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ORGANIC SOLAR CELLS

Introduction. Today’s world’s demand for energy corresponds to capacity of about 13 TW, at the
same time combustion of carbon-containing fuels produces about 80% of the world's energy. Since the
combustion rate of such fuels is about 1,000 times higher than the rate of their natural accumulation,
the available resources, especially oil and gas reserves, would be depleted in the foreseeable future. On
the other hand, the solar power alone has the potential to fully meet the global human energy needs.
The most convenient way to utilise solar energy is its conversion into electricity with solar panels
(SPs) — solar photovoltaics. The term SP refers to a single solar cell (SC) with the dimensions not
exceeding 20 cm, solar modules consisting of electrically connected SCs, as well as solar panels com-
posed of modules. To meet all energy needs of the Russian Federation, it would be enough to cover an
area of 100x100 square kilometres (=10 sq. Gm) with solar panels, which are 10% efficient. However,
the current solar photovoltaic technologies do not allow this for economic reasons as a watt of solar
photovoltaics is too expensive compared to a carbon watt. Nevertheless, the global installed capacity
of solar photovoltaics has already exceeded 1 TW and shows annual growth rate of about 25%, with
a gradually decreasing cost per solar watt. However, photovoltaics still account for only 5% of global
electricity consumption.

Currently, the vast majority of solar electricity is generated by silicon solar panels with the effi-
ciency above 20% and decades of lifespan but they are too expensive for a much larger application. In
this regard, the world has focused on finding cheaper alternatives for solar silicon whose production
is energy intensive and expensive because it requires high temperatures and vacuum. Cheap thin-film
(~100 nm) semiconductor materials seem to be such an alternative, which for example, can be quickly
applied from solutions to large areas using, in particular, the available polymer and printing industry
technologies. Thus, if a typical silicon fab can produce 0.1 Mm? wafers per year, it will take 100 years
and 1,000 such fabs to produce 10 Gm?. Meanwhile, 10 roll-to-roll machines are able to print an area
of about 10 Gm? in just one year. In addition, thin-film photovoltaics can be lightweight, flexible,
translucent, and colourful, which opens up new opportunities for its various application, particularly
in aviation, space, agriculture, and architecture. The most rapid growth of research in the last 10
years was observed in the field of organic and so-called perovskite photovoltaics. The best laboratory
samples of the latter have reached the level of silicon photovoltaics in terms of efficiency. Perovskite
SCs are based on inorganic materials with a perovskite structure consisting of lead, halogens and
sometimes an organic compound. However, toxic lead acts as a significant environmental constraint
on a large-scale production of perovskite SPs. In addition, both organic and perovskite SPs require
high-quality sealing to protect them from atmospheric oxygen and moisture, which increases the solar
module cost. This paper deals with consideration of organic SPs (OSPs).

© D. Parashchuk, 2025. Published by Peter the Great St. Petersburg Polytechnic University
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Fig. 1. Current-voltage characteristic of a solar cell (panel) when illuminated.
The area of the shaded rectangle corresponds to the maximum power P

Solar cells — operation principles

The operation of SCs is based on the photoelectric effect when at light absorption, current carriers,
i.e. electrons and holes appear in an active layer and are collected on the element’s electrodes — holes
go to the anode and electrons move to the cathode. In inorganic solar cells, this charge separation is ac-
complished using p-n or heterojunctions. A typical current-voltage characteristic (CVC) of a SC under
illumination is shown in Fig. 1. The SC produces maximum electrical power P_ at the point of CVC
maximum power corresponding to the maximum product of the SC current and the voltage across it. It
is convenient to find the maximum power point through a dimensionless fill factor (FF) of CVC, which
is defined as the ratio of the areas of two rectangles: FF=P_/(V_1 ) (Fig. 1), where V__is the solar cell
open-circuit voltage, I is the solar cell short-circuit current. So, the solar cell’s maximum electrical
power is determined by the product of three main parameters P, = FFV_I_. Obviously, to achieve max-
imum efficiency, it is necessary to strive to maximise all these three main parameters. The FF is limited
by charge losses due to recombination and in optimal SCs can exceed 90%. The maximum I and V
for a semiconductor SC is actually determined by the band gap width (an optical gap), A (Fig. 2), of the
semiconductor materials used. In this case, the smaller A, the more photons corresponding to differ-
ent solar spectrum wavelengths are absorbed and, accordingly, the higher Ics, but at the same time the
smaller Vos, the maximum value of which is determined by the value of A. Therefore, for a ssmiconduc-
tor SC with a single active layer, there is an optimal value of A, at which the maximum product V. 1. is
achieved, and hence, the SC efficiency. For the standard solar spectrum (AM1.5G), the optimal value of
A corresponds to the near-IR range, while such materials as Si and GaAs have almost an ideal A value.
For the semiconductor SC active layer with optimal A, in which photon absorption leads to appearance
of electrons and holes, a maximum possible efficiency in standard sunlight under terrestrial conditions,
i.e., for the AM1.5G spectrum at the irradiation intensity of 100 mW/cm?, corresponds to the value of
about 30%, called the Shockley-Queisser limit.

