekTopa OIYI «AToMdaoT» B. PykLn, obb-
eM BblBO3a CI'l[ go/mKeH coctaBMTb 40 MH. T,
ra3oBOro KoHpeHcata — 5 MnH. T. Cebectom-
MOCTb gocTaskih 1 T CII B nopTt Kobe (Ano-
HIa) yepes Cyal, — 96 gonn., a no CM[1 - 58
nonn. B nNopT AHbTaHb (Kutawm) — 91 gonn,,
ano CMTI1-64 ponn. PasHuua B 20-25 nonn.
33 TOHHY MO3BOMIFAET HAPACTUTb MapK Neao-
KOMOB UM MHDPACTPYKTYRY NOPTOB. (1]

boratctBa Henp wenbda 1 apKTMYeCcKom
30HbI Poccumckom @epepaunin (A3POD)
CTOSTb 3HaUMTENMbHbI, YTO BO3HWKaeT 3a0a-
Ua UX OCBOEHMS UM 3aLLUUTBI B YCITOBMAX MO-
TenneHua kKnumata [2]. KapTa (puc. 2) no-
Ka3blBaET NTMLEH3MOHHbBIE YYacTKKM (JTY) Ha

ELECTRIC-POWER ENGINEERING FOR THE ARCTIC

wenbde ASPO 1 ap. mopax «MAO «HK Po-
CHedTb», KOTOPbIe OatoT NpeacraBneHme o
nepcrekTmBax ocBoeHna CMI1 ToNbKOo Mo
HedTV. BbIBO3 HEPTU 13 KapcKoro Mmopsa Ye-
pe3 XaTaHry Ha ypoBHe 50 MH. TpebyeT 1c-
MNONMb30BaHMA TaHKEPOB BOOOU3MELLIEeHMEM
no 100 Tbic. TOHH 14 npoxoga oT Obckow
ryobl oo CabeTtThl [2].
3anagHo-TpurHoBO3eMENbCKUM J1Y co-
aepuT 14 MApa. T HedTU 1 1,8 TRMH. KyO. M
rasa, BoctodHo-lNprnHoBO3EeMENbCKMU JTY —
130 MAH. T HedTK 1 500 Mnpa. kKy6. M rasa [2].

LLITOKMaHOBCKOe MeCTopoxaeHMe 0Ob-
eMOM 4 TPNH. kyD. M ra3a 1 60 MH. T raso-
BOrO KOHOEeHCaTa 9BAAeTCa KPYNMHEWLLINM B
Mupe [2].

[MaBNOBCKOE pyaAHO-MeTannm4eckoe
MeCcTopOXaeHne Ha ocTpoBe tOXHbBIN (ap-
Xmnenar Hoeaga 3emMna) BXoAUT B MATEPKY
KpyrnHenwmx B PO, MpUHaanexxmT «ATOM-
PeoMeT30/10TY» WM OO/MHKHO AaBaTb o 70
TbIC. T LIMHKOBOTO KOHLIeHTPaTa B roa. [pen-
nofaraemMaa cMeTa ropHo-o0boraTUTeIbHO-
ro koMbuHaTa (FTOK) - 22 Mnpad. pyo., nopTta —
00 6 Mapa. pyd. OceoeHme NpennonaraeTca
kK 2019-2021 rr., noTpebnaemMasa MOLLHOCTb —
no 40 MBT, nepconan — 500 venosek, pabo-
TatoLLMX BAXTOBbIM MeTogoM [3].

—

%

" " EACENRCKOE
o wl  MOPFE

VCNOBHGLIE DOOIHAYEHHA
] moasmesmossae yuacros A e FOCHESTE" 12 emae

PucyHOK 2 — KapTa /inLeH3noHHbIX y4acTKoB «[MAO «HK PocHedTb» Ha wwenbpe mopei [1].
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Llenbto HanmcaHma HacToALLEN CTaTbW AB-
naeTca aHanma notpebHocTen MHQPaCTPYK-
Typbl CMTIT 1 npennoxxeHure no NCcrofib3o-
BaHWIO aTOMHbIX CTaHLUMM Manon MOLLHOCTM
(ACMM) ona NoKalbHbIX CUCTEM 3HEPIO-
CHabXkeHna beperoBbiXx noTpebutenew,
a TakKe onucaHmne MobuNbHOro MoayNbHO-
roO KOMMMeKca »Kn3HeobecneyeHa apKTu-
UEeCKUX OOBbEKTOB.

ATOMHBbIe nepokonbl gna CMI

OcBoeHmne CMI 6e3 negoKonbHoro Gno-
Ta HepeanbHO, U TOMTbKO aTOMHbIE NTegoKOS bl
MOTYT obecneymTb KPYorogmdHyo npo-
BOJKY Cy[00OB, 0OCOOEHHO B BOCTOYHOW 30HE
APKTUKN. [1epBbl aTOMHbBIV Ne0oKoN «Jle-
HH» Oblf1 MOCTPOEeH B 1959 1., mpocny»kinn 30
JIET C HEMPEPDLIBHOW 3KCMyaTaumem B Te-
YyeHne OOHOro rofda, Noc/ie 4Yero BrepsBbie B
HeM Obla ocyLllecTBNeHa 3aMeHa peakTop-
HOW YCTaHOBKM (PY) Ha Opyryto YyCTaHOBKY.
3aTemM nocnenoBano CTROUTENBCTBO 6 fe-
JOKOMNOB TUMa «ApPKTMKa» (BTOpoe nokose-
HKe), KoTopble OTNIMYanCh OBYXKOPMYCHbIM
MCMONMHEHMEM, MEXXOY KOPMyCaMm KOTOPbIX
pacnonaranmnch UMCcTepHbl gna sogobanaH-
CMPOBKU, C aBTOHOMHOCTbIO 0 8 MECALIEB.
Boinuv peanmsoBaHbl ABa TWMa CyOoB: «Poc-
cna» ¢ oBymMa PY, MOWHOCTbIO /5 ThiC. /1.C,;
«TanmMblp» 1 «Bawrad» ¢ 1 PY, MOLHOCTbIO
40 TbIC. 1.C., KOTOPbIE UMEeSN MEHbLLYIO OCa-
Ky 0719 MPOX0O4a Yepes YCTba pekK.

B 90-x rogax npoLunoro Beka kKak BoeH-
HO-MOpPCKOW GoT (BM®), Tak 1 NeaoKoNb-
Hbl GNOT NpeTeprnen OONbLUOW YPOH.
13 243 aTOMHbBIX MOABOOHbBIX ook (A1) K
Ha4yasny Beka ocTanochb 50 AlJ1, a 185 obinu
BblBEOEHbl M3 coCTaBa BMO®. 3 negokona
OblNV BblBEAEHbI M3 IKCMIyaTaumm B CBA3M
C COKpalLeHMeM CEBEPHOIO 3aB0O3a.

B HacToduwee Bpema OIYI1 «Pocatom-
GNoT» pacnonaraeT cCeMbto aTOMHbIMU Cy-
OJaMKn N OCyLLEeCTBNAeT cneaytoue 3agadm:
CEBEPHbIM 3aB0O3; OCBOEHME HOBbLIX MPOEK-
TOB B MHTepecax MmnHobopoHbl, 'K Pocatom
B 4acCTu NaBMOBCKOIO MeCTOpPOXKOEeHNS, MPO-
eKTOB HedTEerasoBbIX M YIrobHbIX KOMMaHWM
MO MNPOBOAKE MX CYOOB.

Ona peann3aumnm yKasaHHbIX 3a4a4 Mo
NpoeKTy 22220 cTtpoaTtca negokonbl J1K-60
TMNa «ApKTUKa» («Ypan», «Cnbnpby) (ToeTbe
MoKoeHre) MoLLHoCTbO 60 MBT, BogoM3Me-
LeHneM 335 ThiC. T C CUCTeMaM 3M1eKTPO-
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asuxeHma (C3M), npeogoneBatoLime noabl
TONWWMHOWM 00 3 M. Criegytollee yetBepTtoe
nokoneHmne byaeT peanm3oBaHo Ha OCHOBE
negokona tuna «Jimpep». TexHuyeckme xa-
PaKTEPUCTUKK nepokona «J1naep», (MpoekT
10510) Mo gaHHbIM LIeHTPaNnbHOIO KOHCTPRYK-
Topckoro 6opo (LKB) «Ancbepr»: BO4oW3-
MelleHne — /71380 T, ovHa — 209 M, LUMpKrHa
— 4777 M, ocagka — 13 M, PY — PUTM 400 Te-
MIOBOWM MOLLHOCTbIO — 315 MBT, MOLWHOCTb
Ha BUHTax — 120 MBT, aBTOHOMHOCTb (MO Mpo-
BM3UM 8 MecaleB), NegonpoxoaMMoCcTb —
4,5 M Ha CKOPOCTK 2 y3na, 2,0 M Ha CKOPO-
CcTn 15 y3n0B. KoHUEenuMa «OTKPbITOM KOPMbI»
009 NMoA0OHbIX CYOO0B Pa3HbIX K1acCcoB Mo-
3BOJIAET PA3MeCTUTb Ha KOpMe NIerKoCheM-
Hble boeBble MoayNV Pa3HbIX TMMoB. K 2035
rofy npeaycMaTpmBaeTca UCrosib3oBaHme 8
ATOMHDbIX Te0OKOSTOB 4 MOKOSEeH NI 1 CBbILLEe
100 TaHKepOB 1 ra30BO30B BOAOU3MELLEH -
em 0o 100 Toic. T. [1].

PeakToOpHble YCTaHOBKU Masiomn
MOLLHOCTU

1o TepMUHONOIMI MeXayHapoaHOoro
areHTCTBa Mo aToOMHOM aHeprum (MATATI)
PY MollHOCTbO 00 300 MBT oTHOCATCA K
TUMY Manow MOLIHOCTU, KOTOPbIE K1aCcCU-
drumpytoTca kak ACMM. B Toxe Bpemd Mo
TUMY Harpy3oK MasnblM CHUTAOTCA Harpy3s-
K 0o 30 MBT. MunpoBon nHtepec K ACMM
obycnoBneH NoTpebHoCTAMM BONbLUMHCTBA
CTpaH B MCTOYHKMKaX Malow MOLHOCTV A4
BblpabOoTKM 3NEeKTPUYECcTBa, Tenna M xonoaa,
ornpecHeHa BOAbl Ha OCHOBE TEXHONOMM-
UeCcKMX pelleHm 6e3 Bbibpoca AVMOKCKO0B
yrnepoaa, ¢ ObICTEbIM BBOAOM B 3KCIlyaTa-
Lmto (1 roa BMeCTo 5 NeT Kak Ona KPYnHbIX
aTOMHbIX anekTpocTaHunm (ASC) [4].

Bonblime MaccorabapuUTHble MoKasaTenm
paHee pa3paboTaHHbix B K PocaTom cyxo-
MYTHbIX PY Oblny npeofoneHbl Ha CyOoBbiX
M noaBoAHbIX PY. C 1959 no 2018 rr. npen-
MyLLecTBeHHO B OKBEM AdpurkaHToBa Oblnn
pa3paboTaHbl 4 nokoneHwa PY. 3 mokone-
HVe Ha 6aze PY KJIT-40M 1 OK-900A cooT-
BETCTBEHHO TEM/10BOW MOLLHOCTbIO 135 1 170
MBT Menu cpok ciy»Kbbl 25 neT, HenpepblB-
HOW paboThbl — 8 ThiC. Yac. 4 nokoneHmne PY
PTM-200 ¢ MOLLHOCTbIO 6/10KoB Mo 175 MBT
OO/IKHO MMETb CPOK CNy»Obl 40 neT, Henpe-
ObIBHOW paboThbl — 26 ThiC. Yac [4].
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HUKW2T paspabotan PY LWenbd Tenno-
BOW MOLLHOCTbIO 6,4 MBT, HeENpepbIBHOW pa-
6oToM 5 ThiC. Yac. B Ha3eMHOM M MOOBOAHOM
BapuMaHTe C OPUEHTUPOBOYHOM CTOMMOCTbLIO
10 py6./KBTu.

OKBEM AdpukaHToBa U LIKBE PyouH eule
00 MepecTponKK paspaboTani NoaBOLHbIM
SHeprokomMmmaekc PY Ancbepr TennoBom
MOLLHOCTbIO 24 MBT, HenpepbiBHOM paboTon
8 TbIC. Yac. ¢ MoABOOHbBIMK BYPOBbIMU, CeM-
CMOPAa3BEOKOW, OXPaHOW M AP. MOOYIAMM.

<NHKUHUPMHTOBAA KOMMaHWA MHHOBA-
LMOHHbIX NpoekToB MKWI» paszpaboTtana
ACMM molHocTbio o1 0,1 go 1 MBT ong obe-
credeHna Oy POBbLIX CTaHLUMI CBA3BIO, ObITO-
BbIMW YCNOBUAMMK 1 O0. Hy»KaamMu [2].

YacTHO-roCyOapCTBEHHaa KOMMaHMg
«AKM3-VHXUHUPUHM pa3paboTtana 1 CTPOo-
T ACMM CO CBMHLIOBO-BMCMYTOBbBIM TEM/10-
HoCUTEeNneM Ha ObICTPbIX HenTpoHax CBEP-
100 n CBBP-10, npeaHasHa4deHHble 014
FPaXKO3AHCKOMO MPUMEHEH A 1 A9 HY>KO Ap-
KTUKW, MOTEeHUMaNbHbIM 06beM MMPOBOIrO
PbIHKa KOTOPOro oueHmBatoTca B 600 Mapa,.
OONN.

[MpoMblweHHoe npoumssogctso CIIT
N MOpPCKKMEe TepMUWHalbl norpysxkun CIr
TakXKe BO3MOXKHO MTate ACMM HaOBOAHO-
ro 1 nogBogHoro GasmpoBaHua. B pesyib-
TaTe, 0Na 3HeproobecnevyeHna APKTUKM,
VOXKEe CerogHsa MOYHO MCMoNb3oBaTh bonee

© R.N. Shulga, T. S. Smirnova
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20 Tnnoe ACMM MowHocTeto O.1; 1 10; 30
MBT, Te. BeCb OManasoH Manow reHepaumm m
MafbIX HArpy30K, XapaKTepPHbIX 019 APKTUKM
(B CBA3M C ManOYMCIEHHOCTbIO HaceneHma).

Ha (pwc. 3) npuBeaeH cxemMaTuyecKmm
vepTtexk ACMM «YHUTepM» pa3paboTkit HI-
KINST, KoTopaa MOyeT OblTb NMpUMeHeHa B
BapMaHTax MOPCKOro, MoABOOHOIO M CyXO-
NYyTHOro GasnpoBaHna [4].

[Noennonaraercda, Uto PY 4 nokoneHud
Ha ObICTPbIX HenTpoHax Tuna CBEP-100 v
CBBP-10 c ncrnonbzosaHvem MOKC Torimea
CMOTYT 3aKpblTb Npobnemy ACMM pa3nmy-
HOIO HaszHa4YeHMsa 1, HeCMOoTPA Ha OObLLYIO
CTOMMOCTb CPaBHMTENBHO C BOAO-BOOAHbI-
MWK PY, cTaTb ©a30BbIMU 3a CHET UX LLIKMPO-
KOO TUPaXKMpoBaHMg, 6e30MacHOCTM 3KC-
nayaTaunn 1 yoeleBneHna TonamBea 3a CHET
PaboThbl MO 3aMKHYTOMY LIMKAY. Ha (pwc. 4)
NOMBEOEH CXeMAaTUNYECKNM YEPTEX peakK-
TopHOro MoHobnoka CBEP-100 pa3paboT-
KN « AKMD-THXXUHUPDNHT.

XapakTtepuctmki CBBEP-100 npueBeneH:b
B (Ta®n.l) [5].

PucyHok 3 — CxeMQTUYeCKn yepTexx
ACMM «YHutTepm» paspabotku HUKNIT, roe

1- bak »kene3oBogHOM 3ALLMTbI

2- BasinoHbl XpaHeHMsS ra3006pA3HbIX PAAMO-
QKTUMBHBbIX OTXO40B

3- Cucrtema noagayu XXuUaKoro rnor/ioTUTesns
4- 3aumTHag ob6o/104Ka

5- O60/104KQ MPOTMBOYAAPHOM 3QLMNTHI

6- Tersioo6MeHHWK CUCTEMbI PACXO/IAXKMBA-
Husa

7- lNaporeHepupyoLmny arperart

8- B1okm paamMaLUMOHHOM 3QLLMTBI

9- XpAHUANLE XXUAOKUX U TBEPAbIX PAANOAK-
TUBHbIX OTXO4OB

10- dyHOAMEHT
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PucyHOK 4 — PeaKTopHbIvi MOHO6/10K CBEP-
100 [5], roe

UH — raBHbIV UMPKYISLUMOHHbIN HACOC,
[l - naporeHepaTop,
CY3 - cuctema ynpasrieHus v 3aLuTbl

Ta6aunya 1

XapaKTepucTtuka EavHMua 3HayeHue

n3MepeHuns
MolHOCTbL PY TennoBasd MBT 280
MOLLHOCTb 3/1eKTpunyecKkas MBT 100
[laBneHwme reHepmpyeMoro HachblleHHoro napa | Mflla 7.0
[Maponpon3BOONTENBHOCTD T/ 580
TennoHocKTeNb | KOHTYPa
CcOoCTaB 44,5% Pb + 555% Bi:
TeMnepatypa TenIoHoCUTENA 1 KOHTYPa, BX/Bbix | °C 340/ 490
KaMnaHWa akTMBHOW 30Hb ThiC. 3PPy 50
TonnmBo: TLM
cpenHee oboraweHmne no U-235 %
MaKkCcUManbHoe oborauleHme no U-235 % 20
rno Uo?2 % 16,3
VIHTepBan BpeEMEHW Mexay neperpysxkamm net (0OHOMOMEHT- |7 -8

Hada neperpyska

BCero TonavBea)
FabapuTtel MBP (avametp/BbicoTa) M 453/786

dneKTpU4yeckue cyga n Ux sHepreTmka

CygoBble 3M1eKTpoyCTaHOBKM obnanatoT
BbICOKNM KOPPULIMEHTOM MOME3HOro Oem-
ctBuga (KIMO), obecneyrBatoT rMOKOCTb 1 MO-
BbILLUEHHYIO HAOEeXKHOCTb U, YTO elle bonee
BaYKHO, CHMYKAIOT CTOMMOCTb 000PYA0BaHMA.
[1pOCTOTa CXEMOTEXHUKW, COKPALLEHNE YINC-
Na NePBUYHbBIX MCTOYHMKOB 3HEPTUN, MHTE-
rpauua, TMOKOCTb MPOEKTHBIX PELUEeHWN U
ybegnTenbHble KoMMepUYeckme npenmylLle-
CTBa AeNatoT MX MepPCrneKkTBHbIMKW A4 pe-
LeHna npeabaBneHHbIX KopabnectpouTe-
namMuy ToeboBaHM.

CucTeMbl Cyd0BbIX XOA40BbIX 3MEeKTPOY-
CTaHOBOK MO AaHHbIM [6] pa3genatorca Ha
TPW OCHOBHbIX HAampaBNeHwa, a MMeHHO:

rmbpuvaHble,
MHTEerpmnpoBaHHble(IEP),

MOMHOCTBIO MHTErpUMpoOBaHHble (IFEP).
rMbpuaHble YCTaHOBKW — 3TO KOpa-
OenbHble YCTaHOBKW, CXoAHble ¢ dpe-
raTtoM cepunin 123, roe nprMeHeHume
MEXaHMYeCKOro npmnBoaa coyeTa-
eTCd C 3MeKTPUHECKMM MPMBOLOOM,
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|[EP-yCTaHOBKMU, roe TpaaMLUMOHHbIE
NCTOYHMKM SHEDPTUW, MCMOMb3yeMble
Ha Kopabne, 3aMeHATCA Ha YUMCTO
SNeKTpUYecKkme MCTOYHMKK. B Kade-
CTBE MprMepa MOXXHO MPUBECTU 3C-
MUHeLU, cepumn 145, TaHKepbl cepuin
AO v gecaHTHble kopabnu LPD(R);

IFEP-yCcTaHOBKW, rOoe KOHLUenud
S1EKTPUNYECKMX NCTOYHUMKOB 3HED-
M Pa3BYBaETCA ganblue nyTeM npu-
MEeHeHWA CUI0BOW 2NEKTROHUKMN 1
2/1EeMEHTOB HaKOMIeHWA 3NeKTPO03-
Heprvn, 4To AaeT AoNoNHUTENbHbIE
nperMyLLecTsa no CTOMMOCTM 1 one-
PaTVBHbIM XapPaKTePUCTMKAM;

B HacTodllee BpeMsa TEPMUHbI 2/1eKTPO-
KOpPabb 1 BOEHHbBIM 3NeKTPpoKopabnb 0b0-
3Ha4YaroT OTAENbHbIE KaTeropun:

- 2NeKTpoKopabnb —obbegmnHaeT B cebe
YCOBEpPLUIEeHCTBOBAHHbBLIE MepPBUMYHbIE
MCTOYHUKW SHEPRIMW 1 Pa3BUTYO CUH-
cTeMy anexkTprudmKaLmm, BCTROEHHYO
B apxmTtekTypy IFEP;

BOEHHbIV 21eKTpoKopabb - 3/1ekK-
TpoKopPabb, B KOTOPOM CUCTEMbI Ha-
BEOEHMA 1 MOLWIHOe BOOPYXeHMe
obbeauHeHbl B egmMHoe Lenoe Ong mc-

MOMb30BaHMA BCEX BO3MOXHOCTEN
MOLLHbBIX CUCTEM ZHEpProcHabxeHumd
[7.8, 9]

Ha (puc. 5) npuBeaeHa CTPYKTypHaa cxe-
Ma 2HeprocHabxeHna Kopabna cpegHero
Knacca Tmna aCMUHLa Mnu nenokona. Cuno-
Bagd ycTaHoBKa (CY) copepyknT 2 ['TY Kayxabin
MOLLHOCTbIO 36 MBT (019 acMumHua Zumwalt)
nnw no 27 MBT 019 oTe4ecTBEHHOIro CyAHa,
OBa AM3eNb-reHepaTopa KaxKOblh MOLLHO-
CTbto Mo 6 MBT, ogHa-gBe baTapen Hakomm-
Tenen aHeprn Ho3 B BUOE KOHOEHCATOPOB.,
CYMepKOHOEHCATOPOB N aKKYyMYMATOPHbIX
OaTapen AB. VICTOYHUKIM B BUOE CUHXPDOH-
HbIX FeHepPaToPOoB I C MOCTOAHHbBIMW MarHM-
TaMK (BO3MOXKHbI 1 CBEPXMPOBOOALLME ABM-
raTeNb-reHepaTopbl) Yepes BolnpamumTenn B
Harpy»xeHbl Ha YHUMOAAPRHYO MK OMNoNap-
HYIO CETb MOCTOAHHOIMO TOKA BbICOKOIO Ha-
npseHna BH —6(10) kB 1 MoryT paboTaTtb C
CaMOW BbICOKOW YaCToTOW BpaLleHnd. CucTe-
Ma aBTOMATMHYECKOro YNnpaBieHma KOMMNeK-
ca (CAYK) ocyLlecTBngeT yrnpaBneHue 1 Mo-
HUTOPWHI arperatosB Nno winHe CAYK.

Llernv cobcTBEHHbIX HY»O, MHOOPMaLVMOH-
HO-BbIYUCITUTENTBHOTO KOMIMIEKCa MOMNYT CO-
OEePXaTh CEKLMOHMPOBAHHYIO LLUMHY HM3KO-
ro HanpsaxxeHua HH - 0,22-0.4 kB.
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PuicyHoK 5 — CTpYyKTYpPHAS CXxemMa 3HeproCHabxxeHms Kopabsid, rae npuHUMarTcs 0603HAYeHNS:
[TY-ra3otypbuHHAs yCTAHOBKA, B-BbinpsamuTtess, M-mHBepTop, Ab-akkymMynatopHasa 6aTtapes, C, CK-KoH-
AeHcaTopsl, cyrnepkoHaeHcaTopsl, /10 (KO)-nazepHoe (kuHeTudeckoe opy»kme), CAYK- cuctema aBTomMa-

TUYECKOIro yrnpasBaeHMs Komrisiekca [9]
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[MnTaHme MPWBOOOB N PA3UYHbBIX BU-
JOB OPY>KNA OCYLLIECTBNAETCA OT WinHbI BH.
MOLHOCTb HaKoMUTenem 3neKTPoO3IHERI N
(H232) 1 akkyMynaTopHbIx OaTapen (AB) Bbl-
OUpaeTca Kak 13 YyC/10BMA pe3epBrpoBa-
Ha CVY, Tak 1 C YHETOM SHEPTOBOOPYIKEH-
HOCTM KOpabna. ABTOHOMHOCTbL KOpabnemn ¢
['TY orpaHu4deHa 3anacaMm TonanBa, B OT/M-
Yme oT nenorkonos CMIT roe BMeCcTo raso-
TYPOUHHbBIX YCTaHOBOK (I'TY) ycTaHaBNvBa-
loTCca oaHa 1nm ase ACMM c TypboreHepa-
TOPOM W Meperpy3kon rno TonamBy vyepes
8 net. H22 No3BONAIOT KOpabaam ocyle-
CTBUTb QOPCUPOBKY ABMKeHWA, obecneym-
BAlOT PE3EPBMPOBAHME MO MOLHOCTIK, a 0714
NenoKOoNOB — HadBWYKeHWe Ha Nnef.
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ABTOHOMHbIE NTOKaSIbHble CUCTEMbI SHEP-
roCHabXKeHMa MOoryT MPUMeHATbCA 419 Haa-
BOOHOIO, MOABOOHOIO M Ha3eMHOro 6asu-
POBaHWA, MNP 3TOM MOLLHOCTb e0MHNYHOTO
MOAYNA SMEKTPOMNUTaHNA cocTaBnaeT 6 MBT
Mon HanpsHkeHn 6 KB. Hike npurBeneHsbl
XapaKTePUCTUKIM ra3oTypOuMHHOro arperata
[TA-6/8 PM npoussoactsa HIMO «CaTtypH»
(r. PbIOVHCK) Ha 6a3e aBMaLUMOHHOIo ABMN-
ratena [O30KY/KM(Ttabn.2) N]. YkasaHHblE
arperaTbl MMetoT CYMMapHyto HapaboTky
55 MIH. 4ac. npu NUTaHumM OT rasa Uin Ke-
POCKHa.

B KayecTBe mcToYHKKa KopabenbHow [MTY
MOXET NCMOMNb30BaThCA [ TY MOLWHOCTHIO 27
MBT, aneKTpmryecKom MOLLHOCTBIO 12,65 MBT,

Ta6auya 2

XapaKTepucTmka EonHuua 3Ha4vyeHune

n3MepeHuda
MOLLHOCTb Ha BbIXOOHOM Basly MBT 0,5
MOLLIHOCTb 3/1eKTpuyeckas MBT 6
MOUIHOCTb TEMN0OBas kanMac 12,2
KM (1ISO 2314) % 257
YacToTa BpalleHund 0B6/MUH 3000
Pacxon OM3enbHOro TonamBea Kr/dac 2263
Pacxofd TOr/IMBHOIO rasa Kr/uac 1950
TemnepaTtypa rasa 3a TypouHoM °C 460
Pacxon rasa Ha Bbixoae Kr/c 473
Mabaputbl (Lx B x H) M 34x23x25
Macca ¢ pamMou T 562
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KM 28,5%, koapprumeHtom gasneHmna 10,5,
DACXOLOM BbIXTOMNa 124 Kr/c, TeMnepaTtypom
Bbix/10Ma 487 °C, yacToton BpalleHuna 5000
06/MUH, BecoM 87 T, rabapuTtamm 11,6 x 3,2 x
37 M. HaszHaueHHbIW pecypc [ TY cocTaBndeT
120 ThiC. YacoB, CPOK Cy»KObl 20 neT. Yaenb-
Had MOLLHOCTb aBMaLMOHHbIX Ta30BbIX TYQ-
OuH cocTasnaeT sollwe 1000 BT/kr, kopabenb-
HbIX - B 3 pa3a HKe, a OMn3e/lb-reHepaTopoB
- MPUMEPHO B 5-7 pa3 Hike.

B KauyecTBe UCTOYHMKa NeJOKObHOW
DHEProyCTaHoBKM A9 NMUTaHMa DeperoBblx
noTpebuTener ¢ MOMOLLbIO NNaBy4ero Mnu
NogBOAHOIO aHeproboka MoryT MCMOMb-
30BaTbCa PY CBBP-100, PUTM-200. [1na Ap-
KTWKK 1 CMTIT npuMeHeHne ACMM ¢ LKMHOW
MOCTOAHHOIO TOKa U HaM4mMeM HaKomnuTe-
new geBnqaetca 6esansrepHaTMBHBIM pelle-
HMEeM B 4acCThi aBTOHOMMKK, CHUXKEHINA Bbl-
Opoca AMOKCKOOoB yrnepoaa, OTCYyTCTBMEM
00CNYKMBAHWSA M AUCTAaHLUVOHHBIM LdO-
BbIM YMpaBeHNEM.

HoMWHaNbHaa MoOLHOCTL Ab onpenena-
eTca pe3epBMPOBaHMEM 3HEPIOCHAbKEH A
1 GOPCUPOBKOM MPUBOAOB COOCTBEHHbIX
HY>KO, V1 SMEKTPOOBVIKEHMA, MPUYEM, B Kade-
CTBE OCHOBHbIX TUMOB Ab npennonaraercy
ICMONb30BaHVE NUTUEBbLIX OaTapen ONg Mo-
OVNbHbBIX KOMMMIEKCOB. JINTHEBLIE 21eMEHTDI
CaMble Nierkme, MMetoT HOMKHabHOe Hamnps-
KeHue 3,6 B, yOenbHYo 3HERIOeMKOCTb 240
BT.Y/Kr, UMCNO UMKNOB 3apsn-pa3psn 600,
OnanaloH TeMnepatyp -20++60 °C. [1na cTa-
LIIOHAPHbBIX YCTaHOBOK, MO-TMpeXHeMy, Liene-
COODPa3HO MPUMEHATb HMKEMb-KagMIMeEBbIe
OaTapeu. Hukenb-kagMmeBble 31eMeH-
Tbl UMEKT HOMKHallbHOe HanpsaxeHue 1,35
B, yOENbHYIO SHEProeMrkocTb 45-60 BTu/kr,
YMCNO UMKNOB 3apdan-pa3pan 1000-1500, on-
arnasoH TeMnepatyp -50++40 °C, CPOK Cry»-
Obl 20-25 neT 1 X MOXHO XPaHWTb MPO 3a-
nac.

B kavecTBe H23 LenecoobpasHo UCMosb-
30BaTb MeTano-rnaeHo4YHble MMMYbCHbIE
KoHOoeHcaTopbl KIMTMM 1 NMKY ¢ BblICOKOW
yaensHowm sHeprven - 0o 0,3 kM, cobcTBeH-
HOW MHOYKTWMBHOCTBIO - MpuMepHOo 10 HIH
M BHYTREHHWM comnpoTmBieHnemM 10 MOM
[3]. YKazaHHble KoHOeHcaTopbl pa3paboTa-
Hbl Ha HanpsxeHke 5-100 KB ¢ MakcKMarb-
HblM TOKOM 100-300 KA C YMCIOM LMKIOM
60-120 ThiC. Hapaay ¢ KoHaeHcaTopaMm BO3-
MOXHO MpUMeHeHMe CyrnepKoHaeHcaTo-
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poB (CK), KOTopble HakamIMBaoT IHEPIUIO B
ABOWVHOM 2M1eKTPUYECKOM C/10e Ha NoBepxX-
HOCTW BbICOKOMOPWCTOWM HaHOCTRYKTYPbI.
CK mmetoT emkocTi oT 10 go 12000 @ pabo-
UM HanpsweHnem 1-15 B. Hanbonee pac-
MPOCTPAHEHHDBIMIK 9BFKOTCA MOMIMMEDPHbIE
CK ¢ Hanpsa»keHumeM 2.5-27 B, MMMyNbCHBIM
TOKOM 30 A, éMKocTbto o 2600 @, amana-
30HOM TeMMepaTyp -30++75 °C. YgenoHa4qa
SHeproémrkocTs CK - 0o 10 kIK/Kr, yoensHas
MOLLIHOCTb - 3 BT/kr [10].

CTpyKTypa U coctaB MO6GUTbHOIO
MOAYNIbHOIO KOMMMJeKca
Xn3HeobecneueHna (MMKX).

TexHuyecKkme peleHnsa no MCcrnonb3o-
BAHMIO MOAYNbHbIX KOMMIEKCOB OCBeLLe-
Hbl B [11], @ akonornyeckme acnekTol B [12].
Ha apkTnyecKknx obbekTax HeoOXoaMMo M1C-
MNoNb30BaTh KabenbHble NUMHKMK (KJ1) B3a-
MeH MPOoKNaaKy BO3OYLWHbIX N1HWK (BJ1) He
TONbKO B CcWNy Gonbller MponycKHOW Cro-
COOHOCTU M HaOEXHOCTM, HO B CKy OOSMb-
LIeW CTOMKOCTM K TEXHOTEeHHbIM, MPUPOa-
HbIM BO3OENCTBUAM, YYYLLIEHMIO SKOMOMU
B YCNTOBUAX TAAHMA BEUHOWM Mep3M0Thl 1 AP.
dakTopam. OCOOEHHO 3TO OTHOCUTCSA K MO/-
BOOHOW UMW HAOBOAHOW peanm3aumm KoM-
nnekca. Pa3paboTaHHbiM B BOWM-dunman
OIYT «POAU-BHUINTD», r. MocKBa MpoeKT
«MOBUABHBLIV MOAYNbHBIN KOMMIEKC 13-
HeobecnedeHMa» MMKXK [13] no3sondaeTr
obecneynTb NoTpebuTenem He TONbKO SNeK-
TPWUYECTBOM, HO, 1, TEMJTOM, XONTOA0M, BOAOM,
(Mo noTpebHocTK - Bo3ayxoM). CTpyKTypHada
cxema MMKXX npueegeHa Ha (puc.6). CoBo-
EHHbIMUM NTMHUAMY MOKa3aHbl BOAAHbIE 1
BO34yLUHbIe TPYOOMNpPOBOALl. YpaBadeMbl
BbIMPAMUTENb 4 MPUCOEAMHAETCA K BbIXOOY
TypboreHepatopa NMbo BOAOROOHOMO 3HEP-
romMoayna TONAMBHOMo anemeHTa (13).

OCHOBHbIMM MoayNAMU MMKX aBnatoT-
CA yMpaBAaeMbli BolMpaMUTeb 4 1 MOAY/ b
Npeobpa3oBaHMd, HakomnIeHua 1 pacnpe-
neneHva 2. Ha (puc. 7 n 8) COOTBETCTBEHHO
NnpvBedeHbl OQHONMHEWHbIE MPUHLMMAMb-
Hble CxeMbl Moaynen 4 1 2, NpuyemM Mooy/b
4 BCTpamBaeTca B MOABOAHbBIN MM HAOBO-
OHbIV 2HepromMoayb 1, ONa nepegadyv nNuta-
HVA Ha MoOy/1b 2 OUAOAAPHbBIM CUNOBBLIM U
ONTUYEeCKMM Kabenem 6.

Ha (pnc.8) npuHKMatoTCca Te e 0bo3Ha-
YyeHna, YTo 1 Ha (puc/), HO 1- H33D TMuna
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PucyHok 6 — CTpyKTypHas

cxema MMKXK [13], roe

1- ATOMHbIVI SHEPreTUYeCcKum
MoAay/b C TypboreHepPaTopoM 6o
BOAOPOAHbIVI 2HEPIOMOAY/1b HA OC-
HOoBE TBPAOOKCUMAHbIX TOM/INBHbIX
a51emeHToB (T3)
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2- Moaynb npeobpa3oBAHUS,
HAKOMIeHWS u pacripegeneHus
S/1EKTPOIHEPIr N

3- mMoAy/ib BOAOMOArOTOBKU

3
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ANEKTPUHECTBO

noaroToBrneHHan

4- YpaBasgemMbiv BbiMpaMUTE b
5- MOAY/1b BO3AYXOMOArOTOBKM
6- 6UNoNAapPHbIV Kabeslb NoCTOo-
SIHHOIO TOKQ

7- Tpexda3HbIi kKabesb nepe-
MEHHOIro ToKa, /1IM60 6UMNOASPHbIN
Ka6esib MoCTOSSHHOMo TOKA

Boda

a)

PucyHok 7 — OAHOIMHEMHAS MPUHLUMIMAIBHAS CXeMa yrpaBIgaeMoro
BbinipsamuTesns 4 (cm. puc.6) [13], roe

1-

reHepaTop ATOMHOIO W/1 BOAOPOAHOrO 3HEProMoAy/ s,
npeobpasoBATE/lb TOKA HA TUPMUCTOPAX (TM60 Npeocbpa3oBATE/Ib HAMPSIKEHUS HA rMprubopax

2-

IGBT mnm IGCT),

3- OAHOMOJTFOCHbIV BbIK/TKOYATE/Tb MOCTOSHHOMO TOKQ,
4- TPAQHCGHOPMATOP,

5- KOHOeHCcaTop,

6- PEAKTOP,

7- TPEXMO/TKOCHbIV BbIK/IKOYATE /b MepeMeHHOro ToKa

T2 1nu akkymynatopHaa batapea Ab, a 8-
TEXHOMOMMYECKMI MOy b BOOOMOArOTOB-
KW WA BO3AYXOMOATOTOBKM, NMOO Apyrow
Mo HeobXoOMMOCTM.

Ha (opnc.8) npuBegeHa ooHONMHEWHAA
NpUHUMIManbHaa cxeMa Moaynda npeocbpa-
30BaHWA, HaKOMMIeHWa 1 pacnpeneneHnsa 2,
YKa3aHHOro Ha (punc.o).

Ha (pwnc.7, cxema a) COOTBETCTBYIOT He-
KOMMEeHCMPOBaAaHHOMY Mpeobpa3oBaTesnto
Toka ([T), kKoTopaa Hanbonee ynoTpebu-
Ma A9 paboTbl C CUHXPOHHbBIM reHepaTo-
poM 1. cxemMa 6) COOTBETCTBYET KOMMEHCU-

poBaHHOMY MpeobpasoaTtento Toka (KIMT)
M NpucnocobneHa onga paboTbl C reHepa-
TOPOM 1 Ha MOCTOAHHbIX MarHMTax, C LIebio
PEryNMPOBaHWA HaAMPIXKEHWNA 33 CHET Mnpe-
obpazoBaTend Hanpsa>xxeHua (IMNH) Ha wun-
Hax reHepaTopa, CxemMa B) COOTBETCTBYET
[MH 1 no3BongeTt paboTatb C NOOLIM TUMOM
reHepaTopa 1. Hanmyume TpaHchopmMaTopa
MO3BOMAET OCYLLECTBUTD MaibBaHUMUYECKYO
PA3BA3KY WM COM1acoBaThb MO HAMPMHKEHNIO
reHepaTop 1 NpeobpasoBaTenb. [prMeHe-
He [MTH No3BONFET OTKa3aTbCH OT TPaHCHOP-
MaTopa, HO MPUMEePHO Ha 30 % aopoxke 11T,
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B)

PucyHok 8 - OQHOMMHEMHAS MPUHLUNIMAIbHAS CXeMa Moay/1a npeobpa30BAHMS,
HAKOMAeHMs 1 pacrpeneneHms 2, yKasaHHoro Ha (puc.6) [13].