In organic semiconductors, of the light quantum absorption usually leads to the appearance of not
free electrons and holes, but their states that are bound by Coulomb attraction, called an exciton. To
generate free charges, it is necessary to dissociate an exciton into free electrons and holes; for this, it is
necessary to apply energy corresponding to the exciton binding energy. In organic semiconductors, the
characteristic exciton binding energy is usually within the range of 0.3—0.5 eV. As exciton dissociation
requires additional energy, the maximum possible efficiency of OSC will be below the Shockley-Que-
isser limit. To dissociate the exciton into free charges in organic photovoltaics, type II heterojunction
is used (Fig. 3a) — a contact between two semiconductors. The semiconductor, on which an electron/
hole appears after exciton dissociation is called an electron acceptor/donor (Fig. 2). Absorption of a
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Fig. 2. A simplified energy diagram illustrating the relationship between the energy levels of the frontier orbitals —
the lowest free and the highest filled molecular orbitals (LFMO and HFMO) of the donor and acceptor molecules.
A state with separated charges is shown there, the solid circle indicates an electron, the open circle indicates a hole
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Fig. 3. Planar and bulk heterojunctions. As an example, an exciton photoexcited in the donor material is shown, which
diffuses to the heterojunction (the boundary between the donor and the acceptor) where it dissociates into free electrons
and holes, which move, respectively, along the acceptor phase to the cathode and along the donor phase to the SC anode

light quantum leads to generation of an exciton in one of the semiconductors, this exciton migrates to
the heterojunction region where it dissociates into a free electron and a hole. Next, the electron moves
to the cathode, through the acceptor phase, and the hole moves toward the anode, through the do-
nor phase. In organic semiconductors, a typical exciton diffusion length during its lifespan is usually
several nanometres, which is much shorter than a characteristic light absorption length (tens of na-
nometres). In this regard, in a planar heterojunction (Fig. 3a), only excitons generated within their
diffusion length from a heterojunction boundary have a chance to reach it and dissociate. So that an
overwhelming majority of excitons dissociated at the heterojunction boundary, the bulk heterojunc-
tion concept is used (Fig. 3b), where the donor and the acceptor materials form a composite in the
state of nanometre scale phase separation. For example, in the solution method for applying the active
layer, the optimal morphology of the bulk heterojunction is obtained by applying the solution of a do-
nor-acceptor mixture to the substrate under specially set conditions (type of solvent, donor-acceptor
ratio, etc.) often followed by post-processing, for example, temperature annealing or exposing the
resulting film to solvent vapour.

Materials for organic solar cells

The OSC is a multilayer structure where the active layer providing generation of photoinduced elec-
tric charges under illumination is enclosed between the auxiliary layers providing collection of photoin-
duced charges — electrons and holes — at the cathode and the anode, respectively (Fig. 4). Also, the
auxiliary layers are usually made of wide-gap materials, so they block excitons, i.e. "lock” them within
the active layer.

In a rough approximation, the movement of electrons/holes in an organic semiconductor can be
represented by hopping between the LFMO/HFMO levels of neighbouring acceptor/donor molecules.
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Fig. 4. The scheme of flexible OSC (The top electrode — the anode, the bottom electrode — the cathode,
hole/electron transport layer — the auxiliary layers)

In terms of semiconductor physics, the LFMO and HFMO levels correspond, respectively, to the valence
band top and the conduction band bottom, which are separated by a band gap A. In a heterojunction,
the maximum possible Vos is determined by the difference E,(HFMO)—E, (LFMO) (Fig. 2). In this
case, a pair of donor-acceptor materials must have optimal differences in the energies of the frontier
orbitals E (LFMO)—E,(LFMO) and E,(HFMO)—E_(HFMO) so that to ensure an effective exciton
dissociation, but too much of a difference will reduce V , so in the most efficient OSCs, this difference
is not more than 0.5—1 eV. The smaller the optical gap A~NE(LFMO)—E(HFMO), the larger the max-
imum I is. For the most efficient OSCs, the optimal A for the donor and the acceptor is about 1.4 eV.

Based on the above features of heterojunction OSCs, their active layer requires organic semiconductor
materials with the following properties: a maximum optical absorption, so that an active layer thickness is
tens of nanometres; a minimum possible exciton binding energy to reduce energy losses for its dissociation,
the maximum exciton diffusion length, a sufficient mobility of electrons in the acceptor phase and the
holes in the donor phase. In addition, OSC films should be thermally, photo- and chemically stable over
the expected lifespan of OSC.