CxeMbl (puc. 8) aHanornyHbl (pwc.7), Ho
paboTaoT B MHBEPRTOPHOM peXxxrme ¢ O0/b-
LM NoTpebneHmemM peakTMBHOM MOLLHO-
CTW 1 OTNIMYAIOTCA XKenaTeNbHOW YCTaHOoB-
KOW Hakonutenewn 1 BMeCTo reHepaTopoB
1 Ha (pwc.7). Ecnm notpebutenn Ha bepery
MICMONb3YIOT MepeMeHHbIV TOK (Hanpumep,
NpWY MOOePHM3aLMM DNEeKTPOCHabKeHMA),
TO MPUMEHSATCA cxeMbl (pnc.8). Ecnuv cucte-
Ma 31eKTPOCHabKeHa CO34atoTCa BHOBb, TO
OeperoBble NoTpebuTen MoryT NMoy4daTb
MNOCTOAHHbIM TOK HEMOCPEeACTBEHHO OT LUWH
HakonmTenem 1 Mpw oTKase oT MHBEPTOPOB 2,
MoKa3aHHbIX Ha (pmc.8). Mpu HaNV4YKK BO3-
OOHOBAAEMbBIX UCTOYHMKOB aHeprn (BM3)
OHVI MOMYT MOAKMAOYATLCA K LUMHaM HaKoMm-
Tenen 1 HemocpeaCcTBEHHO Yepes Bblk/to4a-
TeNnM NMNOCTOAHHOIO TOKa 3.

[MoaBOOHbBIV OMMONAPHbIV Kabenb 6, KOTo-
Dbl COEANHAET MOABOAHbIV SHEProOMOAYb
1 (c Mooynem 4) 1 6eperoBot Moayb 2 (CM.
PUC. 6) MOXKET OblTb KaK OABYXMPOBOAHBLIM C
BO3BPATOM TOKa MO MOPIO, TaK U MMeTb Tpe-
TV MPOoBOA (MOKa3aH MYyHKTUPOM), KOTO-
Dbl CYLLECTBEHHO MOBbILAET HAOEeXKHOCTb
2HeprocHabxeHua 1 obecneyrBaeT 6e30-
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MacHOCTb MOABOAHbBbIX ObUTaTeNen. Hanmyme
OMNoNapHoOro MoABoOAHOro Kabena mocTo-
AHHOIO TOKa 6 Ha BbIXoae BbiMnpaMuTensa 4
No3BONAET MUHUMK3MPOBATb EMKOCTb KOH-
JEeHCaTOPOB Ha BbIXOAe BbiNpaMuTensd 1 rno-
BbICUTb HaOeXXHOCTb 3/1eKTPOCHaOKeH ]
NpW aBapuK OOHOO MoKCa BbiMpaMmMTe-
na nu kabena.

Pa6oTta MOBGUNbHOIrO MOAY/bHOIO

KOMIJIeKca XusHeobecneyeHusa
MoOOUABbHBIM MOOYNbHbLIM KOMMAEKC
(MMKXK) paboTaeT cnegyroulM 06pa3oM.
[Mow gocTaBKke KoMmneKkca OYKCMPOM K Me-
CTY OAVCNOKaL MM (B COCTaBe TREX-YETbIPEX
MOAYMEW) OCYLLECTBNAETCA Ccneayrollee
pasmMelleHre (CM. puc.o): mooynb 1(4) — Ha
OOCTaTOYHOM rybuHe oT NpoMep3aHimng U
BOMHEHWA Mopd, NMOO HamnaBy — Ha 9KO-
oax: Moaynn 2,35 1 Ap. — Ha bepery (BAanu
OT NIMHUM NPUMOO0a 1 MPUNMBOB). 3aTeM, Ha
cnydan gpevida, ¢ MoMoLLbio ByKCKpa Npo-
KnagblBatoTcAa MogBoAHble KabenbHble M-
HV MOCTOAHHOMO TOKa 6 MeXay MOaYNaM
112 (c™m. prc.6). Mogynu 2,35 1 BbIxofd K 6e-
LEeroBbIM MOTPebUTENAM CBA3LIBAOT HA3EM-
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HbIMW KabenbHbIMK NVHUAMM MOCTOAHHOMO
ToKa. ['locne MOHTa)a KOMIMJEKCa OCyLLeCT-
BMAAKOT 3aMyCkK aTOMHOIo peakrtopa, 1m1Mbo
BOOOPOAHOIO 3HEeProMoaynsd U BCMOoMora-
TelbHbIX YCTPOWCTB; MOAK/TIOYEHME Halrpy-
30K; MPOBOOAT aBTOHOMHbIE NCMbITaHWA
MoLoy1emn, MPOOHLIN MYCK 1 MPOBEPKM KOM-
nnexkca. Harpysku M3MeHaoT CTyneHaMM C
BbIOEPYKKOWM BpeMeHu 1 pukcaumen B npo-
TOKOMax UcrblTaHnm. Moaynb BOAOMNOAMOTOB-
K 3 B CBA3M C OoNbLUMM anekTponoTpebne-
HUEM MOAK/IOYAIOT B MOCIEOHION oYepeb,
npurYemM BO3MOXKHa pasHoBpeMeHHada pabo-
Ta Moaynewn 3 1 5 MoOynb 5—gHem, MOay/b 3
— HOYbO. AHANIOMMMYHO NpucoegHeHe BV,
HanpuMep, CoTHeYHbIX baTape, BETPOBLIX
reHepaTopPOB U T.IM., MOXET MPOUCXOAUTb MO
Mepe HeobxogMMOoCTV: 3apan HO2 B moayne
2 — HOYbIO, pa3pan H32 — oHeM B Mnunke no-
TpebneHws.

B ycTaHoBMBLUEMCA pexxume Typbore-
HepaTop Moayna 1 BolpabaTbiBaeT Tpéxdas-
HbIW MepeMeHHbIN TOK, KOTORbIW BbIMPAMIA-
eTca ynpaBngeMbiM NoynpoBOAHWKOBbLIM
BbIMPAMUTENEM M MO NOOBOAHBIM Kabenb-
HbIM TMHWAM MOCTOAHHOIO TOKa NepenaeT-
ca Ha beper Kk Moayto 2. Moaynb 2 nepenaet
2NEKTPUNYECTBO MOCTOAHHbIM TOKOM Gepero-
BbIM MOTREOUTENAM U, MPKW HEOOXOAMMOCTH,
— Ha Moayb 3 ANg BOAOMOATOTOBKM 1 MO-
Oynb 5 anga Bo3noyxonoarotoBki. Moaynb 3
ocylLLecTBAaeT 3a00p MOPCKOM BOAbl Yepes
NpvbpexHble TPpYOonpPOoBOAbl, OCYLLECTBNA-
eT BOAOMOOrOTOBKY W HakoMfeHne npuro-
TOBNEHHOW BOLObI, B ©OeperoBbix GannacTHbIX
LIMCTEePHaX, BKIOYaA KOHTPOMb KOMMYEeCTBa
VI Ka4eCTBa MUTbEBOW BO[bl MCXOOA M3 Mpe/-
nonaraemblix NnoTpebHocTew. [Nepen oKoH4Ya-
HMEM pacxofa ToMNMBa B Moayne 1 1 npm-
XOOOM OPYroro 3anpaBneHHoro Moayna 1,
OCYLLECTBNFETCA NoMHaa 3apdaaKka H33 B MO-
oyne 2, a Takke npucoegnHeHmne BN ong
NUTaHWa NoTpebuTener Ha BpemMa 3amMeHbl
mMonayna 1. OTpaboTaBLlmm Moaynb 1 ¢ MOMO-
LLbto OYKCKMPa OOCTaBNAETCA Ha LIEHTPaNM30-
BAHHbIW MYHKT 3arpaBKn TOMIMBA.

B HOpManbHbIX pexxMMax 3HadeHre nepe-
NaBaeMow MOLLIHOCTK OT MoayNa 1 3aaaercs
YCTaBKOW MOLLIHOCTM OT 6eperoBoro gmMcret-
UepCKOro NMyHKTa, KoTopasa no TefiexkaHany
(OMTOBOMOKHY) NepenaeTca Ha Mooy b 2 U
Ha MoOyNb 1 C pasgeneHnem 3Ton YCTaBKK
Ha 0BE COCTaBNAOLIME, C MOVOPUTETOM B Ya-
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CTV CTabunm3aunm NpenuecTByroLllero pe-
KIMMa Mooynd 1. MIsMeHeHue yCTaBKWM MOLLL-
HOCTW 1 peXxXMMa MOaYNA T COMPOBOXKOIETCH
MNaBHbIM M3MeHeHWeM YITOB YrpaBieHnd
BbIMPAMUTENA 4, KOTOPbIV C MOMOLLBIO CBO-
ero perynaropa ToKa M3MeHaeT TOK B Mof-
BOOHOM OMMOAA0PHOM Kabene B CTOPOHY 3a-
OaHHOW YCTaBKM, OOHOBPEMEHHO M3MeHAH
YCTaBKYy TOKa perynaropa 3apa4a v pas-
pda0a HakonuTena mMoayna 2. Tok bunonap-
HOro Kabena NPU CUMMETPUIM HaMPAXKEH
MOTKOCOB BbIMPAMUTENI MOLOYNA 4 B HEWN-
TpanbHOM Kabene, coeAnHarleM cpegHme
TOUKM BbINPAMUNTENA 4 1 MOLOYNA 2 OTCYT-
CTBYET. [P BO3HMKHOBEHWIM aBapUn B Of-
HOM 13 MOJIHOCOB MOABOOHOIO Kabend aBa-
PUWHDBIN MOMOC MTHOBEHHO OTK/TIOYaeTCa C
MOMOLLbIO €0 BhbIK/TtoYaTene NocToaHHOro
TOKa 3 (puc.7,8), a yCTaBKka TOKa B perynarope
HEeMoOBPEXAEHHOIO MOMtoCca BbINpaAMUTENAa 4
MNOBbILGETCA BABOE, KOMMEHCUPYA CHUXKE-
HUe BOBOE MOTOKa akKTMBHOWM MOLLIHOCTM A4
noTpebutenen. MNpu 3TOM TOK K3 HenoBpe-
YKOEHHOrO MOoCa MepexoomnT B HeUTPalib-
Hbl Kabenb UK NpKW ero OTCYTCTBUK KpaT-
KOBpPEMEHHO MpoTeKaeT Mo Mopto. Hanunyme
aBTOMATMKWM MepeBoa B MHBEPTOPHbIN pe-
UM TP B yrpaBngeMoM BolMpamMuUTene 4
MO3BOMAET OCYLLECTBUTL OTK/IKOUEHME MO-
BPEXAEeHHOro nostoca Aaxke npu 3amMeHe
BbIK/TtOWaTenem 3 Ha pasbeAnHUTENM NyTeMm
VX OTKNOUEeHMA B OECTOKOBYHO May3y, YTo CO-
MNPOBOX/1a/10Ch Obl KPAaTKOBREMEHHbIM Me-
PEepPbIBOM 3HeprocHabweHua notpebuTe-
newn npmr oTCyTCTBUM HakonuTenew. Hanunyune
STNX HaKOMUTENEN CMATYaET YCNOBMNA MPO-
TEKaHWA paccMaTpMBaeMOro npenenbHoro
aBapPUMMHOro pexkiMma. BocctaHoBMeHMe mnc-
XOOHOIO HOPMalIbHOIo PeXkkMa ConpoBO-
KOAeTCa npenBapnTebHbIM 3aMblKaHUEM
OTKMOYEHHbIX Bblk/ItoYaTenem 3 ¢ Mocneny-
FOLLIMM MaBHbIM M3MEHeHWeM YI10B YrpaB-
NeHra aBapUMHOTO MOJOCa BbIMpAMUTENS
4 1 CHWDKEHWMEM YCTaBKUW perynaropa ToKa
HEeMOBPEXAEHHOIO Moftoca 40 MCXOAHOIO
3HaYeHUa.

BbiBOoAabl
PaccMOTpeHHble xapaktepncTtikm CMIT,
ATOMHDbIX 1E€00KOSTOB U MX CyOOBOW dHepre-
TUKM MOKa3blBaOT LIe1ecoobpa3HOCTb aHEP-
rocHabXkeHuVa beperoBbix NoTpebuTenem ¢
MCMOMb30BaHKMeEM CyaoBbIX PY Tuna ACMM,
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UTO MO3BOMAET YHUDMLMPOBATL W TUREM-
POBaTb 3HEPIOYCTAaHOBKM.

Hna Apktnk n CMIT npmnmeHeHne ACMM
C LUMHOW MOCTOAHHOMO TOKa M Halnnymem Ha-
KonuTenew apndeTca 6e3ansrepHaTyBHbIM
pelleHreM B 4aCTu aBTOHOMMK, CHIMKEHUA
BblOpOCa AMOKCKOOB yrnepoda 1 asoTa, OT-
CyTCTBMEM OOCY)KMBAHMNA M OAUCTaHLMOH-
HbIM LMPPOBBIM YIpaBIeHMeM.

PaccMoTpeHHble ansTepHaTUBHbIE BapW-
aHTbl aHeproobecneYyeHmnsa cTalMoHapPHbIX
VI MOOUbHbBIX YCTAHOBOK Ha3eMHOIo, Haa,B0-
OHOro v nogsogHoro basnposaHma Ha CIMII
npenyCcMaTpUMBatoT MCMOMb30BaHME aBMa-
LIMIOHHbIX Fa30BbIX TYPOWH MOLLHOCTbIO 00 5
MBT, a 019 YCTaHOBOK MOPCKOIro 6a3mpoBa-
HVA - KopabenbHbIX rasoBbIX TYPOUH MOLL-
HOCTbIO OT 50 MBT € mnpuMeHeHneM Hakomm-
TeNnen 3NeKTPO3IHEPT MU, MOLLHOCTb KOTOPbIX
3aBUCUT OT MUKOBOW MOLLIHOCTM MoTpebuTe-
nen.
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Introduction. Energy efficiency of an
industrial plant as a whole and individual
technological processes in particular is one
of the most important indicators of how well
both that facility and the whole industry
perform and how competitive they are.

We are currently witnessing an
unprecedented growth of industrial activities
INn the Arctic regions of Russia that has not
been seen in the last couple of decades.
It is mainly due to the efforts to achieve
targets set by the country's policy-makers
In developing the Northern Sea Route and
significantly increasing its traffic volume,
and on the other hand it is facilitated by
increased oil and gas production in that
region. Over 20% of products of extractive
industries are now produced in the Arctic.
Besides, the region’'s share in processing
industries is around 2%.

The biggest producer is the Yamalo-
Nenets Autonomous District followed by the
northern parts of the Krasnoyarsk Krai and
Nenets Autonomous District that account
for around 10%.

Arctic facilities of the republic of Sakha
(Yakutia) produce almost 2% of industrial
output. Western part of the Russian Arctic
Is where exploration started long ago
with industrialisation at the beginning of
the 20th century. The most diversified is
the Murmansk Region with its mining,
metallurgy and power industries.

Key Arctic facilities are:

- Kola Mining and Metallurgical Co

(Nornickel),

Kandalaksha Aluminium Smelter (UC
RUSAL Plc),

Olenegorsk Mining and Processing
Plant,

Kovdor Mining and Processing Plant,
Kovdorslyuda,

- Apatit Plc, etc.

Main products are non-ferrous metals,
construction materials, phlogopite,
aluminium, apatite-nepheline ores,
vermiculite, complex iron ores, strontium
ferrite powders, aegirine concentrate,
sphene concentrate, titanium-magnetite
concentrate, iron ore concentrate, apatite,
paddeleyite and other concentrates.

Largest infrastructure plants are:

Kola Nuclear Power Plant,
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Hydroelectric plants of the Murmansk
Region, etc.

The quantity and mix of the equipment
and plant used in the northern regions
are constantly growing. However, a lack of
efficient and uninterrupted power supply
to the Arctic does not let the production
and processing of natural resources to
perform at full capacity. Regional facilities
have to use imported organic fuel: as a
result, considerable logistical costs and
poor reliability of generation equipment at
the end of its lifespan lead to a significant
increase of expenses and decrease of
economic performance. Natural and
climatic conditions of such regions limit
where renewable power plants can be built
to generate solar, wind or tidal energy [1].
Therefore, it is so relevant for industrial
plants in the northern regions to use energy
efficiently and incorporate energy efficient
technologies.

Production and manufacturing nowadays
are characterised by the use of all kinds of
automated machinery and equipment.

A significant portion of that equipment
was designed to be DC-powered. It includes
machinery for electroplating, arc welding,
electrothermal treatment, coating, etc.
To operate from an AC circuit, such
equipment comes equipped with special
rectifiers.

A rectifier is a static device that
transforms AC power input into DC power
output. Power u,(t) is mainly supplied by a
single-phase or three-phase alternating-
current 50Hz network. A rectifier converts
alternating AC voltage of the power source
u,(t) into constant DC voltage u,(t) that
apart from a useful output, constant DC
component U, has also an AC content called
ripple voltage u_(t) = u,(t) — U, Acceptable
ripple voltage at the output of a rectifier
and its measurement criteria (parameters)
are determined by specifications of the
mManufacturing equipment.

Rectifiers can be made as traditional
or double-conversion circuits. Such
rectifiers consist of a low-frequency power
transformer T operating on 50Hz frequency
(D) of a power source, a bridge B and a ripple
filter RF.

A transformer converts the input mains
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voltage (power source) u,(t) up to a level u,(t)
that would ensure a required DC content of
the output voltage U, is provided. Besides,
a transformer provides galvanic isolation
of the rectifier output from the mains that
makes it possible to ground one of the
output terminals of the rectifier. A bridge
converts alternating AC voltage u,(t) into
constant (unidirectional) DC voltage u, (t).
A simple bridge is built out of uncontrolled
diodes that are arranged in a specific
rectifying configuration. Conventional
regulator rectifiers can have a bridge made
up of semi-controlled devices, thyristors,
only or combine both diodes and thyristors.
Rectifiers with thyristor-only bridge are
often called controlled rectifiers. Almost in
any rectifier circuit used to supply power
to telecommunication devices, a bridge is
followed by a smoothing ripple filter that is a
low-pass filter. A ripple filter serves to reduce
ripple level at the rectifier output to the level
acceptable for the intended use [3].

Another part of the manufacturing
equipment used at plants, though designed
to operate from the AC mains, also contains
a rectifier in its electric circuit. It primarily
includes state-of-the-art metal-cutting
mMachines and systems.

Technological processes carried out
on such equipment are characterised
by alternating loads applied to its electric
circuits as a whole and rectifiers in particular.
Such operational modes can change energy
efficiency and ripple factor of rectifiers.

Keeping all that in mind, automation
tools must be used to adjust the operation
of rectifiers based on a load applied to them.

Purpose of this research is to establish
whether high-power rectifiers in industrial
equipment need to be automated and
adjusted in order to increase their energy
efficiency under alternating loads.

Findings of the research. As can be
seen on Fig. 1, high-power rectifiers form
an integral part of a technological process;
therefore, their energy efficiency and how
it affects power consumption of various
technological processes in mechanical
engineering, based on changing power
levels, require additional research.

© KA. Zmieva

In relation to the above we should add
that while there were not many variable
frequency drives (VFD) used in mechanical
engineering, their share in the power
consumption of a plant was insignificant.
However, now, with a sharp increase in the
number of VFD used, their contribution,
and that of VFD rectifiers, in reducing power
consumption is growing [2].

High-power rectifiers come in two
types, linear regulated power supplies and
switching or switch-mode power supplies
(SMPS). They use fundamentally different
methods of regulating output voltage. Refer
to Fig. 2 for a simplified diagram of a linear
regulated power supply.

This power supply uses a low-frequency
(50Hz or 60HZz) transformer to step down
AC line voltage with frequency staying the
same. The resulting voltage is then rectified
and smoothed. It is regulated by a positive
resistance ballast, or variable resistance,
wired in series with the load. The resistance
is normally provided by a bipolar transistor
or a FET that operate in their linear region.
A feedback circuit compares the output
voltage with the reference voltage and
adjusts the resistance of the ballast in such
a way as to ensure the output remains on
the required voltage. This mode of operation
causes a lot of power to be dissipated in the
form of heat which eventually decreases
efficiency. Because of low efficiency a
power supply must be equipped with bulky
heatsinks and cooling fans. Linear power
supplies can only step down the input
voltage. Difference between input and
output voltage equals the voltage drop on
transistors Udrop. Hence power dissipation
on the regulator side is U, multiplied
oy 1,4 Where I __is the output current or
load current. As the input current equals
| . the efficiency of such converter is U_ /
U, . Therefore, in most cases practically the
efficiency would be unacceptably low. Big
weight and size, high cost and massive
heatsink cause linear regulators in power
supplies to be rarely used for applications
over 10W. Such power supplies can be quite
bulky, heavy and almost inapplicable for
modern compact electronic devices.

Switching regulator does not have most
of the disadvantages of a linear converter.

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)



Switch-mode converters are characterized
by the output voltage that can be either
higher or lower than the input and opposite
in polarity. Besides, as the input voltage
Is converted into pulses and is fed to a
transformer using additional windings,
it is possible to get more than one output
voltage. The cost of each additional output
Is very low compared to the cost of a whole
device.

Other advantages are reasonable form
factor and price as well as high output power.
Because pulse-mode frequency is much
higher than 50Hz, switching power supplies
surpass linear ones significantly (by dozens
of times) and their efficiency would normally
stand at 85% to 98%. On the one hand, it is
modern components that we must thank
for reducing losses. But on the other hand,
a better result can be achieved by using
certain circuit designs and configurations,

that are often unconventional, and by
optimising all conversion parameters
as much as possible. At the same time,
gradual miniaturisation of radio electronic
devices with their power consumption on
an increase, a bigger amount of available
communication means, implementation of
new energy efficient processes in production
have made a compact size and efficiency
nearly two key requirements for energy
converters.

One of the main issues during AC-to-DC
conversion is to regulate output voltage. To
do that, both linear and switching power
supplies are equipped with filter capacitors.
N a capacitor:

U =2 [ idt + Uya, 1)

To limit voltage fluctuations, it is necessary
to either increase the capacitance (C) of a
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Fig. 2. Simplified configuration of a linear converter.

capacitor or reduce the time of a signal
passing through a capacitor (dt). A huge
plus of switching power supplies is having
an option to significantly shorten dt
(by increasing switching frequency) and
thus reduce the size of a filter capacitor in
such transformers,

Another obvious advantage of SMPS is
converting power of almost any type. If the
Input is AC mains, AC voltage is first rectified
and then filtered in a capacitor — the output
Is pulsating DC voltage. Next element of the
SMPS is a high-frequency switch. Switching
Is done by using a semiconductor bipolar
transistor or a MOSFET that turns ON and
OFF thus generating voltage pulses that
are fed to the primary winding of a power
transformer.

The frequency of command pulses
remains fixed in the range of 10 kHz to 500
kHz in modern converters, and their duty
cycle is adjusted by a control system that
regulates output parameters. This way the
second winding of a transformer has a train
of voltage pulses of desired amplitude and
length. After that AC voltage in the form
of pulses is rectified and smoothed by an
output filter which can be a capacitor, a
combination of inductor and capacitor,
whichever is a topology. Such power
conversion happens with least losses and
ensures maximum energy efficiency of a
power supply.

To summarise, an off-line switch-mode
power supply must generally perform the
following functions with high efficiency and
little losses:

1. Rectification, to convert AC input to DC

output

2. Inputfiltering, to smooth pulsating DC.

3. Transformer and galvanic isolation, to
© KA. Zmieva

provide output voltage of desired level
while isolating it from the AC input.

4. Regulation, to maintain steady output
voltage irrespective of changes in the
mains, load and temperature.

5. Output rectification and filtering, to
convert AC voltage at the output of a
transformer into a series of unipolar
pulses and isolate their constant
component.

6. Surge protection, to protect
equipment from voltage spikes at the
output and to cut off in case of power
interruption, overload or short circuit.

Output voltage is regulated by changing
duty cycle of pulses at the switch output that
causes the constant component of voltage
on the load to be adjusted accordingly.

Nowadays, there exist a lot of SMPS
topologies, each with their own advantages
and disadvantages and each serving a
certain purpose and application [2,3].

There are three basic types of non-isolated
switching power supplies that are well
known and have a lot of information about
them —buck, boost and inverting converters.
Power conversion in these topologies uses
inductors and capacitors. They are simplest
devices with lowest component count.
Such topologies can be used to understand
mechanisms of operation and methods of
analysis of more complex types of converters
[4].

Refer to Fig 3 for a schematic of a buck
switching power supply.

To simplify the analysis of this topology
and other basic topologies, we will make
some assumptions. We assume that all
components are ideal. A capacitor has
infinite capacitance which is why we can
disregard output current ripple.

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)
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This topology, like all switching power
supplies we will cover later, has two modes
of operation. The first one's switching period
can be divided into two states:

1. Pulse (transistor is open, diode is
closed).

2. Pause (transistor is closed, diode is
open).

This mode is called a continuous mode,
pbecause the current through the inductor
never falls to zero.

In the other mode, the current is
discontinuous, and it has three states:

1. Pulse (transistor is open, diode is
closed).

2. Pause (transistor is closed, diode is
open).

3. Cut-off (both switches are closed).

Discontinuous mode is a preferred option.
It helps reduce the size of an inductor and
a capacitor. Switches are also under lower
current loads. A transistor generates a
pulsating voltage that is later smoothed by
a filter.

With a switch open, magnetic field energy
is being stored in the inductor and input
voltage is fed to the output of the converter
through inductor (L). When the transistor
closes, the inductor current changes polarity
causing the diode to open and stored
magnetic field energy to be supplied to the
load.

Let us calculate parameters of
output voltage for this converter;

to do it, we introduce P =r_.,?
which is called duty cycle that characterides
the control signal.

We will apply Kirchhoff's voltage law which

is his 2nd law. Here is a circuit we are going
to evaluate:U TL R

~U AU+ U +U,, =0 (2)
We will define voltage across the transistor
as medium by using a waveform usw (Fig. 4):

1T 1,7
U‘]" = ;fu uswdt = ;L‘u Uiﬂdt = U[n{l - D]J (3)

with the result

["rr.'ru.r =U in (4)

Therefore, the output voltage of a buck
converter is always lower than the input
because D will never reach one. Output
voltage is regulated by changing the D.

A non-isolated boost converter differs
from a buck converter only in how the
elements are connected. If the transistor is
closed, the diode D is reversed biased and
the input voltage U, is only connected to L.
Inductor current increases to the maximum
either from a zero or from a specific starting
value in the continuous mode. When the
transistor is open, L voltage changes polarity
causing voltage across diode to become
higher than the input voltage. The diode
feeds the inductor energy and the input
power to the filtering capacitor and the load.
This way output voltage U_, is always higher
than the input U, . The regulated output
voltage in the boost converter is calculated
in a similar way as follows:
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Yin_ (5)

') =
out 1—D

As before, in an ideal case scenario the
output voltage depends only on the input
voltage and duty cycle. Therefore, output
voltage can be regulated by adjusting
switching action [5].

Waveforms of a boost converter are shown
in Fig. 5.

The current fed to the output filtering
capacitor is noticeably the current of the
diode that will always be discontinuous.
It means that the output capacitor must
have high capacitance with low equivalent
series resistance in order to achieve an
acceptable level of output ripple. This is
what makes criteria for the output capacitor
of a boost converter different from those
of a buck converter described above.
On the other hand, the input current would

L g

normally be a discontinuous inductor
current that ensures low input ripple.

Third type of the non-isolated converter is
an inverting or flyback converter that can
be made up of the same components as the
other two. Its circuit configuration is shown
in Fig. 6.

If the resistor is closed, the diode is reverse
biased, and the input is connected through
the inductor with stored energy as have
been described earlier. When turned off,
the inductor voltage reverses, and the stored
energy is fed to the capacitor and the load
via the open diode.

This converter is characterised by the
output voltage being of opposite polarity
to the input. The analysis shows that the
regulated output of an inverting converter
looks like this:

1-D
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Fig. 4. Waveforms of operating buck converter
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Fig. 6. Circuit configuration of a flyback switching converter

Based on the duty cycle D, the output
voltage amplitude can be either smaller or
pigger than the input amplitude. Because
of that, such converters can be used in a
wide range of applications, for example as a
preregulator in double-conversion systemes.

It is hard to achieve low ripple when using
this converter. Normally it would be solved
by a very big output capacitor filter.

Besides, a transistor must work with high
currents as well as high voltages. Transistor
in an inverting regulator is subjected to
heavy loads. A rectifier diode also suffers
from high current ripple which leads to
increased dynamic losses.

The non-isolated converters we have
covered above are limited in where they can
be used. Isolation is required almost for any
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power supply connected to an industrial AC
network. Without it, power supplies become
unsafe, because irrespective of the low and
safe output voltage, potential difference
between outside terminals and ground can
be very big. Besides, without a transformer,
the described converters cannot provide
the output voltage that would significantly
differ from the input. Therefore, isolated
switching power supplies that we are going
to talk about below have a wider range of
applications.

A high-frequency transformer connected
between the input and output of a
converter helps overcome most of the above
mentioned limitations and has the following
advantages:

Galvanic isolation of the input and
output to ensure that the outputs
are safe when the input is 220/380 V
mains.

Transformer ratio can be varied to
adjust a required output voltage that
would be very different from the input.

Duty cycle can be optimised and peak
currents minimised if the transformer
ratio is set correctly.

Number of outputs can be easily
increased by adding secondary
windings to a transformer. At the
same time, output voltages can be of
different polarity based on the polarity
of secondary windings against primary
one.

Such isolated converters have their
drawbacks that are mainly associated
with a transformer. For example, leakage
inductance in a transformer in Most circuits
leads to voltage spikes when a power switch
Is being turned on. At the same time, some
problems are caused by magnetising
inductance that is saturated in case of
overcurrent and this can lead to converter
failure. It means that the magnetising
current must be controlled while a
transformer must be undergoing cycles of
demagnetisation or remagnetisation.

Based on the mode of operation of a
transformer, converters are divided into
single-cycle and push-pull converters.

In single-cycle converters, the operating
point of magnetisation of a transformer
core is always in the same quadrant, i.e.

magnetic flux density and magnetic field
intensity do not change polarity, and only
half of the magnetic flux is used. Single-
cycle converters come in two types, flyback
and forward converters. Flyback converters
transfer energy to the load during the
switch ON times. This way, the power cannot
be transformed directly from the primary
to the load but rather must be stored in
reactive elements of the circuit (as a rule,
transformer). Forward converters are more
efficient in using materials of the magnetic
core as they can feed most of the energy
from the primary directly to the load.

Normally, push-pull converters have
an even number of transistor switches.
They have an advantage against single-
cycle converters in that each cycle changes
polarity of the voltage injected in the
primary. This causes a transformer to
be remagnetised. This makes push-pull
converters more efficient in using Mmagnetic
material that single-cycle. Due to that, push-
oull converters in general have better power-
to-weight ratio and are widely used in SMPS
of medium and high power.

We would like to point out that such SMPS
must be designed for operation from the
industrial AC network. Therefore, our further
research will focus on isolated converters
[7 8].

Physical operating principles
of switch-mode rectifier in the
manufacturing equipment

Let us have a look at the operation and
features of rectifiers in the manufacturing
equipment.

As we have already mentioned, in the
production it is most efficient to use a
symmetric half-wave power switching
converter as a rectifier.

Energy efficiency of such switching
converter is determined by how efficiently
AC power is converted into DC power for
the load and how big power losses are. In
a typical switching converter, overall power
losses include both conductance losses
P_. ,andswitching losses P_ . Conductance
losses (current ripple put aside) depend on
overall positive resistance. In this case the
efficiency of a converter is calculated with
the following formula:

n=Ul/(Ul +P_ +P (7)

cond)’



where U - load voltage,

| —load current.

Total losses with load current Il and
switching frequency fs will amount to:

DS\/\/ + pcomd - I/<va1‘LfS + ksti'L * | ‘ l:Qcom\/,' (8)
where R — positive resistance of

conv

conversion circuit (conductors, coils,
transistor channels):

K. K., — ratios based on which power
switch is used.

Please note that the larger the transistor
and the higher its maximum allowed values,
the higher are the k_ ratios.

Practically, when switches operate
in parallel in an alternating mode, the
efficiency of a converter increases at full
load, because R___, decreases. At the same
time, with lower loads, P_ losses prevail.
Energy efficiency of a converter at every
point in time, under various loads, can be
determined by dependence of energy
efficiency from real load.

If a device is operated under low loads, the
energy efficiency of a converter significantly
drops [10,12].

The research showed that a switching
converter has high energy characteristics
with the load being in the range of 50% to
90% of the rated value. With the load being
iIncreased to 100%, energy characteristics are
reduced insignificantly while with the load
dropping to 20 %, the energy efficiency of
a rectifier drops significantly. If the device
operates under load of less than 20%, energy
efficiency drops even more, output voltage
ripple spikes and the stability of operation is
affected. Moreover, under low loads, more
heat is generated, and power components
of a rectifier become overstressed which
exponentially shortens the lifespan of those
components and the device as a whole. It all
happens because the device starts working
INn the breaking-current mode.

Output DC voltage is a pulsating voltage
that was smoothed by an LC-filter. With low
consumption currents, the current through
the inductor L becomes breaking current.
Once the current breaks, key elements of the
device are subjected to a much bigger load;
it causes dysfunction of the feedback loop
whose role is to regulate the output voltage.

4t

Therefore, if a power switching rectifier
operates at less than 10% load, it is operating
in its failure mode.

Thus, the use of half-wave power
switching rectifiers in electrotechnical
systems of manufacturing equipment
leads to additional losses during conversion
of AC voltage into DC output (AP) which is
due to low energy efficiency of the rectifier
operating under low loads.

Figure 7 shows a simple electrotechnical
system of manufacturing equipment with a
dedicated power rectifier that illustrates the
above said.

Research on how parameters of
technological processes affect energy
characteristics of power rectifiers.

To investigate how energy efficiency
of existing power rectifiers is affected by
the current load, we have conducted a
series of experiments. For this purpose. we
have assembled a special workbench that
simulated an adjustable load with program
control.

Adjustable-load workbench is built with
one feature of a MOSFET transistor in mind,
to limit the current passing through a circuit
according to the voltage across the gate.

Figure 8 shows a circuit configuration for
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Fig. 7. Electrotechnical system of production
equipment with a dedicated power rectifier, where
Pa - apparent power,

Pets — power consumption of the electrotechnical
system,

AP — AC-to-DC conversion losses
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the testing of power rectifiers based on the
following algorithm: a switching converter
with the output voltage +V is connected to
the workbench. Turning of the knob on the
variable resistor R1 causes the voltage on the
VTl transistor gate to change which increases
the current | passing through it from zero
to the maximum that is determined by
characteristics of the transistor and/or tested
rectifier.

For the purpose of testing the
characteristics of a power rectifier, we have
taken a standard 2,000W switch-mode
converter (power supply).

During our experiment, we were changing
the load on the device from 50W to the
mMaximum power with 200W step. For each
step, we measured the power consumed by
the device from the mains. Energy efficiency
was calculated as a ratio of DC power on
the load of the rectifier, that was calculated
by multiplying current by voltage, to the
AC power consumed from the mains. The
consumed AC power was measured with a
microelectronic pulse sensor that measures
the active component of the apparent
power in industrial AC power networks.

You can see the results of the tests
establishing how energy efficiency of
switching power rectifiers is affected by the
load in Fig. 9. In a nutshell, energy efficiency
of such devices increases fast with the
increase in the load, reaches its maximum
when near rated power and then slowly
decreases.

Such nonlinear characteristic determines
how switching rectifiers can be used in an

V11 +V

Fig. 8. Circuit diagram of a workbench to test
characteristics of switching power rectifiers

efficient manner: specified rated power
of a rectifier must be comparable to the
load power. If a rectifier turns out to have
too much power, a low load ends up in
the region on the diagram where energy
efficiency has not yet reached its maximum.
Say, the load current is 0.2A — the efficiency
will be only 70 % which is unacceptably low.
Incorrectly selected power of the converter
is one of the reasons why this can happen;
another reason is the nature of loading
modes of consumers.

Another important indicator of the
efficient operation of a converter is
stability of the output voltage. Certain
experiments have been conducted on a
tested half-bridge switching rectifier. The
converter was loaded with an active load.
When measuring how stable the output
voltage is, we were varying the input AC
voltage with a regulating autotransformer in
the range of -20% to +15% of the rated mains
voltage.

After analysing the results of conducted
experiments we have concluded that
stability of the output voltage in a power
switching rectifier changes up to 7% in the
low-load region (up to 25%) and up to 3% in
the high-load region (over 90%) (Fig. 10).

To summarise, energy efficiency and
stability of the output voltage in high-power
switching rectifiers are very dependent on
the load with small dependence occurring
at low loads.

The use of half-wave high-power
switching rectifiers in electrotechnical
systems of the manufacturing equipment
causes additional losses during AC-to-DC
conversion (AP) because of low energy
efficiency of the rectifier when used under
low loads.

Conclusion. The conducted research
has shown that the use of high-power
switching rectifiers in the manufacturing
equipment in the low-load mode reduces
their energy efficiency and affects stability
of the output voltage because of operation
IN the breaking-current mode when internal
power consumption is not sufficient. As it
Is deemed impossible to avoid operating
rectifiers under low loads (due to how
technological processes are organised



in production), it is necessary to find
hardware solutions to increase their energy
efficiency. For example, by introducing
passive loads or energy recovery devices
iNnto a rectifier circuit will help significantly
improve their energy efficiency. Therefore,
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to optimise power consumption of industrial
plants, especially in the northern regions,
the production processes must be initially
designed with extra capacity for future
hardware optimisation of the equipment
containing high-power switching rectifiers.

6 g 10

Load current, T, A
Fig. 9. Dependence of energy efficiency of a switching rectifier from the load
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Fig. 10. Dependence of the output voltage from the load current in a high-power switch-mode rectifier



47

References:

1.

A.O. Pimenov, D.G. Kulikov, E.N. Gol'cov, G.I.
Grechko Energoobespechenie v Arktike. //
Neftegaz.ru. N21, 2018, s. 24-29.

V. M. Bushueyv, V. A. Demyanskij, L. F. Zaharov i dr.
Elektropitanie ustrojstv i sistem telekommunikacij:
Uchebnoe posobie dlya vuzov / M.. Goryachaya
liniya—Telekom, 2009. — 384 s il.

Hajro D.A. Avtomatizaciya | upravlenie silovymi
vypryamitel'nymi ustrojstvami dlya povysheniya
energoeffektivnosti pri peremennyh nagruzkah.
Avtoreferat dissertacii na soiskanie uchenaoj
stepeni kandidata tekhnicheskinh nauk / FCBOU
VPO MGTU «STANKIN». Moskva, 2015.
Tukshaitov R.H. O koefficiente moshchnosti |
Cos ¢ vypryamitel'nogo ustrojstva pri raznyh
aktivno-emkostnyh nagruzkah i urovne emissii
v elektroset' vysshih garmonik // Prakticheskaya
silovaya elektronika. 2019. N2 3 (75). S. 53-55.
Zmieva KA. Kuznecova E.V., Ugleva E.M.
Modelirovanie seti elektrosnabzheniya
promyshlennogo predpriyatiya s ispol'zovaniem
postoyannogo toka. // Vestnik MGTU «STANKIN».
- Ne4 2014, ¢. 154-160.