For many years, in organic photovoltaics, fullerenes C,, C, and their soluble derivatives (for example,
PCBM in Fig. 5). were mainly used as acceptors. However, fullerenes have a low optical absorption; in
addition, their LFMO is too low, which ensures effective dissociation of excitons but leads to significant
losses in V_. As a result, the maximum efficiency of OSC with fullerene acceptors slightly exceeded 10%.
About 10 years ago, active development and research of non-fullerene acceptors began, which enabled
doubling of the OSC efficiency and bringing it closer to 20%. Currently, thanks to massive and largely em-
pirical research, Chinese researchers are the world leaders in the development of non-fullerene acceptors,
as well as donor materials for highly efficient OSCs (Fig. 5).

In the field of OSCs, there are two competing approaches to formation of the active and auxiliary layers:
a liquid-phase approach (“wet”), i.e. from solutions, and a vapour phase approach (“dry”) — usually by
a thermos-resistive deposition in a vacuum chamber. For “wet” application, the materials must have an
acceptable solubility (usually at least 1 g/1), and both low molecular weight materials and polymers can be
deposited using this method. For “dry” application, only low molecular weight materials with a molecular
weight not more than 1,000 are suitable, which allow sublimation in vacuum at temperatures not higher
than 500—600 °C.

The so-called small molecules and polymers also compete with each other, i.e. low and high molecu-
lar weight compounds. The advantages of polymers include excellent film-forming properties, which are
generally more difficult to achieve with low molecular weight compounds. The polymers’ disadvantages
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Fig. 5. Examples of active layer materials of the most effective OSCs. Above are the examples
of polymer donor materials, below are the examples of low molecular weight acceptor materials

include low reproducibility in synthesis, the presence of uncontrolled impurities, in particular catalyst
residues, etc. On the other hand, low molecular weight compounds allow much better chemical purity,
complete control of a molecular structure and high reproducibility, as well as possibility of a high-vacuum
deep purification for the materials that can be evaporated in vacuum. Meanwhile, the highest efficiencies
of OSCs were obtained with the use of liquid-phase methods with an active layer based on bulk hetero-
junctions, which consists of a polymer donor and a low-molecular-weight acceptor (Fig. 5). Moreover,
ternary and quadruple mixtures of the donor and the acceptor materials are used, which allows achieving
the record efficiency values (see below).

Currently, many thousands of materials for OSC active layer have been investigated. Typical exam-
ples of molecular structures of the donor and the acceptor materials for the most efficient OSCs are
shown in Fig. 5.

Efficiency

Correct measurement of the SC efficiency is a challenge in itself. Therefore, the most reliable efficiency
data are obtained at special certification centers where measurements are performed under the standard
solar lighting conditions with a spectrum as close as possible to the AM1.5G standard and the specified
temperature of SC. The certified efficiency values of the best research samples of OSC are shown in Fig. 6.
As a rule, for many types of SC samples, the highest efficiencies are obtained for SC with a small working
area, significantly smaller than 1 cm?. For OSC, the record certified efficiency value is 19.2% obtained
for SC with a working area of about 0.03 cm?. The active layer of these samples with a record efficiency
consisted of a ternary composite including two polymer donors and a low molecular weight non-fullerene
acceptor. However, the efficiencies of the modules composed of many solar cells connected in series are
always lower than the record values obtained from the single small area solar cells. The record certified
efficiency value for a 19 cm? submodule based on a four-component polymer composite with three ac-
ceptors reaches 15.7%. The highest certified efficiency value for OSP as a module with an area of about
1.5 m?is 13.1%. It should be noted that usually OSCs with a record-breaking efficiency are made on solid
substrates, and transition to flexible substrates often leads to the efficiency decrease. So, the achieved ef-
ficiencies of OSCs are already, in principle, sufficient for a wide variety of practical applications. There is
no fundamental limitation for achieving over 20% efficiency for a single heterojunction OSC. However,
lifespan of the record efficiency OSCs is usually too short because the whole optimisation procedure (the
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Fig. 6. The certified efficiency values of the best research OSP samples

materials and the parameters of working layers, electrode materials, etc.) is focused on achieving the high-
est efficiency without proper attention to stability issues.

Thus, improving the OSP stability in operation and storage, especially for OSPs on flexible substrates
is at the forefront.

The stability

Stability is one of OSP bottlenecks, and it is stability that determines their lifespan, which is usually
defined as the time interval during, which the efficiency decreased to 80% of the original, T80. Organic
materials, in general, are prone to degradation due to various factors, in particular light, especially UV
light, elevated temperature, atmospheric moisture and oxygen. Therefore, for practical use of OSP, their
sealing is necessary for protection from the ambient atmosphere and UV radiation, as a rule. In addition,
the OSP lifespan also depends significantly on the stability of the auxiliary layers and the electrodes as well
as the interfaces between an active layer, the auxiliary layers and the electrodes.