Bocharov V.V, Konyahin S.F., Reznikov S.B.
Dvuhurovnenvaya transportno-bortovaya
sistema elektrosnabzheniya postoyannogo toka
/| Prakticheskaya silovaya elektronika. 2011, Ne 3
(43).S.26-28.

© KA. Zmieva
This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)

ELECTRIC-POWER ENGINEERING FOR THE ARCTIC

10.

1.

12.

Tereshin MV, Kulagin O.A. Operativnoe
regulirovanie processa rezaniya V
tekhnologicheskih sistemah metalloobrabotki.
/] Vestnik MGTU «STANKIN», N°2(25), 2013, s. 25-30
Zmieva KA. Kozlov D.\V. Kuznecova E.V.,
Dolzhikova EYU., Tumanov D.S. Razrabotka
algoritma funkcionirovaniya avtomatizirovannoj
sistemy kontrolya i upravleniya potrebleniem
resursov dlya administrativnyh zdanij // Vestnik
MGCTU «STANKIN», N22(25), 2013, S. 68-73.

Hajro D.A. Povyshenie energoeffektivnosti silovyh
impul'snyh preobrazovatelej v rezhime malyh
nagruzok // Vestnik MGTU «STANKIN». 2012. N2 3.
S. 83-88.

Zmieva KA. Kuznecova E.V. Metodika rascheta
koefficienta moshchnosti elektrodvigatelya v
usloviyah nesinusoidal'nosti toka i napryazheniya
/| Vestnik MGTU «STANKIN», No4 (17), 2011, S. 39-42.
Aleksandrov D.S., Kalashnikov A.S. Strukturnyj
metod rascheta tokov zamykaniya v
cepyah vypryamitel'nyh ustanovok //
Vestnik Ul'yanovskogo gosudarstvennogo
tekhnicheskogo universiteta. 2019. N2 2 (86). S. 55-
606.

Zmieva KA. Modeling of an industrial enterprise
power supply system using direct current //
Russian Electrical Engineering. 2015. T. 86. N2 5.
C. 239-245,



48
UDC 621.311.001.57:681.5]
DOI: 10.24411/2658-4255-2020-00005

®OPMYJTMUPOBKA KOMMJIEKCHOM ONTUMU3ALMOHHOM 3A0AYN MOCTPOEHUA
MUKPOIrpna APKTUHMECKOIO AHKJ/TABA B MYJIbTUATEHTHOM NMPEOCTABJIEHUN

M. Maeniok!, A K. Aba-Onbpaxum!, B.A. LLnxmH!

'HaumoHanbHbIM MccnenoBaTeNnbCKU YHBepCcUuTeT «M3V», MockBa, Poccund

X PaviiukGP@mpei.ru, Aminkamal90@hotmail.com, ShikhinVA@mpei.ru

MpepnaraeTca noaxon Ana GopMyMPOBKM 38434 MHOTOKPUTEPMANbHOW ONTUMM3aLVN
npu yrnpasneHunn reHepaurer B MMKpPO-aHeprocructemMe (microgrid), npeacTaBieHHoM B
BUAE MynbTMareHTHom cuctemsl (MAC). MpegnaraemMbolv B paboTe NMoaxod OCHOBaH Ha Cxeme,
pazpaboTaHHOM ANa OUEHKM 2DDEKTUBHOCTY GYHKLUVOHMPOBAHMA Kak MUKDOrpUO B LeOM,
TaK 1 OTAEeNbHbIX €€ GParMeHTOB (areHToB-CyObeKToR), YTO MO3BONAET GOPMaNM30BaTh NpoLiecc
VHTErpaumMm pasHopoaHbIX LeneBbiX GYHKUMI B edVHble KpUTeEPUK Mo onpeaeneHHb M
TUMOBbBIM MHOEKCaM 2PPEKTUBHOCTU DYHKLMOHMPOBAHNA MUKDOIHEPIOCUCTEMbI: TEXHMUECKIME,
SKOHOMMYECKME 1 IKoNormdeckme kputepmmn. Cxema anroputMa oueHKM 3ddeKTUBHOCTH
OYHKUMOHMPOBaHUA MUKPDOIHEPIOCUCTEMbI MOCTPOEHa Ha MpUMepe MPoeKTUPOBaHMA
rMopUOHO-reHeprpPYIoLLEN 1 3KONOorM4ecky 6e30nacHoOM TeMNO-31eKTPOo-CHabyKatoLen CUCTeEMbI
APKTMYECKOro aHKNaBa.

KntoueBble croBa: My/bT/areHTHaa cicTema, MUKPOrpU, apKTUYeCKMM aHkNaB, 3GPeKTIBHOCTb
MUKPO-3HEPIOCUCTEMDI.

FORMULATION OF COMPLEX OPTIMIZATION PROBLEM OF CONSTRUCTING MICROGRIDS
IN THE ARCTIC ENCLAVE BASED ON MULTI-AGENT REPRESENTATION

G.P. Paviiuk!, AK. Abd Elraheem! V.A. Shikhin!
"National Research University «Moscow Power Engineering Institute», Moscow, Russia

In this paper, an approach for multi-objective optimization for agent-based microgrid energy
production is proposed. The approach represented in this paper is based on analyzing microgrid
objects as distributed agents forming a multi-agent system (MAS), which gives the possibility
to evaluate the efficiency of microgrid as a whole, as well as the functioning efficiency of each
separate agent. The elaborated scheme also gives the possibility to formalize the process of
integrating heterogeneous objective functions into certain combined criteria. The construction
of the algorithm for evaluating the efficiency of the micro-energy system is carried out in relation
to the example of designing a hybrid-generating and environmentally safe heat-electric supply
system of the Arctic enclave.

Keywords: multi-agent system, microgrid, arctic enclave, microgrid efficiency.
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BBepneHue
B HacToalulee BpeMda LWKMPOKO 0OCY»Kaa-
FOTCA MEePCNeKTWBbl Pa3BUTNA SHEPIETUKN

(BN3) B yoaneHHbIX HaceneHHbIX MyHKTax,

OCco6eHHOCTU NoKaNbHbIX
I BO3OOHOBAAEMbIX UCTOYHWMKOB SHEPTMKM  CTEMbI MOTYT CYLLIECTBEHHO U AaXke KOHLLen-
B TOM YMC/e B apKTUYECKUMX permoHax.
Ha 3akoHoaaTeNbHOM YPOBHE MpeaycMo-

MUKpPO-2HEpProcucTeM
CTpaternmn yrnpaBneHmna MUKPOIHEPTOCK-
TyanbHO OTIMYaTbCA OT CTRaTErMI yrnpasne-

HNA TPAAULMOHHBIMW SHEPTroCcUcTEMaMM,
OCHOBHbIE MPUYMHbBI 3aK1KO4YatoTCa B Crie-

ToeHbl Mepbl Mo noggepxke BWID kak aytowem 2]

Ha OMTOBOM, TakK M Ha PO3HWMYHOM PblH- :

kax. BmecTe ¢ Tem, BepgeTcd paboTta no no-

BbILUEHWIO DHEPreTMyeckom aPpPeKTMBHO-

CTV XO3AWCTBYIOLWIMX CyObeKToB B APKTMKE

B COOTBETCTBMM ¢ DefeparbHbiM 3aKOHOM

«O0 sHeprocbepexeHnn 1M NoBbILIEeHM M

CTaUMOHapHbIe N OMHaMUYecKMe xa-
SHEPreTnYeCKoM 2PPEKTUBHOCTY.

CaKTEPUCTUKM CyOBEKTOB MUKPOMPWA,

rOyCTaHOBOK;

MMYHDBIX XaPaKTePNCTNK MOLLHbBIX 2HEP-
B YOalTeHHbIX pelrnMoHax, TakKMX KaK ap-

CYLLECTBEHHO OT/IMYatoTCa OT aHaslo-
KTU4YecKue, BHegpeHne Bo30OHOBNAEMbIX

MCTOYHMKOB aHeprumn (BM3) apnaetca oa-
HUM 13 MPUMEHUMbIX pelleHni npobne-

Mbl 06ecrnedeHmna sHeprm. OgHaKko BOMpoc

MNKOO2HEPTIOCKCTEMbI MOoABePXKEHDbI
noBblleH A 9$¢€KTV]BHOCTM JTOKaJTbHbIX

SHaYUTEITbHOMY £L|/|c6aﬂchy N3-3a Ha-

MUng ogHodasHbIX HarpysoK 1/ unm
Hepauum:;

HEeCTabMNbHOCTM pacnpeneneHHou re-
SHeprocmcTeM, B TOM ymcne ¢ BM3, ocTaeT-

3Ha4YMTENbHAA YacCTb BblpabOoTKM 31eK-
TPOZHEPIUM B MUKPOTPWO MOXET Mo-
Ca aKTyanbHbIM. [MoBbllLeHMe 3PPEKTNBHO-
CTW CBA3aHO He TOMbKO C BHegpeHMeM 3¢d-
PEKTUBHDBIX MCTOYHUKOB 3HEPrm, HO U C

CTyMaTb OT «HeynpaBnaeMblX» MCTOUH-
coBepLUEeHCTBOBaHMEM CMocob0oB 1 TeXHO-

Norvn PaboThl 1 yNpaBneHna NoKanbHbIMM

KOB (HampuMep, BeTpo31eKTpuieckme

YCTaHOBKM B3Y), Korga anga MakCcumMu-
MUKOO-3HEpProcucTeMamMm (MUKpOrpua).

3aUKMM BbIXOOHOW MOLHOCTW BO300-
HOBMAEMOTO NCTOYHWMKa IHERT U UC-
Munkporpua [1] 9aBnaeTca pa3HOBUOHO-

MNOJIb3yeTCH CTpaTerMda yrpaBJieHWA Ha
CTbtO CMapT Irpmma, KOTODOI;I npncyLln crie-

6aze MaKCUMabHOW TOYKU OTCEMKI-
ayroume ocobeHHOCTU: egmHoe obbeam-
HeHVe PasHoOPOOHbIX pacnpeaeneHHbIX U

BaHWa MoLwlHocTy (MPPT) [2];
LEeHTPaNnmM30BaHHbIX MCTOYHMKOB SHEPT MM,

LIMPOKO NnpmMeHdemMble B MUKPOTI PN
BO30OHOBAAEMbBIX MCTOYHMKOB aHeprnn,
HakomnuTenem SHEPIM N PasHOTUTIHDBIX T1O-

HakKoMUTeNM dHEePr MOryT UrpaTb
ToebuTtenen. MNpun 3ToM MUKporpna GyHKLUM-

OHWPYET KaK Mpn rTMbpUaHOM 3HepProcHab-
YKEeHUW, Tak 1 obecneymBaeTca HaoeKHoe

BaXKHYIO PO/b B peanusaLmnm yrnpas-
CcHabyeHue notTpebutenem Npu ycaoBmMm

NEHUNA MUKPOIHEPIOCUCTEMOW 1 0be-
creyeHveM ee yCcTom4mBom paboTbl,
OQHaKO CNeayeT y4YMTbIBaTb TO, YTO OH W

NCTOYHWMKaM I,

ABJTAOTCH HaCTUHYHO-YITPaBJTAEMbIMIN
MOJIHOTO oTae/ieHnNA OT LLeHTPaltim3oBaHHO-

CyObeKTbl MUKPOIHEProCUCTEMDI
NoaBepPyKEHbBI YaCTbIM KOMMYTaLMAM M
rO MCTOYHIMKA, T.€. B M30NVPOBAHHOM DEXKM-

Me. BayKHO OTMETUTb, UTO MUKPOrpMa npean-
CTaBNAET COOOV KOMOWVHALMIO ypaBageMblx
VI HeynpaBnaeMblX MCTOUHVIKOB IHEePI UK, UTo

nepeKkoMMyTalram Mo yCcroBuam obe-
3aTPYOHAET AOCTMMKEHVE BanaHca MOLLHO-

credyeHnda Hae>xxKHOCTH BHGDTOCH86-
CT B MUKPOIpWa, noBbllaeT aKTyaJIbHOCTb

KeHNA 1 KadeCTBa 2J1eKTPO2IHE DI A,
PeryimpoBaHMA HarmopaKeHnMa M COoTHOLe-

B OOMOJIHeHKMEe K Bblpa6OTKe N MOCTaB-

Ke BJ—IGKTDI/MGCKOIZ SHepPrmn, MMKPO-3-
HINA aKTUBHOW M peaKTI/IBHOIZ MOLLUHOCTM B
pacrpeneinresl bHOW CETU.

HeprocncreMa, Kak rnpaBmsio, orBeyvaceT

3a MNpomM3BOACTBO M Modady Ternsa Ko
BCEM WM YacTn noTpebutenen:
B paMKaX MMKporpnao rnmoedycMartpm-
BatoTCa bonee LUMPOKME BO3IMOXHOCT
Mo eueHToann3alnii yrnoasieHnd re-
peﬂaqem % I_IOTDG@"IGHI/IGI\/I SNEeKTPO3-
Heplr i, OOHaKO COXPaHASTCH MPOKH-
© G.P. Pavliuk, A.K. Abd Elraheem, V.A. Shikhin

LW codeTaHna LeHToalM30BaHHOIO
VM OeUeHTPalM30BaHHOIO yrpaB1eH A,
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CylwiectByrolie norpewHoCcTm m3-
MepeHUM 1 OWKWDOKK NMpK Nepegade
MHPOPMaLMKM MO NUHUAM CBA3U AB-
natTca bonee YyBCTBUTENbHbLIMU B
MeNKoMacLUTaOHbIX TOKaNbHbIX CUCTe-
Max, KaKOBbIMW ABNAKOTCA MUKPO3HEeP-
rOCUCTEMDI.

B paMkax MUKpOrpud, peLleHma, mpu-
HVMaeMble ONA Kakoro-1Mbo cyobekTa,
OKa3blBatoT, Kak MpaBWio, CYLLECTBEH-
HOEe BAVAHME Ha MNPUHUMaeMble pe-
LIEHWSA 1 yMpaBeHme npoLeccaMmm Ha
OPYIMX y4acTKax MUKPO3HEepProcmncre-
Mbil.

Taknm obpasoM, ykasaHHble cneumdm-
UecKme YepTbl OTAENbHbIX CYyObeKTOB U M-
KPDO3HepProcucteMbl B LEenoM NpuBOOAT K
TOMY, YTO OaHHaa AMHamMmyeckaa cucre-
Ma MOXKeT OblTb OxapakTepM3oBaHa Kak
HENMHEeMHaa HenpepbiBHO-OMCKPETHO-
CObObITUMHAA cUCTeEMa C MepeMeHHbIMK cna-
bo-npencKkasyemMbliMi NapamMeTpamMm 1 nepe-
KPECTHbIMIK CBA3AMU. [TpoBeneH e aHanutm-
UEeCKMX MCCNeaoBaHm TakMX CUCTEM KpaHe
3aTRYOHUTENBHO U BO3MOXXKHO TOMBKO MPW
CYLLECTBEHHbIX YMPOLWEeHMAX, KOTopble,
Kak MpaBuo, He AOMNYCTVMbl MO COObpayke-
HUAM MOTEPK BAXKHOM MHOOPMaLLN.

B CBA3M C yKa3aHHbIMW BbllLLE XapaKTepu-
CTUKaMUM MOoJ0OHbIX CUCTEM, OTHOCALLMXCA
K paccMaTpuMBaeMOMy Kaccy, 3aada Ha-
XOXKOEHNA 2PDEeKTUBHbBIX, MPUMEHUMbIX
NoOXOA0B ANG pelleHunda 3adadil MHOIo-
KoUTEPUanbHOM ONTUMU3ALUN MUKPDO-
DHEProCKCTEM B PEASTbHOM BPEMEH W ABA-
eTca akTyanbHoM NpobnemMomn.

[MoMepoM TaKMX MUKPO-3HEPTIOCUCTEM,
aBTOMaTM3aLUMa 1 ONTUManbHoEe yrnpas/e-
HME KOTOPbIMU Ha CerogHa ABNaeTca aKTy-
aNbHOW 3afa4Yer He TONbKO B Poccui, HO U
33 PyOeXoM (MCNonb3yeTca TePMIUH «CMapT-
rouva» UNnM «MUKPOTrpPnay»), ABaaroTca 000-
cobfieHHble (@BTOHOMHbIE MW YaCTUYHO
aBTOHOMHDbIE) CUCTEMbI FreHepaL MM 1 IHEP-
rocHabOy}eHWa B TPYOHOOOCTYMHbIX paloHax
(HaMpKrMep, BbiICOKOropbe), B parioHax Kpali-
Hero CeBepa M APKTUKM, OCTPOBHbIE CUCTE-
Mbl, DOPTOBLIE CUCTEMbBI KDY MHbBIX CYA0B [3] U
T.O. B pamMKkax yKasaHHbIX MUKPO-3HEeProcu-
cTeM pasnuyHble CyObeKTbl CUCTEMbl aKTMB-
HO B3aMMOOEWCTBYIOT B peallbHOM BPEMEHM
B npoLlecce QyHKLUMOHMPOBaHWA eOuMHOM
TexHonornmyeck obbeanHeHHoOW CUCTEMDbI.
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[na uenen noeblleHWa 3pPeKTUBHOCTM
OYHKLMOHMPOBaHMA MUKDO3HEDRIOCKUCTE-
Mbl B COOTBETCTBUM C YCTaHaBMIMBAEMbIMU
MPUMEHUTENBHO K KOHKPETHbBIM YC/TOBMAM
KpUTEPUAMK, OYEeBMOHA HEOOXOAMMOCTL Me-
pexofa K MHTeNNeKTyanbHOMY aBTOMaTU3uM-
LOBAHHOMY YMPaBNeHWIO, TMOKO Y4MTbIBaO-
LLEMY MHOXXeCTBO (paKTOPOB, Pa3HOMIaHoOBO
BNUAOLLMX Ha MpOoTeKatolmMe npoLeccol B
euHoOM cucTeme.

Ba>kHbIM QaKTOPOM, onpenenaoLlmm
dopMaT peleHnd 3agad onTuMMn3aumnm
DOYHKLMOHMPOBAHMA MUKPO-3HEPIOCUCTEM,
aBnaeTca HeobxoOVMOCTb CNegoBaHMa HOP-
MaM MeXOyHapoOHOro CTaHOapTa MNno MHTe-
rpaunm cucTem ynpaBneHua npeanpuaTti-
eM [OCT P M3K 62264-1-2010 «HTerpauma
CUCTEM YMpaBneHna npeanpuatmnem» [4] Kak
5TO MoKa3aHo B [5].

NpumMmeHeHune MAC B 3apga4vax ynpas-
neHus MUKporpua,

B nocnenHme roobl MynesTvareHTHaa gop-
Ma MpeacTaBneHma MHOTOKOMMOHEHTHbIX
ONHaMUNUYECKMX CUCTEM HaxoguT BCE OOMb-
Liee npumMeHeHmne [6, 7], B TOM ymcne gagd
MccnenoBaHMa MUKPO-3HeprocmcTem [8, 9],
MO3BOMAA CO34aBaTb MEPaPXMUECKME CNCTE-
Mbl YI1PaBNeHMa Ha OCHOBE pacnpeaeneHms
OYHKLUMW YMPaBNeHNA Mexay aBTOHOMHb-
MW 1 KOOMepaTUBHbIMW areHTaMm, peanm-
3ya Takume BaXKHble XapaKTepUCTUKM, KaK
MOOYbHOCTb, TMOKOCTb, HaAEXKHOCTb, PEKOH-
PUryprpyemMocTb U T. M. NpumMmeHeHmne MAC-
TEXHOMOTUW B MPUNIOXKEHMIM K PAaCCMO-
TREHMNIO MUKPO-2HEPIOCUCTEM MO3BOSA-
eT MOo-HOBOMY MOAOWTK K pelleHnto 3a0a-
U CO30aHMA CUCTEM C KOMOUMHMPOBAHHBIM
LeHTPanM30BaHHbIM 1 OeLeHTpanmM3oBaH-
HbIM YMPaBAeHWeM.