Degradation OSP is very diverse and can occur under both illumination and dark conditions. More-
over, degradation processes proceed differently in various operating modes of SP, in particular, in the
short-circuit and open-circuit modes, as well as at the maximum power point (Fig. 1). The latter is
obviously closest to SP operating mode. Degradation processes include, in particular, instability of mor-
phology of the donor-acceptor composite, photo and thermal degradation of interfaces and layers, some
of which may be reversible. For example, the SP efficiency, which decreased during the daylight may
partially restore in the dark.

At the same time, among organic semiconductors there are very stable, on the basis of which we can
make OSPs with acceptable efficiency values. Recently highly stable OSP samples have been prepared
both with use of the vapour phase (“dry”) and solution (“wet”), and then subjected to an accelerated
aging, i.e. illuminated with light with the intensity much higher than the natural sunlight. “Dry” samples
with a 6.7%, initial efficiency where a polycyclic hydrocarbon was used as a donor and a C, fullerene as
an acceptor were subjected to a continuous high-intensity LED lighting corresponding to the intensity of
up to 37 “suns,” for 68 days. By extrapolating the data obtained to the standard solar lighting conditions,
the authors drew the conclusion that the OSP lifespan, in terms of T,  with high-quality sealing and under
natural sunlight conditions, reaches 27,000 years (!) according to optimistic estimates and about 120 years
according to the most conservative estimates. The sealed “wet” samples with an initial efficiency of about
10% based on a polymer donor and a non-fullerene acceptor were tested in a similar way. As a result of
extrapolation to natural solar lighting conditions, their lifespan T, = 30 years under natural solar lighting
conditions was predicted. So, with proper sealing, OSP can be used in many practical applications.

12
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The cost

The OSPs production cost is one of the key factors determining their commercialisation opportunities.
Since there is no large-scale production of OSP yet, it is very difficult to predict the cost of future OSP
technology.

The estimates show that 60—80% of the cost of OSP modules is production of the materials (synthe-
sis and purification) for them, namely active layer components, as well as auxiliary layer materials, elec-
trodes, substrates and sealing. The most expensive are synthesis and purification of the active layer ma-
terials for OSCs (Fig. 5), as they require a multi-step synthesis that needs appropriate precursors, solvent
consumption, and multiple purification operations. Therefore, the greatest attention in the coming years
will be paid to the development of the active layer materials, which are cheaper in production.

At the same time, the cost of the OSP production technology itself — “wet” or “dry” — is not a key
factor yet. Although the "wet" technology cost can be much lower than "dry" at large production scales
because the available roll-to-roll machines designed for the printing and polymer industries can be
adapted to film application. A traditional argument against “dry” technology is that it requires vacuum
and elevated temperatures, which entails an increase in production energy costs and, accordingly, an
increase in the OSP cost. Also, “dry” technology is more difficult to combine with roll technology. On
the other hand, “dry” technology has been worked out for decades in microelectronics and is success-
fully used for production of organic light-emitting diodes and screens based on them. At the same time,
“dry” technology allows much better control of materials purity and the parameters of the layers of a
multilayer OSC structure. Therefore, there is currently no consensus, on which technology would be
preferable.

However, estimates indicate that the organic electricity cost may well be lower than silicon one.

Promising applications

In the coming years, OSP will not reach the required degree of maturity to compete with silicon SP for
industrial power generation. At the same time, it is expected that niche applications will be actively de-
veloped, where OSP has significant advantages over other SP types, namely due to flexibility, low weight,
translucency, and the ability to obtain different colours of solar panels. The OSP commercialisation po-
tential is mainly determined by three factors: efficiency, lifespan and cost (Fig. 7). Also important are
such factors as environmental safety throughout the entire life cycle of the solar panels: production of the
modules themselves and materials for them, operation and disposal of the used modules. In addition, an
important parameter is the energy factor defined as the time interval, during which the module will return
the energy spent on its production and development (energy payback time). The main niche applications
that seem to be most promising in the next 10 years are discussed below.

The in-door photovoltaics

As a rule, the premises — offices, apartments, warehouses, workshops, shopping centres, etc. — have
artificial and/or natural lighting. The characteristic intensity level of such lighting is more than 100 times
lower compared to direct sunlight, but, nevertheless, the indoor light can be used for operation of SPs that
power a variety of electronics with a low power consumption (at the level of ~10 uW), for example, sensors
and detectors, gadgets, video cameras, a radio frequency identification (RFID) tags, as well as the Internet
of Things (IoT) devices. The in-door photovoltaics market is growing at an annual rate of over 30% and is
expected to reach $850 million in 2023.

So far, OSPs have not entered the in-door photovoltaics market yet, but their potential is high. First,
by selecting the active layer materials, the photosensitivity spectrum of OSPs can be relatively easily
adjusted to the artificial light spectrum, in particular, from LEDs and fluorescent lamps, which differs
markedly from the sunlight spectrum. Currently, laboratory samples of various OSP types with the effi-
ciencies within the 20—30% range have been demonstrated, which exceeds the efficiency of silicon SPs
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Fig. 7. The key factors determining the prospects for SCs commercialisation

under similar conditions of artificial illumination. It should be noted that the limiting efficiency of OSP
for operation under artificial light can reach 60%, which is significantly higher than the Shockley-Que-
isser limit calculated for the direct solar illumination conditions. Secondly, the operating conditions
of the in-door applications are generally much less severe than the outdoor applications, which makes
the problems of OSPs stability less acute. At the same time, a relatively low level of lighting, absence of
temperature changes, humidity level, etc., contribute to a higher stability of OSPs when working in the
premises.

Integration into buildings

Various buildings across the world consume about 40% of the global generated electricity. At the same
time, the total area of building facades, roofs and windows is estimated at 230 billion m?. Architecturally
integrated photovoltaics aims to utilise these areas for solar electricity generation. The use of such areas
for SPs could yield about 11% of the global electricity production by 2050. At the same time, architec-
turally integrated photovoltaics does not require allocation of additional areas, which is necessary for
operation of solar power plants. In addition, the external areas of buildings covered with solar panels can
improve their noise and thermal insulation, as well as electromagnetic protection. Currently, 80% of the
architectural integrated photovoltaics market consists of monocrystalline silicon-based panels mounted
on the roofs of buildings. By the end of 2020, a total of 9 GW of such solar panels would be installed
worldwide. However, the market for architecturally integrated photovoltaics is still about 5% of the total
photovoltaics market, but it is expected to grow at an annual rate of more than 20% and might reach
nearly $90 billion by 2030.

OSPs are promising for architecturally integrated photovoltaics compared to traditional silicon
solar panels due to their flexibility, light weight, translucency, and ability to produce different col-
our shades. In addition, OSPs are more efficient in converting diffuse and inclined solar radiation.
The solar panels efficiency is maximised at normal incidence and drops significantly as the angle of
incidence increases. Roof-mounted solar panels usually do not have a rotary sun tracking system, so
much of the time sunlight is not falling under optimal conditions, i.e. at normal incidence. Recent
comparative field tests of the silicon and flexible organic solar modules installed obliquely (at 45°)
and vertically (at 90°) have shown that OSPs optimised to the maximum efficiency can have the value
of this parameter by 30% higher than of silicon modules. The integration of translucent OSPs with
absorption spectrum in the near-1R range into buildings windows is also a promising direction. In this
case, the OSP presence will be visually unnoticeable. At the same time, the window panes can serve as
an excellent hermetic protection against the surrounding atmosphere influence, which will contribute
to a long lifespan of OSPs.

OSPs in the field of architecturally integrated photovoltaics are only taking their first steps. Heliatek,
for example, has been installing flexible modules with the efficiencies of up to 8% for the past few years.
To date, Heliatek has installed OSPs modules with a total area of more than 1.500 m2. The OSP mod-
ules are manufactured by "dry" roll technology and covered on both sides with sealing plastic, which
accounts for almost the entire thickness of the module, which is 2 mm. The modules have a specific
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Fig. 8. In-door SPs applications

weight of less than 2 kg/m? and are adhered to the roofs and facades of buildings with an adhesive tape.
The energy payback time of these modules is less than half a year, which is significantly less than for all
the other types of SPs. These modules are especially promising for use in the buildings with the lifespan
of less than 20 years, such as warehouses, light hangars, etc.

Space

Space is another promising area of organic photovoltaics development for the following reasons. First,
thin-film SPs have high energy-mass parameters in terms of specific power (W/kg), which is extremely
important from the point of their delivery to space. Second, large-format thin-film OSPs made on flexible
substrates, particularly polymer substrates, can be delivered in a folded form and deployed as inflatable
structures or by centrifugal forces. Third, there are no major "enemies” of OSP stability — oxygen and
water — in space. However, space is saturated with radiation in the form of charged particles (protons,
electrons, a-particles and various ions), as well as electromagnetic radiation of UV, X-ray and y-band, so
radiation can be the key source of OSPs degradation.