PelueHMe oNTMMM3aLUVOHHbBIX 3a4a4, CBA-
3aHHbIX C MHOTOLENEBbLIM YMpaBleHMeM,
MPW HaNnVYMM NPOTUBOPREYMBBLIX KPUTEPU-
€B M HEPaBHOBECHbBIM pacnpegeneHmnem
KpuTepresB Mexay Pa3HOPOAHbIMY CyObeK-
TaMW AMHaMUMYECKOM CUCTEMbI MOXKHO CBS-
3aTb C MYJIbTMAreHTHbIM MpeacTaBieHmnem
MCXOOHOW CUCTEMbBI U MPEeONOXXUTb 2PPeK-
TVBHbBIE METOAbI PeLUEeHWS MO ONTUMM3aLLUM
eé& PYHKUMOHMPOBaHMS.

Kak n3BecCTHO, pelleHre 3amad ynpas-
NeHNa B CNOXHbBIX AMHaMUUYECKMX CUcTe-
Max, Mod, KOTOPbIMK O0ObIYHO MOHMMaOTCA
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CUMCTEMbI BbICOKOW Pa3MepHOCTU, C Hal4d -
eM Pa3BETBIEHHOW CTPYKTYPbI C MepeKpecT-
HbIMW CBA3AMU, HAaNUYMeM HeornpeneneH-
HOCTW Pa3NYHbBIX TUMOB, HETMHEMHOCTEW U
AP., CBA3aHO C NOOXOAAaMM Ha OCHOBE [EeKOM-
NO3NLMIM CUCTEM TAKOTO POOa. B 3TOM CMbIC-
ne MAC-TexHonoruvga npegnaraer MMeHHO
TaKyto OEKOMMO3MLMIO Ha OCHOBE BBEAEHWA
B DaCCMOTPEHME B3aMMOCBA3aHHbDIX areH-
TOB. VTak, NpuMeHeHMe MyNbTUareHTHbIX
MOAXOO0B ABNASTCA MEPCMEeKTMBHOM TEXHO-
norvew ona ynpaeneHna M npuHAaTna pelle-
HUW B CUCTEMAX, TOE CYLLECTBYIOT pacrnpene-
NEHHOE yMnpaBneHe N HeonpeaeneHHOCTb,
CBA3aHHAaAa Kak C peani3yeMblM Ka)XOblM
areHToOM 3aKOHOM yrnpaBneHugd, cnabonpe-
CKalyeMblM noBegeHmneM BHellHeW cpebl,
BO3MOYHbIMW MOTEPAMM B MOHOM Habto-
JaeMOoCTV 1 yMpaBaaeMocT OObeKTaMu.
CnenyeTr OTMEeTUTb, YTO MPpUMEHEHne
MYAbTMareHTHOro noaxoga nossonder 6o-
nee nonHo OTPasunTb HallMdMe OaHHbIX Mo
oToeNbHbIM CyObeKkTaM (areHTam) CUCTeMbI,

UTO 0OYCNOBAMBAET BO3MOXKHOCTbL MoyYe-
HUA 6onee 0OOCHOBaHHbBIX peLleHMn, YTo
BeOET K MOBbILWEH IO 3PDEKTUBHOCTU PYHK-
LIVIOHMPOBAHMA Kak CUCTEMDbI B LIE/TOM, TaK U
KayKOoro areHTa B OTAEe/1bHOCTU.

Ha puc. T npuBeaeHo opmManmloBaHHoe
NpeacTaBneHre areHTa, NprHATOe B AaHHOW
paboTe C YUYETOM OCHOBHbBIX GYHKLMOHAb-
HbIX YepT, MOUCYLLMX areHTy: paccyxoeHume,
CaMOHaCTPOWKa, CaMOOMTMMIM3aLUME, KOMMY-
HKabEebHOCTb, aKTUBHOCTb.

Mpennaraetca Habop areHToB, OTpaXka-
FOLMX OCHOBHbIE CyObeKTbl MUKPOrpua,
(Tabn.1). OgHako nepedyeHb areHToB MO-
YKET ObITb pacluvpeH ana bonee NogpobHO-
O OMMCAaHMA MM B CBA3WM C KOHKDETHbLIMM
crneundmUecKkrMm YyeptamMu paccMaTprBa-
eMoW cucTeMbl. Hanpumep, ong HaHorpua
(Managa MrKpoaHeprocmctema) HeobxogmMmo
YUYMTbIBaATb MHBEPTEPDLI B KaYeCcTBe OTAe/b-
HOMO CyObeKTa CUCTEMbI, MOCKOSbKY OHM OKa-
3bIBatoT Bonee 3HauMmMoe BAVAHWE Ha YCTOM-
YMBOCTb 1 Ka4eCTBO npoueccos [10].

/ ATeHT 4, S‘I( )
i - I
L I ACCYE IEHHE -

Ui(f) Dc’f((t)) S c Tpoit @ Zr(r) OrLeHKa ——>
i OOTITHMHZAIMA e ST, :} COCTOSHISA HH(D 1Gi
DY (t) —=——p . = :‘ I_K = areHTa 4, %? )
X'(0), W (1)
____________________ .

\
Oxpy:xarwad cpeaa :
]

PuicyHok 1— DopmMasin3oBaHHoOe rpencrasieHue areHta MAC:
Ui (t) — BeKTOp BXOAHbIX OrPAHUYEHN 1 YCTABOK, CBI3AHHbIN C QYHKLMOHAIbHOM
yepTou «KOMMYHUKaUmMg», npm 31om Ui (t) = [L i, DC, i, DR, i]T, rae

L — TexHosiormyeckme

orpaHumn4yeHunsa dreHTa,

DC, | — BEKTOP BXOAHbIX KOMQH/;
DR, | — BEKTOP BXOAHbIX PEKOMEHAQ LN,
Z(t) — BEKTOP BbIXOAHbIX MePEeMEHHbIX, XOPAKTEPUIYIOLMX MPOTEKAHWNE PUINYECKUX
MpOoLeccoB BO BPEMEHM, MO KOTOPbLIM MAEHTUPULIMPYETCT COCTOSHWNE QreHTa,;
S(t) — BEKTOP COCTOSIHMIA QreHTa, CBA3AHHbIN C ero QyHKLMOHAIbHOM YepPTOM «QKTUBHOCTbY,
a TaKXKe rMoKA3aTesIM Ka4YeCcTBA ero QyHKLUMoHpoBaHmsa Y AG;

X(t) — BeKTOp NapaMeTPOB M COObITUMHO-U3MEHSIIOLLIMXCS KOHCTAHT AQreHTaq,
CBSI3QHHbIN C ero QYHKLUMOHAIbHbIMKW HYepTAMUK «CAMOHACTPOMNKA» (B OTHOLLEHUM MAPAMETPOB)
M «pACCY)KOeHWe» (B OTHOLUEHMIN KOHCTAHT);

W(t) — BEKTOP BHYTPEHHUX reHepurpyeMbix YrnpaBieHU areHTa,

CBSAI3AHHbIN C €ro QyHKLIMOHAIbHOM YepTOM «CAMOOMNTUMMIALINA»
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Ta6naumya 1
DopMAIN30BAHHbIE AreHTbl U NX QYHKLIMOHAIbHOCTb B cocTaBe MAC-MUKporpua
AreHrT, DYHKUMOHANBbHOCTD, AreHrT, DYHKUMOHANbHOCTb,
Ai Fij1 Ai Fij

1. LeHTp ynpaBne-
HMA 1 cBA3KM (LIYC)
MUKPOrpWa, areHT

A

FM — OTBETCTBEHHOCTb 38
yrpaBaeHme MMKPOrpua;
FQ*OTCHGMVIBaHMe W nna-
HVMPOBaHKE PEXXMMOB pac-
npeneneHHbIX 1 BO306-
HOBAAEMbIX MCTOYHMKOB
SHEePrnm:

ka MPOrHoO3MpPoOBaHve re-
HepKrpyeMom MOLLHOCTM
COOTBETCTBYHIOLLEO MCTOY-
Huka BIN3;

ka HDOFHO3MDOBaHMeV
COCTOAHUSA HakonuTenew
SHEePrnm:

be CTabunusaumsg 4actoThbl
B MUKPOrpUA;
F‘bfo6ecnequMe OVHaMmM-
UEeCKOM YCTOMYMBOCTU M-

Kporpua,

5. Bo3obHoBAGEMbIE UCTOY-
HUKW aHeprm (BIN3): con-
HEeYHada 2NeKTPOCTaH LA
(C3C), areHT A,

F.,— OTBETCTBEHHOCTD
3a reHepauwto COOTBET-
crBytoLlen CoC

6. Bo3obHoBNAEMbIE UCTOY-
HUKK sHeprum (BM3): Be-
TPOBadA 3MNEKTPOCTaHLIMA
(B2C), areHT A,

F.,— OTBETCTBEHHOCTL
3a reHepauuo COOTBET-
crBytollen BoSC

/. Hakonutenm sHeprumn
(H3), areHT

A,

F,, —yd4acTve B MOKpbl-
TN 0edULKTE MOLLHO-
cTU;
F,, —y4acTue B norno-
LEHMM M30bITKa MOLL-
HOCTU;

F,,—y4acTue B perynu-
POBaHMK YaCTOTbI;

F,,— noBbllueHe OuHa-
MUYECKOM YCTOWUMBO-
CTV MUKPOrpPUA

2. Pacnpenenwu-
TENbHAA IMEK-
TpoceTb (P2C),
BK/IOYAtOLLIAA MO -
CTaHU MO, areHT A,

F,,— OTBETCTBEHHOCTb 3
BHELUHee Mo OTHOLLEHMIO K
MUKDOIPUA 3/1EeKTPOCHa0-
KeHve,

F,,— NPVYeM N3NMLLIKOB
SNEKTPO3HEPT MM OT MUKPO-
oW BO BHELLUHIOK 2MekK-
TpOCeTb

8. Cnpoc notpebutens
(M32), areHT A,

F817 LeneBoe NCIoJib-
30BaHMeE 2J1IeKTPO3sHEeP-
M

9. Cnpoc LeHO03aBUCUMOro
noTpebutensa (LI3M), areHT
A

e

F,, — LeneBoe Ncnosb-

30BaHMeE 2/1EKTDOHEP-
v,

Fo, —y4acTue B perynu-
POBAHMW MOULIHOCTM

S. Pacnpenenex-
Hble OWM3eNb-reHe-
paTopHble yCTa-
HOBKW (YY), areHT
A

3

F,, — OTBETCTBEHHOCTb 3a re-
HEePUPYEMYHO MOLLIHOCTb CO-
OTBETCTBYIOLLEIO pacnpege-
NEHHOro reHepaTopa Unm
rpyrmbl reHepaTopoB

10. baza OaHHbIX PeaibHOro
BpemeHn (BLPB), areHT A

o —cOop, xpaHeHune,

OOMEH AaHHbIMU 1 ap-
XVBaMU

4. Pacnpenenex-
Hble ra30MopPLL-
HEBbIE YCTaHOBKM
(FMY), areHT A,

F,,— OTBETCTBEHHOCTb 3a re-
HEePUPYEMYH MOLLIHOCTb CO-
OTBETCTBYIOLLIEIO pacnpene-
IEHHOro reHepaTopa Unu
rpyrmbl reHepaTopoB

11. CucremMa MMMTaLLMOHHO-
ro MooenmpoBaHma (SIM),
areHT A,

F., —™MopenvpoBaHue,
TeCTVpPOBaHME PEXI-
MOB DYHKLMOHVPOBa-

HMA MUKPOrPUA,
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JAT'Y-areAT

nens Yprp
oTpaHAYeHAN H
ycraesgrE Upep

COCTOSHAS Sprp
T'IIY-arenr

nean ¥prr

= orpamEdenns n
ycraske Upgp

cocrognus Sprp

OrpaHHYeHHS H
yeraska Unye
COCTOSIHASA Spyc

QKpYKaoLWas Cpeyy,

b

y

nean Ygmpp
orpaHHYeHHS H
yeraBka Uggpg
cocTosHAsA S5rpp

B/IPB-arent

COC-arenr

el Yooc=Ygac
OTpaHAYeHHd H
yeraskE Uese

COCTOARAA Scac

2~ B3 C-arenr

nenn Yp5c=¥cac
OTpanHYeHHd H
yeraske Ugse

COCTOARAA Spac

«--

Jr

SIM-arenr

mean Yo
orpaHHYeHHd H
yerasku Uspy

cocTOaRAA Sspy

PuicyHok 2 — O6uyasa cTpyktypa MAC mukporpua.

Ha puc. 2 MoKa3aHbl OCHOBHbIE areHThl
TUMOBOWM MUKPO3HEPIOCUCTEMbI U X B3au-
MOCB#A3b B MpoLlecce GYyHKLUMOHMPOBaHMA
cucTeMbl. TEPMUH «OKpPY»KatoLlada cpeda»
NpK 3TOM MMeeT pacllMpeHHoe TOKOBa-
HMe, BKIOYaa B3aMMOAeMCTBME MUKPOMPUL
C BHELUHMMUM, B TOM YMChe TeXHUYEeCKUMM
crcTeMamMm.

dopmynunpoBKa ueneBbiX PyHKUUN
3P PeKTUBHOCTU PYHKLUOHMPOBAHUSA
MUKporpuva,

XoTda OONbLUMHCTBO M3BECTHbLIX K3 AnTe-
paTypbl [11-13,17] NoAXoa0B K peLleH o Orl-
TVMM3aLUMOHHbBIX 3ada4 NMPUYMEHUTENBHO K
YAPaBAEHWIO MUKPOrpKa GOPMYIMPYETCA
B paMKax OHOKPUTEPMAIbHOM MOCTaHOB-
K, @ UMEHHO Ha MUHVMKM3aLMIO OOLLMX IKC-
MAyaTauMOHHbIX 3aTpaT UKW MUHUMM3aLUMIO
MoTEPD, MMEIOTCA POPMYMMPOBKM OMTUMU-

3dUVMOHHbBIX 3ada4 B MHOI—OKD\/\Tepl/IaﬂbHOI?I
© G.P. Pavliuk, A.K. Abd Elraheem, V.A. Shikhin

noctaHoBke [14]. OoHako BO BCEX 3TUIX MOA-
XOOaxX OCYLUeCTBAaeTCca cBeaeHne MHOro-
KpUTEPManbHOW 330341 K CKanadpHOMY Cr1y-
yato, BKItoYaa dopmanbHoe obbegmHeHne
TEXHNYECKNX N IKOHOMMYECKIMX MoKa3aTe-
nen, YTo, Mo MHEeHWIo OONbLUMHCTBA crneum-
anuvcToB B 06NacTu Cco30aHna W aKcnayaTa-
LW MUKDO-3HEProcucTeM, HeaonyCcTmMmMo
[15]. 20PEKTMBHOCTb QYHKLIMOHMPOBaHUA
MUKPOIHEDRIOCNCTEMbBl HE PEKOMEHOYETCH
OLEHWMBATb e0MHbBbIM MHTENPMPOBaHHbLIM MO-
KasaTeneM 1, Kak MUHUMYM, criefyeT noa-
pa3genaTb Ha OTHOCKTeNbHO 0bocobeHHoe
PACCMOTPEHUE TEXHUYECKOW N SKOHOM MY e-
CKOW 2PpPEKTUBHOCTM C BBEAEHMEM COOT-
BETCTBYIOLLMX Lief1IeBbIX noKasaTtenem 1 Kpu-
TepuneB.

CooTBEeTCTBEeHHO, OCOOEHHOCTbIO OaH-
HOM PaboThl gBNAeTCca TO, UYTO C YUYETOM
MHEHWA OTpac/ieBbiX 3KCMepToB npem-
naraertcd nooxon K GOpMyMpoOBaHMIO

This in an open access article distributed under the terms of the Creative Commons Attribution License (CC-BY 4.0)



ONTUMM3ALMOHHDBIX 38484, CBA3aHHbIX C MO-
BbllUeHWeM 3PPEKTUBHOCTM MUKPDO3HEP-
rOCMCTEMbl 1 BBeOEeHMEM pPa3nelbHOro
PACCMOTPEHUA OTAENbHbIX MPYMMOBBLIX MO-
KazaTtenen adpPpeKTMBHOCTM. B TO e BpemMa,
npennoxeHHoe B paboTte MynsTMareHTHoe
NpencrTaBneHmne MMKPOIHEPRIOCUCTEMDbI MO-
3BOMGET MEepPenTh K COBOKYMHOMY YUETY MO-
Kazateneu apPeKkTMBHOCTU KaK OTOe  bHbIX
areHToB, TaK V1 CUCTEMbI B LIESTOM.
OcCHOBHbIE KpUTEPUIN 2PPEKTUBHOCTU
PYHKLMOHMPOBAHNA MUKPO3HEDRIOCUCTE-
Mbl mpencTaBneHbl B Tabn. 2. Ha ocHoBe
ITUX KpUTepmes ObiN cHoOPMYyNMPOBaHHbI
LeneBble QYHKUMM 23PPEKTMBHOCTU PYHK-
LVMOHMPOBAHMA MUKDO3HEPIOCUMCTEMD
(cM.Tabn. 2).
PaccMmoTpuM NnogpobHee NpuBeaEHHbIE B
Tabn. 2 kputepurn addeKTMBHOCTM.
1. KauecTtBO 3/1€KTPO3HEPrIN (K3).
KauecTBO NMpon3BOOMMOM M OTMyCKae-
MOV MOTPebUTeNaM 2M1eKTPOIHEePI U ABAA-
eTca OgHMM N3 OCHOBHbIX KPpUTEPKWERB MPU
oLeHKe 3PPEeKTUBHOCTM PYHKLMOHMPOBA-
HA NOOOM IHEPIOCUCTEMDI W PerynvpyeTcs
B cooTBeTCcTBUMM Cc [OCT 32144-2013
«InekTpuyeckaa aHeprmna. COBMECTMMOCTb
TEXHWMYECKUX CPEOCTB 2M1eKTpoOMarHMTHaga.
HopMbl Ka4ecTBa 2/1eKTPUMYECKOW SHERTNM
B CMCTEeMaXx 3NeKTPOCHabXeHa obLero Ha-
3HaYeHUA», rae ykasadbl bonee 10 Nokasa-
Tenen, 13 KOTOPbIX Bolbepem aBa B KadecTse
LieneBblx GyHKLUMM (6e3 noTepk oOLWHOCTM
MaTemMaTnYeCcKkom NoCTaHOBKM 3a0a4u):
OTK/IOHEHWME OCHOBHOW 4YacTo-
Tbl HAMPAXKEHUMA OT HOMKWHAaNbHOTO
Af=f-f  KOTOpOe CBA3aHO mpexae
BCero ¢ gepuMTOM aKTMBHOM MOLLHO-
CTW W He OO/MKHO MpeBblwaTh £ 02 [ B
TeyeHue 95 % BpemeHn;
OTKTOHEHWe HanpsxeHunda AU. Benn-
YUHbBI MPOBaNIoOB W MepeHanpPaIxeH M
CBA3aHbl C MHOXXeCTBOM (GakKTOPOB,
B TOM YUCe C UX CAyYarHbIM XapakK-
TEPOM, YYeCTb KOTOPbIE B KOMMAKTHOM
MaTeMaTMYEeCKOM BblpaXeHu B 00-
LEM Cly4dae He NMpeacTaBnaeTca BO3-
MOYXHbIM, HO B MepBYyo odepenb OHM
CBA3aHbl C COOTHOLLEHMEeM aKTUBHOW 1
PeaKTUBHOWM MoLLHOCTM. OTKIOHEeHWe
HamNPAXXeHMa B CeTW onpenenaseTca Ha
OCHOBE CpaBHeHWa 3Ha4eHn Hanpa-
KeHUa obler WinHbl U 5Y° 1 onopHo-
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ro HanpshxeHwnd U . CnegoBaTenbHo,
AU =U .- U™

2. DKoHoMu4yeckmn Kputepuii (IK).

DKOHOMUYECKNI KpUTEpUIA Y , °¥* hopMIn-
PYETCH M3 TPEX COCTABMNAKOLLIMX. CTOMMOCTb
reHeprpyeMow 3/1eKTpo3HEPT M

yBSVS

y4SVS =
SHeprocnctembly = 2 REV.