Silicon SPs have a specific power of not more than 1 W/, while this parameter for multistage SPs based
on semiconductors of the A3-B5 group, which have a record efficiency among all known types of SPs,
exceeds 3 W/g, in particular for a three-stage element based on GalnP/GaAs/GalnAs. At the same time,
inorganic SPs are generally brittle and rigid. In the case of OSPs on flexible substrates, their specific power
can be an order of magnitude higher, for example, recently a record specific power of 33 W/g was achieved,
with the main contribution to the weight of the OSPs comes from the substrate and protective layers.
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It is significant that the OSP radiation resistance can be significantly higher than that of inorganic
SPs due to the following reasons. Firstly, OSPs consist of light elements, mainly carbon and hydrogen,
which have a small X-ray and y-radiation absorption cross-section in comparison with heavier elements
making up inorganic SPs (silicon, elements of groups III and V). Secondly, the active layer of OSPs
is usually an amorphous film, so radiation leading to lattice defects and rapid degradation of inorganic
SPs is much less significant for OSPs. Finally, the -conjugated system, which imparts semiconducting
properties to organic materials also contributes to their radiation resistance. A high radiation resistance of
mt-conjugated compounds is indicated by the fact that aromatic compounds make up the bulk of organic
matter in outer space, and in addition, about 15% of space carbon exists in the form of polycyclic hydro-
carbons. It is known that traditional (non-semiconductor) polymers with aromatic monomer groups have
orders of magnitude higher radiation resistance than polymers with saturated bonds, such as polyethylene.
These polymers can be used as substrates and protective layers for OSPs. Recent studies of polycyclic hy-
drocarbon films at the International Space Station have shown their high resistance to radiation and solar
radiation under the near-Earth space conditions.

In recent years, a number of tests have been carried out for OSP samples on the balloons ascending
to the altitudes of several tens of kilometres and on a rocket that reached a 240 km altitude. These tests,
during which the efficiency of the OSP samples was measured, showed that in general, OSPs can performs
well under the stresses of temperature gradient, vacuum, radiation, and highly variable lighting con-
ditions. Therefore, it appears that further studies of OSPs in space or on the Earth, with simulation of
space conditions, may well lead to a mass penetration of OSPs at the low Earth orbits, and potentially to
the OSP application at the higher Earth orbits and in deeper space.

Conclusion

So, the efficiency values of the laboratory OSP samples have already reached the level, which is quite
sufficient for a large number of diverse practical applications, but OSP insufficient lifespan and high cost
still remain their bottlenecks. At the same time, the studies carried out with the accelerated aging method
show that with a high-quality sealing from atmospheric oxygen and water, the lifespan of OSPs can reach
tens of years. A high cost of OSPs is primarily associated with a high cost of the materials for the active
and auxiliary layers for them. Therefore, the researchers’ efforts will be aimed at finding simpler synthetic
methods for production of materials for OSP. In this regard, OSP niche applications are expected to pri-
marily develop in the coming years, in particular, the in-door photovoltaics, architecturally integrated and
space photovoltaics.
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nrPOobOA HA CTAAUU ®POPMUPOBAHUA JIUAEPA MOJTHUU

Annomayus. B paboTe TIpencTaBiIeH HOBBIM METOI YMCICHHOTO MOACINPOBAHUS CITIEIT(UICCKOM
(opMBI BHYTPMOOJIAYHOM MOJHUU, Ha3bIBAEMOI «HaYaIbHBIC UMIYILCH Ipobos» (HUIT). Onu
MPOSIBJISIIOTCSI B BUAE CEPUU BCILJIECKOB TOKA C aMILIUTYIaMU OT €AMHMUILL 10 HECKOJIbKUX JECITKOB
(B HEKOTOPBIX CIyJasix — COT€H) ThICSY aMIIep, MpealIecTBYoIIei GopMUpoBaHUIO CaMOMOAACP-
>KUBarolerocs auaepa MoaHuu. [lpennaraemblil moaxoa oobeAUHSET B ceOe 2JIEMEHThl MOJEeH,
OIUpalLIMXCs Ha MapaaurmMy nepeaaoiein TMHUU U TPAAULIMOHHO UCTIOIb3YeMBbIX JIJIsI OTTUCAHUS
IJIaBHOW CTaAWM MOJIHUM, U CTOXaCTUYECKMUX DJIEKTPOCTATUUECKUX MOAEIEH, MPUMEHIEMbIX IS
CUMYJISILIMUA DBOJIIOLIMKA TPEXMEPHOTIO JipeBa MOJHUU. Mojiesb 001a1aeT OTHOCUTEIBHO BbICOKUM
MPOCTPAHCTBEHHO-BPEMEHHbBIM PAa3pEIIEHUEM, YUUTHIBAET TEPMOAMHAMUKY Pa3psAHbIX KAHAIOB
1 OTNMChIBAeT (hopMUpPOBaHUE UexJsia 3apsiia JIuaepa 3a CueT TOKOB YTEUKM ¢ TOBEPXHOCTU TOHKOTO
JuaepHoro kaHana. OHa BOCITPOM3BOAUT PsIl ITOCIEN0BATEIbHBIX IPOLIECCOB, HAUMHAS C MOsIBJIE-
HUSI B TPO30BOM 00J1aKe MepBbIX CTPMMEPHbBIX KaHAJIOB 1 3aKaHUYMBask (OPMUPOBAHUEM XOPOILIO
MPOBOASIIETO JUAepa MOJHUU JUIMHON B HECKOJIBKO COTEH MEeTPOB. Pe3yabraThl MOAEIUPOBAHMUS
XOPOIIO COomIacyloTcs ¢ uaMmepsiembiMu napamerpamu HUIT u ykaspiBaloT Ha TO, UTO MX MOSIBJIE-
HHUE MOXET OBITh pe3yJibTaToM (DOPMMPOBAHMSI TaK HA3bIBAEMOTO HayaJIbHOTO JUAEPAa MOJTHUM,
KOTOPOE COMPOBOXIAETCSI OBICTPBIM IE€PEXOAOM CTPUMEPHOI Ta3Mbl B JuAepHYl0. Bo3HuKa-
IOLIMA MPU 3TOM MHTEHCHUBHBIN BCIUIECK TOKA OOBSICHSAETCS PE3KOI 3aBHCUMOCTBIO PaBHOBEC-
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Ba>XHbI JIS1 JTy4YLIEro MOHUMaHKS Mpolecca MHULIMALIMKA MOJTHUU, MEXaHU3M KOTOPOTO OCTAeTCs
[JIaBHOI HepelleHHOM mpobyieMoii (PU3NKK aTMOC(HEPHOTO JIEKTPUIESCTBA.

Katouegoie cr06a: HadarbHbIE UMITYJIBCHI TIPOOOST, HAYAJIBHBIN JIUAEP MOJHUW, MHUITAAITUS MOJI-
HUM, BHYTPUOOJAYHBIN pa3psid, CTPUMEPHI, JTUACPHI, YINCIICHHOE MOJASIUPOBaHNE.

bnaeodapnocmu: ViccnenoBaHue BBINIOJTHEHO 3a cueT rpaHTta Poccuiickoro HaydyHoro ¢dboHzma B
paMKax peanu3aiy MpoekTa «MoaennpoBaHWe MOITHEUIINX TMPUPOTHBIX MCTOYHUKOB 3JIEK-
TPOMarHUTHOTO U3TydeHust B atmocdepe 3emun» (Cormamenue Ne 23-21-00057, https://rscf.ru/
project/23-21-00057/).

© CbicoeB A.A., Uyanu [O.1., KopoBkuH H.B., n ap., 2025. M3patenb: CaHKT-MNeTepbyprckuil MonnTeXHUYECKUI YyHUBEPCUTET MeTpa Benukoro



4 DHepreTuka. JNeKTpoTEXHNKA

s yumuposanus:

CoicoeB A.A., Uynun I.U., Koposkun H.B., u ap. YucieHHoe MoaeaupoBaHue HayaJabHOTIO
UMITyJIbca Mpo0os Ha ctaauu (hopMUpOBaHUS Juaepa MoiaHuu // [nobanbHas sHeprus. 2025.
T. 31, Ne 1. C. 19—40. DOI: https://doi.org/10.18721/JEST.31102

Research article @ 018
DOI: https://doi.org/10.18721/JEST.31102 EXRENG

A.A. Syssoev'?= | D.I. ludin'?, N.V. Korovkin'3,
A.A. Emelyanov’, I.Yu. Zhavoronkov'

! Federal research center A.V. Gaponov-Grekhov Institute of Applied Physics
of the Russian Academy of Sciences (IAP RAS), Nizhny Novgorod, Russia;

2 Privolzhsky Research Medical University, Nizhny Novgorod, Russia;
3 Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