3. Hagé)xHoCTb rnpoleccqa 3/1eKTPO-

CHAGXKEeHNA 'Y  °7>.

Hanoe>kHOoCTb mpoLecca 31eKTpocHab-
YKEHUA B MUKPDO-2HEPIOCUCTEME KaK M A4
OONbLUMX 2NEKTPUYECKMX ceTer oLUeHMBa-
eTCcq C UCMOMb30BaHMEM HOPMATWBHO YyCTa-
HOBJMTEHHbIX MOKa3aTenen. BO3HMKHOBEHME
TEXHOMNOTMYECKMX HapyLIeHW B 2N1eMeH-
Tax 3N1eKTPUYEeCKoW CETU 1 MaclTabbl KX No-
CNefcTBUIM 3aBUCAT OT MHOTUX CIyYanHbIX
dakTopoB. COOTBETCTBEHHO, UCC1ed0oBaHMe
HaOEXKHOCTW CETEBbIX KOMMMEKCOB 0OOCHO-
BaHO B pPaMKax BEPOATHOCTHbLIX KaTeropmi.
IMEHHO MO3TOMY K HaCTOALLEMY BREMEHM
HaKoMAeH oTeYeCcTBEeHHbIN 1 3apyOexHbl
OMbIT peLleHra 3agad Mo oLeHKe HaaEXHO-
CTW CUCTEM DMIEKTPO3HEPTETUKM CO CNeady-
OWMMUM TREMSA KaTeropuamm, COOTBETCTBY-
LMK MEXOYHAPOOHOW KnacCPUKaL M
mokasaTenem HaoeXXHoCT:

CAIDI — nHoekKc cpegHer npogormKMTeb-
HOCTU MepepbiBa B 3MNEKTPOCHabKeH MM MOo-
TpebuTenen (BpemMsa pemMoHTa);

SAIDI = MHOEKC cpenHen MPoao/IXKNTENb-
HOCTM MepepbiBa B 3MNEKTPOCHabKeH M MO-
Tpebutenem (MPoOaO/IMKUTENBHOCTL OTKa3a);

SAIFI — MHOEeKC cpeaHer 4acToThl Mmepe-
ObIBOB B 2M1EKTPOCHaOKEHW NoTpebuTene
(wacTtoTa oTka3oB.) [16].

4. DKOMOrM4YHOCTL Y , °%.

DKOMOTMYHOCTb QYHKLMOHMPOBaHMA M-
KpO3HepProcucTeMbl Npeaaraetca orpaHm-
UYMTb PACCMOTREHMEM BbIOpOCa MapHUMKOBbIX
razoB (CO2, NOX 1 op.), XoTa gaHHble Moka3a-
TENW He 9BNAOTCA EAMHCTBEHHbBIMU.

= CEN LeHa gna notpebutend
PR, npubbinb BNagenbLa MUKpPo-

MpuMep oueHKN 3dPeKTUBHOCTU PYHK-
LUOHUPOBAHUA MUKPOIHEPIrOCUCTEMDI
Ansa ApKTUYEeCKOro aHKsaBa
Ha puc. 3 nokasaHa obuwaa GYyHKLUMO-
HallbHaa CXeMa MUNKPO-IHEeProCcucTemMsol,
MNoOOroToBeHHad B paMkax HMOKP Mexx-
BEOOMCTBEHHOWM KOMMIEKCHOW LIeTeBOM
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Ta6aumya 2

Kputepuun mn nokasaresiv 3¢¢GKTI/IBHOCTM (byHKLU/IOHMpOBCIHMS?I MUKPOSHeprocmcremMbl

BbIOPOCOB NapHM-
KOBbIX ra30B (OK-
cuObl a3oTa)

Il
VoS =NOX

nnmea
M fuel-
4.2.2. Konmyectso BbIOPOCOB OKCM-
[0B a30Ta OT MCTOYHMKOB SHEPI N,
DONOX

Kputepumn LeneBada ¢yHK- | OnTMmM3aum- BxogHble nepeMeHHble OdonycTumbin
adpPpeKTUBHOCTHU um9 OHHa“ 3agava M NapamMeTpbl npepgen
dYHKLMOHUPOBa- Ha min norpeLwHocTn

HuUA MM max n3MepeHunn
1. KabecTBO 3nekTpo- | 11. OTkoHeHWe MNMopnepxkaHne s | 111 fhcm — HOMWHanbHaga 4acToTa; + 0,03 Iy,
aHeprunm (K3), 4aCTOThbl 3aaHHbIX 11.2. f—Tekyllee 3Ha4eHme OCHOBHOW
Y ] npenenax YaCTOTbl HAMPAKEHUS,
ysvs = Af " R . ,,
1 Af ", AF 13 Af,Af=+02T14
11. OTKNOHEeHKe Min 121.U,,,, ~HOMUHanbHoe Hanpga xe- [orpelwHoCTb
HanpsaxeH s, Hue; V3MepeH s
= 12.2. U —-Tekyulee 3Ha4eHre Hanps- OUTENBHOCTM
Y, = AU :
2 YKEHNS: He NOoMKHa npe-
1235 AU AU -=+10% BblLLaTb +0,01 C
2. JKOHOMUYECKMIM 2.1. CTonmmMocCTb re- Min 211 ctommocTtb Tonnmea C; 10 %
Kputepun (OK), Y, | Heprpyemom 2.1.2. pacxoObl Ha aKCnNyaTaLmio U
21eKTPoIHEePrm TexHMYyeckoe obcnykrpaHme COM:
A8 21.3.nnata/ WwWrpadbl 3a BLIOPOC 3a-
ySVS — CEN PO
3 rpasHatolmx Bellects C
2.2. UeHa anga no- Min 2.2.1. DUKCUPOBaHHbBIM MHOTO30H- 1%
Tpebutensa HbIV TapUPHbBIV FpaduK
&
y4SVS = DR
2.3.MNpwrbbine BNa- Max 2.3 UeHa Npoaarky 3/1eKTPO3HED- 5%
nensua rmn Pre
MUKDO3IHEProCcu- 2.3.2 06beM NpOoAaHHOM 2NeKTPOo3-
cTembl Heprmm PMo
&
yssvs = REV
3. HapexxHocTb npo- | 31. ViHaekc cpea- Min 311 cyMMapHoe BpemMa oTkitodeHna | 1%
Liecca anekTpocHab- | Hen npogon- notpeburenen, T,
KeHuna Yre SKUTENBbHOCTU 31.2. 0blLee YMCIo OTKOYUEH M,
nepepbiBa B a/1eK- OUT,
TPOCHaOKEH
notpebutenew,
&
v = CAIDI
32. VHpekc cpen- | Min 321 cyMMapHoe Bpemd oTktodeHund | 1%
Hew Npoaos- notpeburenemn, T,
YKUTENBHOCT M 3.2.2. 0bllee Konm4yectso norpedun-
nepepbliBa B 3/1eK- Tenen, Ny
TPOCHaBKEH I
notpebutenew,
&
y,* = CAIDI
3.3. IHpeKc cpen- Min 3.3]. 0bLllee YMCcno OTKIOUSH I, 1%
Hew 4acToTbl Me- OuT,,
PEPDLIBOB B 2/1eK- 332, 00Llee KoNM4ecTBo rnoTpebute-
TPOCHaOXEH nemn, Ny
notpebutenew,
&
Yo = SAIF
4. DKONOTMYHOCTb 4.1, KonnyecTtso Min 411 daktmnueckoe notpedneHme To- |10 %
Y oY BbIOPOCOB MapHM- nanBea,
KOBbIX ra308B (yrne- M fuel:
KvCnbl ras) 412 KonyyecTBo BbIOPOCOB yrie-
A KMCNOro rasa oT MCTOYHMKOB 3HEP-
y Sys = CO co
9 2 rin, PO,
4.2. Konnyectso Min 421 bakTmyeckoe notpebnerre To- |10 %
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NporpamMmMbl «ApPKTUYECKME TexXHOO-
FM» Mo TeMe «ABTOMaATUM3UMPOBaHHDIMN
KOMMMEKC ynpaBieHusa BblCOKOHaOex-
HOWM TMOPUMAHO-TEHEePUPYOLWEeN 1 3KO-
nornyecki 6e3onacHoOm Tenno-31eKTpo-
CHabaruwenm MMKPO-23HEPIOCUCTEMOMN C
BbICOKMMM TEXHOIKOHOMUYECKMMU MOKa3a-
TenamMmmy». [pencraBneHHoe Ha puc. 3 pas-
paboTaHHOEe TexHKYecKkoe pelleHre MoxeT
paccMaTpUBaTbCA Kak 6a30BOE MPU UCMOMb-
30BaHMM B 3afadax obecneyeHma Haoex-
HOIO CHabXeHMd aHepropecypcamMmt OObek-
TOB apKTUYECKMX PETMOHOB, BKITHOYAIOLLMX
0OBbEeKTbI Kak MPOMbILLIEHHOIO CTPOUTENb-
CTBa, TaK M XXUNOW MHOPaCTPYKTYPbl. BMmecTe
C TeM, NpeanaraemMoe pelleHme C 3aBCch-
MOW 1 HE3ABMUCKMMOW OT MOCTaBOK TOM/BA
reHepauMen Tenna v 31eKTPo3Heprim npm-
MEeHMMO K STH0ObIM TRYOHOLOOCTYMHbIM 30-
HaM, I MOYXET OblTb Pean30BaHO TaKKe Mpu
MOSTHOM OTCYTCTBMIM MArMCTRanbHbIX TMHM
2eKTponepenay.

Obpa3eL, co3gaBaeMomn MUIOTHOM MNKPO-
-2HepProcncTeMbl B APKTUKE NMpeactaBieH
Ha PWC. 3. B BUOE KOMMAKTHOIO aHk/M1aBa 13
cnenyroLmMx YeTblpex oTHOCUTENbHO 0D0-
cobNeHHbIX TeppPUTOPManbHbIX 0Opa3oBa-
HW: - (1) TTpoMblwneHHada 3oHa; - () XXun-
NMNULHO-KOMMYHanbHbIM KoMmnnekc; - (I1)
ConHe4YHasa 1 BETPOBAA 3MEKTPOCTaHLUMM, -
(IV) TonnmBoXpaHUMLIE.

PelueHVe 3a0a41 OLEHKM 2PPEKTUBHOCTM
OYHKLMOHUPOBAHUSA MPOEKTURYEMOWM M-
NOTHOM MUKPO-3HEPTroCUCTEMBI Npeniara-
eTca pa3buTb Ha HECKO/bKO 3Tanos (purc.4) .

Ha aTane 1 (cM. puc. 4) pelaeTca 3afada
BblOOpa TakMx Mogenem onmcaHmg areHTos,
KOTOPbIE a1EKBATHO COOTBETCTBYIOT UCCNEY-
eMbIM LeneBbiM QyHKUMAM (LID) 1 oTBeya-
OT OFpaHMYeHMAaM Mo TOYHOCTM (CM. Tabs. 2)
M MHPOPMATUBHOCTM:

& .
MO* oy
E:I-. o

Ha aTane 2 Npon3BOaAUTCA CUHTE3 NMU-
TaUMOHHOW MYNbTMAreHTHOW Mooenu mc-
cnegyemMomn CUCTEMbI C YY4ETOM CMeEUMNPUKM
Kayxkaom LD yjsys, J= 1,10 13 yeTblpex rpynri
KpUTEpPKEB, YKa3aHHbIX B Tab. 2.
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OueHka nokasartenen aPpPeKTMBHOCTMA
OCYLLECTBNFAETCA napaiefibHO C PaCYETOM
TOYHOCTV OLLEHWBaHWA €, 4TO ABNAETCA BaK-
HOW BbIXOAHOW MHbOPMaLUMen. B cMHTE3M-
POBAHHOWM MYMBTU-AareHTHOM MOoOdenu Onu-
CaHWa OTAENbHbIE areHTbl QYHKLUMOHMPYIOT
B YC/IOBMAX B3aVIMOOEWCTBMA COOTBETCTBYO-
LLMX MOOeNnMpyeMblx 0OLLECUCTEMHbIX MPO-
LIECCOB, YTO MO3BOMAET MPOMN3BECTN OLIEHKY
X COBCTBEHHbIX LID yf‘G M pellaTb 3a4a4m
MO CaMOOMTUMM3ALMK 1 CaMOHaCTPOWKe
(c™m. pucl).

JTan 3 COOTBETCTBYET pelleHMo 3a0a4M
MoNy4eHua YMCNEHHOM OLEHKM SPDEKTMB-
HOCTW OYHKLMOHMPOBAHUA MUKDO3IHEPTO-
CUCTEMDbI, COYETalOLIEeM BCE YeTblpe npea-
NOXEHHbIX 0OUIeCUCTEMHbBIX KpUTEPUA.
[MO MONy4YeHHbIM OLleHKaM Moka3saTenemn
OCYLLECTBAAETCA PaCYET OLEHKWM COOTBET-
CTBYIOLLMX KpUTEpMEB 2PPEeKTUBHOCTM A4
CUCTeMbl B LIefIoM (CM. Tabn. 2) Y25, k=1, 4
a TakKe 3Ha4YeHUW MHAVBUMAOYaNbHbIX MOKa-
3atenen adpPeKTNBHOCTU PYHKLMOHMPDOBA-
HVA OTOENbHbIX areHToB yf‘C , MPVBEOEHHbIX
B Tabn. 3. MNpencraeneHHaa Ha puc. 4 cxema
OTPaXaeT GOPMaIM30BaHHbIV MPOLECC MH-
Terpaunm pasHoOTUMHLIX LID B ycTaHOBNEH-
Hble KpUTepun.

3aknio4yeHune

PaspaboTaHo yHUbUMLUMPOBaHHOE Npen-
CTaBfeHue areHTa, NpUMeHMMoe K MUKPO-
3HeprocmucTeMam, MpPeacTaBgoLLMM cCOOOM
KOMMO3MLWIO 13 CyObeKToB, hopManmaye-
MbIX B BUOE HEMPEPIBHBIX, AMCKDETHBIX U
OUVCKPETHO-CODLITUMHbBIX MOOeNeu.

PazpaboTaHa cxema pelleHmng 3anadum
OLEHMBaHNA 2PPEKTUBHOCTM MUKPOIPUA,
[ToeacrtaBneHHaa cxema no3BonaeT popMa-
NM30BaThb MPOLLECC UHTErpPaL MM PasHOPO-
HblX LID B eAMHble KpUTERKWIM MO onpeae-
NIEHHDBIM TWMaM, a TakKXKe C YY4ETOM OLIEHOK
SPPEKTUMBHOCTM PYHKLIMOHMPOBAHMA OT-
OefbHbIX areHToB B B3aMMOCBA3aHHOW CU-
creme.

Kak mokasaHo B NMpuMmepe, npensarae-
MOe pelleHMe oLUeHMBaHMAa 3PPEKTUBHO-
CTU PYHKLMOHMPOBAHUA MUKDOIHEDRIOCK -
cTeMbl Ang APKTUYECKOro aHk1aBa BEOET K
PeLIEHMNIO MHOTOKPUTEPWAaNbHBbIX OMTUMM-
3aLUMOHHbBIX 33034, C Y4ETOM Pa3HOPOOHbIX
KpuTepues.
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CeroHa CeBepPHbIE apKTNYEeCKMe TeEPPU-
TOpWK 9BAFKOTCA TEM MeCToM, roe Hambonee
mnepenoBble M COBREMEHHbIE BbICOKME TeX-
HOMOMM HaxoOAT CBOe MpuMeHeHne. B yc-
NOBMAX PA3BUTNA MONAPHbBIX TOPOAO0B, Pac-
MONOXEHHbBIX BOOTb CEBEPHOIO MOPCKOIO
nyTK, Npobnembl obecneyeHa rpaMoTHOM
SKCIAyaTaLMM XXUMbIX M MPOMbILUNTEHHbIX
30aHU1M B YCMOBMAX HU3KMX TEeMMepaTyp CTa-
HOBATCH 0COOEHHO aKTyanbHbiMK. OgHOM 13
3a0a4, TpebyoLMX pelleHna, aBndaeTca 3a-
Jada pa3paboTky 2PPEKTMBHbBIX aHTHMobNe-
AEHNTENbHbBIX CMCTEM ONF KPOBEMb 3AaHMN,
NpenoTBPALLAtOLLMX CKOMIEHME CHera 1 Ha-
nener Kak Ha caMow KpoBJie, Tak M Ha BOLO-
oTBOOALLMX enobax. (Puc. 1).

B cTaHOapTHbIM COCTaB aHTWobONeOeHu-
TeNbHOWM cUCTEMbl OObIYHO BXOOAT:

HarpesaTenbHbI Kabenb. Cxema ero
YKNagKM onpenenaerca TUNoM Kpo-
BE/TbHOM KOHCTRYKLMK 1 KOHPUTYPa-
e BOOOCTOKA.

CuvnoBoOW aneKTpuYecki Kabens (a4
COedVHEHMS ¢ ceTblo 220/380, 50TLL).
YCTPOWCTBa 3alWMThl (OTKMOYAKOT KOH-
TYP LENVKOM MpKW yTeuyKax CBbllle
50 MA 1 Npn NpeBblILeHK TOKOB
Harpyskm) [1].

YCTpONCTBO yrnpaBnieHumda. CcrtemMa,
pearvpytoLlaa Ha CUrHabl 0aT4MKOB
TemMnepaTypbl U BMaXKHOCTM U 3any-

CKatrowad i nmpmnocCtTaHaB/TMBakoOLLLaH
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oborpeB B paMkax pabouux Temnepa-
Tvp.

B npomnsBoacTse 1 JOMaLlIHMX YCOBMAX
MICMONb3yeTCca LUMPOKOe pa3Hoobpasme Ha-
rpeBaTeNbHbIX 3NeMeHTOB. VI3HadanbHO 414
MPOM3BOOCTBA TaKMX 3N1EMEHTOB UCMOMb30-
BaNVICb METANSbl LU METANTMYECKMeE CMNIaBbl.
CaMom pacnpocTpaHeHHoW GopMor ONd Ha-
rpeBaTeNbHOro 3nemMeHTa cymTaeTca kabenb.
3a cHeT CBOMIX CBOWCTB M OTHOCUTENbHO HIN3-
KOWM CTOMMOCTM OH ABI9eTCA O4eHb NpuBe-
KaTeNbHbIM /19 cUcTeM 0borpeBa. HadmHan
C KOHUa 20 BeKa Hay4yHO-TeXHN4YeCcKoe COo-
00OLLEeCTBO BCepPbEe3 CTano M3ydaTb BO3MOXK-
HOCTb MCMOMb30BaHUA 13 MHHOBALMOHHOIO
aMOPOHOIo MeTalNIMYeCcKOro Cr/laBa B Kade-
CTBE HarpeBaTelbHOIro 31eMeHTa a9 BHY-
TpeHHero 1 BHelwHero oborpeea [2, 3.

OCobeHHOCTbIO aMOpPdHbBIX CM1aBOB AB-
NnaeTca OTCYTCTBUE Y HNX gaNbHEero NopanKa
B 0ACMOMOXEH M aTOMOB (TRPAHCNALVOHHAA
cuMmmeTpua). CTpYKTYpa aMopPdHbIX MarHm-
TOMATKUX CMaBOB XapaKTepum3yeTca OTCYT-
CTBMEM Y HUX B CTROIMoOW NeproamndHocTm,
NpUCyLLEer KpUCTanam4eckomMy CTPOeH Mo, B
PaCMONOXKEH MM aTOMOB MOHOB MOJEKY/T Ha
MPOTAXKEHWM COTEH W ThiCAY MeprnoaoB na-
PaMETPOB KpUCTanmyeckom peleTkn. Cum-
TaeTcd, UTo OTCYTCTBME OallbHEero Nnopagxa B
PACMOMOXKEH M aTOMOB B aMOPPHOM COCTO-
AHUVN MPUBOONT K M3OTPOMMK MarHMTHbBIX
cBomcTB [1].

PucyHok 1— CucteMa aHTMob6ieqeHeHNS KPOB/IW (MpurMep)..
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B aMoOp®dHbIX CrilaBax OTCYTCTBYHOT TaKMe
cneumdmyeckme ana KpUCTanIndeckmx Ten
AedeKTbl aTOMHOWM CTPYKTYPbI, Kak OAMCIOKa-
LWV M BAKaHCUW, FpaHKMLbl 3epeH 1 BNOKOB,
ABOVIHWKW 1 0edeKTbl YakKoBKMN [4].

BceM aMopdHbIM CriaBaM, HE3aBMCKMMO
OT WX COCTaBa, MPUCYLLM BbICOKME MPOYHOCT-
Hble CBOWCTBA, BbICOKOE YAEbHOE 3MEKTPO-
COMPOTMBIEHME VI MOBbILIEHHAA CTOMKOCTb
K BO3gencTBuio oonyderna (Tabn.1). B 3aBu-
CMMOCTU OT MPUPOAbLI KOMMOHEHTOB aMOpP®-
Hble craBbl MOryT 061a0aTb MPEeKPacHbIMK
DYHKUMOHANbHBIMKM CBOUCTBaMM, KOTOPbIMM
onpegenaerca Mx NpakTnyeckoe Mcrosb-
30BaHMe. AMOp@HbIE CrlaBbl — 3TO M Mar-
HUTHO-MArKMe MaTepuansl, obnagatowme
rMCTePe3nNCHBIMU MarHMTHbIMY CBOMCTBA-
MU, YPOBEHb KOTOPbIX OMM30K A9 y4Ll X
KPUCTaNIMY4eCKMx MarHMTHO-MArKMX MaTe-
PWaNoB; 3TO W MaTepUWanbl C BbICOKOM MpoYy-
HOCTbIO M KOPPO3MOHHOWM CTOMKOCTBLIO; 3TO
M MaTepuarbl C UHBaPHbIMK 1 2MTMHBAPHbBIMY

CBOWCTBaMW; 3TO M MaTepualbl C 0COObIMM
DNEeKTPUYECKMMM CBOMCTBAMM. AMOPdHbIE
CMAaBbl Y»Ke MPOYHO 3aHAIM CBOKO HULLY
M B MPOW3BOACTBE, U B NMPUMEHEeHUN.
OcHoBHag Macca NpPou3BOAUMbBIX aMOp-
OHbBIX CMMaBOB MCMOb3YeTCcd B KadyecTBe
DNEKTPOTEXHNYECKMX MaTepmanios A1s pas-
NMUYHOro pofa TPaHCPoOPMaTOPOB U APY-
X YCTPOWCTB, rAe OHWM MPUMEeHAITCA Kak
MarHmTonposoabl. Obnagaa NodTv noeanb-
HOWM Ga30BOCTRYKTYPHOW OOHOPOOHOCTBLIO
I BBICOKUM YAENbHbIM 3M1EKTPUHYECKUM CO-
NPOTMBAEHMEM, aMOpPdHble Cr1aBbl MMetoT
Upe3BblYalHO HK3KME MOTEPU Ha nepemar-
HUYMBaHKeE, YTO 1 NpegonpenenaeT X Npu-
MeHeHWe KaK 2NeKTPOoTEXHHYECKMX MaTepu-
anos [4].

CerogHsa HarpesaTe/lbHble 3/1€MEeHThI
Ha OCHOBE aMOP@HOM METANNUYECKOW NeH-
Tbl BCce Oonee 1 bonee LWMPOKO MCMOMb3Yy-
loTCA B CUCTeMax oborpesa 1 aHTMobnege-
HeHua [56,7].

Ta6numya 1
XapaKTepUCTUKM AMOPGHOM META/I/TNYECKOM /IEHTbI
MNMapamMeTpbl 3HayeHMe NpumMmeyaHua
TonuwmHa NeHTol 18-25 um
LLInpwrHa neHTbl 4-25 MM

YyoenbHoe ST1eKTpnyeCKoe

1.3-1.5%10-6 OM*M

00 CTabuNbHOMO COCTOAHMA

COMpoTMBEHMe

Paboyee HanpakeHe 12- 600 B

Koppo3noHHaa CTOMKOCTb BblcoKad Bnaropnapsa ocobomy
COCTaBy CrijlaBa

MNacTUYHOCTb M TMOKOCTb Bbicokad Bnaronapsa ocobomy
COCTaBYy CrilaBa

[nowanb NporpeBaHna Bbicokad bnarogapg WnpoKom

MOBEPXHOCTU NIEHTD
TennoBad MHepuna Hin3kad bnaronapa HM3KOM
Macce feHTbl
BpoeMd Ha pa3orpes KopoTkoe bBrnarogapa HU3KoW

TEMNI0BOM nMHEepuUn

NouMeHeHne

CucTeMbl BHYTREHHEro
M BHeLlHero oborpesa
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Hwu3kaqa paboyas TeMnepaTypa

Tennonepepada oT NtOOOro Harpesa-
TeNbHOMo 3M1eMeHTa HaxoaAMTCa B Mporop-
LLMOHANBbHOW 3aBUCUMMOCTIM OT MoLlanm
MOBEPXHOCTM M PasHMLbl TEMMEPATYP MEXK-
Oy HarpeBaTeeM 1 OKpyKatollewn cpegomn.
Uem GonblUe naowagb MOBEPXHOCTU, TeM
MeHbllad pa3Hula TemMnepatyp Tpeby-
eTtca anga Tennonepenadn oT Harpeparte-
N9 B OKpY»>KatoLLyto cpefly. o cpaBHeH Mo
C 0OblYHbIM Kabenem, NMpUMeHaeMblM
B OOMbLUMHCTBE HarpesaTenemn, nexTa, 3a
cYeT OTHOCUTENbHO OONbLUOM MOBEPXHOCTU,
OTO3ET TEMO B OKPYXKAIOLLYIO Cpeny Ha HI3-
KX TemMnepaTypax HaMHOro adpdpekTmBHee.
HanpurMmep, ecnu CpaBHUTL ABa HarpepaTe-
N4, 3 KOTOPbIX MNepBbiv — KabenbHbIV 21e-
MeHT OnameTpomM O,5MM, a BTOPOW — aMopd-
Haa MeTanNnyecKasa NeHTa WMPUHOM 10 MM,
C OAMHAKOBOW TEMTOBOW MOLLHOCTBIO, MOYK-
HO 3aMeTUTb, 4TO paboyume TeMmnepaTypbl
3HAYUTENBHO Pa3HATCA. TemMnepaTypa NeH-
Tbl B 12 pa3 HWke TemMnepaTypbl 0OblYHOMo
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DakTnyecKkn 370 03HaYaeT, uTo bonbLuad
nowanb Tennonepenadn NeHTbl MO3BONA-
eT NOCTUIaTb TaKoM »Ke TEMI0BOM MOLLHOCTM
(KaK 1y CTaHOapPTHOro Kabena) mpu HU3KKX
pabourx TeMnepaTypax HarpesaTelbHOro
snemMeHTa.

ddPeKTUBHOCTb TENonepenaym
CpaBHeHne TeMnepaTtyp aMoppHOM Me-
TanM4yeckow NeHTbl M obbldHOro Kabenda
OOVHaKOBOW TEMOBOW MOLIHOCTK Obl/10
MpPOoM3BEOEHO MO CAeAYWMM MapaMeTpaMm:

1. OnuHa neHTol/kabena =1 MeTp.

2. TonwumHa neHTbl = 20 um.

3. ConpotmBeHne CpaBHMBaAEMbIX 3M1e-
MeHTOB = 1,4 x 10° OM Ha MeTp.

4. KoadpdpuumeHT TennonpoBogHO-
CTW CpPaBHWBaeMbIX 3/IEMEHTOB =
= 56BT/M2°C.

5 PasHuua TeMnepaTtyp Ha MNoBepPxXHOCTU
NEHTbI/Kabensa 1 OKPYXKatoLLero BO3My-
xa cocTtaBngaet 100 °C.

0. YCnoBuma oxaxkaeHmnsa — ecteCTBeHHad

KabenbHOro anemMeHTa [4]. KOHBEKLMA.
Ta6aumua 2
PacyeT Koa¢ddULIMeHTA PA3HULbI TEMMIEePATYP HArpPeBaATe/1bHOro KAbesis K 1eHTe
MonepeyHoe | OunameTp | LLnpuHa | NMoBepxHocTb |lMoBepxHOCTb | KoadoduumeHT
ceyeHwue, Kabenqa, |neHTbl, |Tensonepepa- |Tensonepe- pasHuLbI
M210¢ M-10°3 m-10-3 4M Ha eaAuHU- | [Jaydm Ha TeMnepaTyp
Uy AJINHbI, eauHuLy onu- | Kabenqa
M2/M-10°¢ Hbl, M2/M-10¢ | K neHTe'
Ka6enb JleHTbl
0.0177 0.15 0.885 0.471 177 376
0.0310 0.20 1550 0.625 310 489
0.0490 0.25 2.450 0.785 490 6.25
0.0710 0.30 3550 0942 710 754
0.0960 0.35 4800 1100 9.60 8.73
0.1260 0.40 6.500 1.260 12.60 10.00
0.1960 0.50 9.800 1570 19.60 12.47

1 roa «pasHvLen TemMnepaTtyp» NOHKMMAaeTCa PasHMLE MexXOy TeMMepaTypor MOBEePXHOCTM
HarpeBaTena v TeMnepaTypon Bo3ayxa.
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ITOrn, Mony4eHHble 13 BbllleyKa3zaHHOM
Tabnuubl:

1. Bonblwag nnowanb Tennonepegaydm
NEHTbI MPOM3BOAUT TaKyo Xe Harpe-
BaTeNbHYO MOLLHOCTb MpKW 6onee Hin3-
KOV TemnepaTtype, 4em Kabenb.

2. 20DEeKTMBHOCTb HarpeBaHga NeHTol
3HaYMTEIbHO OoMNbLUe, YeM ahdeKTNB-
HOCTb HarpeBaHua kabena.

TennoBaa nHepuua

AMOpPPHaa MeTannyeckaa neHTa nMeet
OYEHb HU3KYIO TEMOBYIO MHEDLIMIO 38 CYET
HM3KOW MaccChbl NeHTbl. bnarogapa Takomy
CBOWCTBY N1eHTa Harpeaetca o 30°C ye-
pe3 3 MUWHYTbI Mocre BKIKoYEeHUd, B TO Bpe-
MA KaK Kabenb JOCTUIasT ToW e TemMnepa-
Typbl Yepes 10 MUHYT paboTbl (4TO B TPU pa3a
MegneHHee) (Puc. 2).

SHepronoTpebnieHue

PacnpocTpaHeHMe Tenna oOT Harpesa-
TENbHOIO 2M1eMeHTa B OKPYXKatoLLYIO cpeny
MNPOU3BOAUTCA MO crneaytoLlemMy anropuT-
My: MOCTyNatoLaa aHepra HarpesaeT cam
HarpeBaTeNbHbIV 21eMeHT, a 3aTeM 2/1ekK-
TPUYECKYIO M301ALMIO, MOCe Yero Harpe-
BaTe/bHbIN 21E€MEHT rpeeT oKpy»Katollee
MPOCTPAaHCTBO.

B Ka)kOoM Crydae Macca HarpeBaeMow
MOBEPXHOCTY 3HAUYUTENbHO OO/MblUEe Mac-
Cbl HarpeBaTeNbHOIO 3NeMeHTa (NeHTbl

Ny kabenq). Bpemda Boixoga Ha pabdouyto
TemMnepaTtypy 3aBMCUT OT MacCChl MOBEPXHO-
CTW 1 He 3aBUCKT OT MacChl HarpeBaTe/b-
HOro aemMeHTa. OTO 03Ha4yaeT, UTO IKOHO-
MUa 3HepronoTpebneHna MMeeT MecTo OblTb
TOMbKO B MpoLlecce, NoKa HarpepaTeNbHbl M
2N1eMeHT goCTUraeT onpegeneHHow Temne-
paTypbl [89].

Bnarogapa Tomy, 4To amMopdHaa MeTan-
nuyeckaa neHTa o4eHb TOHKag, oHa obna-
OAeT O4YeHb HM3KOWM MaccoW. B pe3ynbrate
HarpeBaHme 0o TpebyemMow TemnepaTypbl
MNPOXOOMNT OUeHb OLICTPO, a NoTpebneHmne
SM1EKTPO3HEPIVM MO CPaBHEHWIO C OObIY-
HbIM Kabenem MeHblle. Kpome Toro, Gak-
TV4Yeckoe aneKTpuyecKkoe conpoTmMBneHmne
kabena B OONbLUMHCTBE ClydaeB HaMHOIMo
MeHbLUe, YeM y aMopdHOM NeHTbl. B pe3yib-
TaTe, TpebyeTca Kabenb 6oblier Macchl 414
obecrnedeHnsa TaKOro »e 2/1eKTPMNYEeCcKoro
COMPOTMBAEHWA (OOMHAKOBOE 3NeKTpuYe-
CKoe comnpoTuBneHme obecnedmBaeT oom-
HaKOBYH MOLLHOCTb /19 CpaBHVIBaeMbIX Ha-
rpeBaTebHbIX a1emMeHToB) [5].

[na Toro, 4Tobbl MOHATL, CKOMLKO TPeby-
eTca 3Heprm Aa4a NporpeBa caMoro Harpe-
BaTebHOrO 2NeMeHTa, JaBavTe Npor3Benem
pacueT Ha 1 KBT anekTpoaHeprim Ang aMmop-
dHOM MeTanNnyecKom NeHTol 1 kabend no
cnenyroLLVM reoMeTpudecKrM napameTpam
(MolwHoCTb 220 B) (Tabn. 3)

T, l:lc 35

30 -

25 4

20 —-

15 -
oA L

e

fNeHTa

30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600

Bpems, c

PuycyHOK 2 — paduK M3MeHeH1s TeMnepaTyPbl HArpeBATETbHOM /IEHTbI M KA6e/19 M0C/1e BKTKOYEHMS.
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Ta6amya 3
MNapameTpbl CPABHMBAEMbIX HArPEeBATE/1bHOM
NIeHTbl 1 Kabesis

AMopdHaa neHTa Kabenb

TONLLMHa 25 UM
WnprHa 25 MM

anameTtp 1 Mm

oanHa 21.6 M onHa 70 M
SNeKTpuYeckoe 3NeKTpnyeckoe
COMpoTMBEHME conpoTmaeHmne

14 x10° OM*™M 054 x10° OM*M

Ona yBenunyeHmna temnepaTypbl kabe-
na Ha 2°C TpebyeTca 21eKTpo3aHeprm
B O,00016 kKBTY4. Macca neHTbl B TakKOM
Cfyyae MeHblle B 4 pasa. DTO O3HayaeT,
UTO 3/1EKTPO3HEPIUM ONA HarpeBa NeH-
Tbl B TaKWX »e yCoBMAX MoHanobumTca
0,00004 kBT1y (Puc. 3).

HeobxooMMO OTMETUTb, UTo Yy Kabend
OonblUe M30NMPYIOLLEro MaTepmana, Yem
y 1eHTbl. 2TO elle bosblle yBeNnmUYmMBacsT 3a-
TpaTbl Ha Harpes kabenda Mo cpaBHeHWO
C NTeHTON.

cxona 13 BblLIEW3OXKeHHOro, HarpeBa-
TenbHaa NeHTa ropa3go bonee ahdeKTVBHa,
ueM Kabenb. MNoTpebneHne aneKTPo3HePrn
y NeHTbl B 2-4 pasa Hike, 4yeM y kabend. 370
JAET MHOXXECTBO BO3MOXHOCTEW /19 SKOHO-
MU 21EeKTRO2Hepr K Npun paboTte Harpesa-
Tenew B LMKIMYHOM pexmnme.

KBT-4ac

—
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OKONOrM4yHoOCTb

Bnaropaps 3Ha4YMTENbHO Bolee HU3KOoM
pabouen TemnepaTtype aMopdHOM eHTbl,
B CpaBHEH MM C kKabeneMm, CUCTeMbl Ha OCHO-
Be aMopdHOWM NeHTbl ropasno bonee aKo-
NOTUYHbBI: Mblflb Ha MOBEPXHOCTU Harpe-
BaTenel He Cropaert, Kak 3TO MPOonCcxoamT
C BbICOKOTEMMEPATYPHbBIMU HarpeBaTelbHbl-
MW a1eMeHTaMu. bonee HM3Kaa TeMrepaTy-
pa 03Ha4yaeT bonee 340Pp0B0OE OKPYIXKEHME,
MOBbILUEHHYO 6e30MacHOCTb W MPOOOIKM-
TENbHYIO PaboTOCMOCOOHOCT.

MamepeHna Ccuibl MarHMTHOMO MoJsd
aMoOpPOHOM MeTanIMYEeCKOW NeHTbl MoKa3a-
NV, UTO OHO KpamnHe Hm3koe [7]. Ha paccTo-
aHMK 10 MM OT HarpeBaTebHOro 31eMeHTa
CWNa MarHUTHOrO MoA9 MeHblle TOETU Mar-
HUTHOIO MONa 3eMNK (KOTopaa CoCTaBNAeT
~420 MIH) 1 MPaKTU4YeCcKM MOMHOCTbIO pac-
TBOPSAETCH YyTh BblLLE.

be3onacHocCTb

TexHonorua cuctemMbl 0borpesa, B oCHoOBe
KOTOPBIX NEeXUT aMopdHaa MeTannmyecKkad
NeHTa, UCKNto4YaeT PUCK Kakux-nmbo no-
BOEXOEHMW MOBEDPXHOCTEW, K KOTOPBLIM UK
Ha KOTOPbIe OHW YCTaHaBNMBAKOTCA (B OT/IM-
yre oT ApYrux cucteM, paboTalolMx Ha 3Ha-
UTebHO Donee BbICOKMX TeMMepaTypax).

0,00018

0,00016

0,00014

0,00012

0,0001

0,00008

0,00006

0,00004 -

0,00002 -

0 -

NenTa

Kabenb

PuicyHOK 3 — KO/n4eCTBO 3/1EKTPOIHEPr i, TpebyeMoe HarpeBaTe1IbHOMU
JIeHTe u kabento A8 Harpesa Ha 2°C
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3aKnw4yeHus:
AMOpdHaa MeTannyecKkasa neHTa Mo-
YKeT OblTb MCMOMb30BaHa KakK HUM3KO-
TEMMepPaTyPHbIM HarpeBaTebHbIV 2/1e-
MEHT.

2. HuskoTemMnepaTypHbIM HarpesaTeb-

Hbl 31EMEHT Ha OCHOBE aMOpPdHOMN
MeTaNnMMYeCKOW NeHTbl SKOMOMMYHbI
11 ©e30MnacHbLIN.

3. AMopdHag MeTannuyeckaa neHTa

obnagaeT o4YeHb HUM3KOWM TEennoBoOM
MHepuvew 1 gocTmraeT CTabunbHOro
TeMMepaTypPHOro COCTOAHWSA 338 OTHO-
CUTENBbHO KOPOTKOE Bpemsq.

4 TennoBaga >3pPEeKTMBHOCTb JIEHTDI

3Ha4d4MTEe/TbHO Bbllle, HeM Yy Kabena.
Bonbuwaga naouwanb NMOBEPXHOCTU Te-
rnnornepedadir JieHTol rMo3BoJideT JO-
CTUIFaTb TaKOW »e Tern10BOM MOLLIHOCTM
(KaK nor MCrnoyib3oBaHMM OObIYHOTO

CnuCoK nuTepaTypbl:
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