= asysoev@ipfran.ru

NUMERICAL SIMULATION OF INITIAL BREAKDOWN PULSE
AT THE LIGHTNING LEADER FORMATION STAGE

Abstract. The study presents a new method for numerical simulation of a specific form of intracloud
lightning called Initial Breakdown Pulses (IBPs). They manifest themselves as a series of current
surges with amplitudes ranging from units to several tens (in some cases hundreds) of thousands of
amperes preceding a self-sustaining lightning leader formation. The proposed approach combines
the elements of transmission line models, traditionally used to describe the main stage of lightning,
and stochastic electrostatic models used to simulate the development of a three-dimensional
lightning tree. It has a relatively high spatio-temporal resolution, takes into account discharge
channels thermodynamics, and describes the leader channel sheath formation due to the leakage
currents from the surface of a thin leader channel. The model reproduces a number of sequential
processes occurring in a thundercloud, starting with the appearance of first streamer segments
and ending with the formation of a well-conducting several hundred meters long lightning leader.
Simulation results are in good agreement with the measured IBPs parameters. They indicate
that IBPs may result from the so-called initial lightning leader formation which is accompanied
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surge is explained by a sharp dependence of equilibrium conductivity of hot leader plasma on
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initiation process, the mechanism of which remains the main unsolved problem of the physics of
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BBenenue. AHaIM3 OCIMILIOIPAMM BJIEKTPOMArHUTHOTO M3JIyYeHMST TPO30BOTO 00J1aKa MO3BOJISIET
pa3neauTh pa3BUTHE MOJHMU (IO IIAaBHOM CTaaIMU B ciydae pas3psiia TUIIa 00JIaKo — 3eMJis) Ha TpU
OCHOBHbIX 3Tamna. [lepBblii U3 HUX MOXHO Ha3BaTh MPOOOEM, BTOPOl — MPOMEXYTOUHOU (a3oii, a
TPEeTUii — CTaAuel CTYNEeHYAaTOTO OTPUIIATEbHOIO Injaepa. B aHII0sI3bIYHON TUTepaType YKOPEHUII-
ca tepmuH “Breakdown, Intermediate, Leader” (BIL) [1]. B HekoTOpbIX UCcenoBaHUSIX (HalpuMep,
[2]) maHHY0O TOC/IeI0BATENLHOCTD JAOTIOMHSIOT TPEAIIEeCTBYIOIIEH cTaaueil HauaJlbHOTO U3MEHEHUS
OJISI — OT aHTJI0sI3bIuHOrO TepMMuHa “initial E-change” (IEC), — koTopast okaHYMBaeTCs MOSBJIEHUEM
IIEPBOro UMIYJibca Ipobos. JlaHHas paboTa mocBslIeHa YUCICHHOMY MOACINPOBAHNIO HanbojIee MH-
TeHCUBHOM npoboitHoit (“B” B mocnenoBareabHocTu BIL) crannu pa3BuTrsi MOJHUM.

HavanbHble ummyibebl mpobost (HUIT), koTophle no-aHmmiicku o6o3HauaroTcst “initial breakdown
pulses” (IBPs) unu “preliminary breakdown” (PB), nmpuHsTo omnpeneisTh KaKk CEpUI0 U3 HECKOIbKUX,
Kak IMpaBWIO, OKOJIO JECSITKAa OUIOJSPHBIX UMIYJIbCOB 3JEKTPUUYECKOTO mois, aisiytocst 1—10 mc u
MpPEeaIIECTBYIOLIYIO TTOSIBJICHUIO CTYIIEHYATOTo oTpuLaTebHOro guaepa Mmoanuu [1]. dns HUII, npexa-
BapsIIOLIMX pa3psiabl TUIA 00J1aKO — 3eMJISI U BHYTPUOOJIauyHbIe MOJTHUM, XapaKTePHbI BBICOTHI 5—7 1
8—10 KM cooTBeTCTBEHHO [3].

Kaxaein OHY—HY (3—300 kIir) uMmnyabsc aaekTpuyeckoro nojist usnydenuss HUIT pnurca npu-
mepHO 10—40 mkc n umeeT amiuTyny ~1 B/m Ha paccrosauu 100 kM oT uctouHnka. MMmysabchl 1mo-
CJIEIOBATEILHOCTH OTACJCHBI IPYT OT Apyra Iay3aMy ¢ TMIIMYHON mmmTeabHocThio 10—100 mkc. s
reHepaluy CTOJIb UHTEHCUBHBIX UMITYJIbCOB 3JIEKTPOMArHUTHOTO U3JTyYeHUsT BHYTPU IPO30BOIo o0Jiaka
JIOJDKHBI BO3HUKATh BCIUIECKU TOKA, COMIOCTABUMBIE IT0 BEJIMUMHE WM JaXKe OOIbIINe, YeM TOKU MOJI-
HUM TUMA 00J1aKO — 3eMJIs Ha CTaauy BO3BpaTHOro yuapa [1]. DTo moaTBepKaaeTcsi He TOIbKO IIPO-
CTBIMM OLIECHKAMU, HO M YUCJIEHHBIMU METOJAaMU BOCCTAHOBJIEHUSI BpeMeHHoro npodus toka HUTI
10 OCUMJUIOTpaMMaM UX JIEKTPUUIECKOTO I10J1s1 n3nydeHus (cM. [4] u ccouiku TaM). KpoMme «kiaccuue-
cknx» OHY—HY umnynbcoB Ha ocumiiorpammax ajiekrpudyeckoro nosst uznydyenust HUIT yacro mpu-
CYTCTBYIOT TOpa3ao 0oJjiee KOPOTKHUE, TaK Ha3bIBAEMbIe «y3KME» UMMYJIbChI JUTMTEILHOCTBIO OT J0JIei 10
eMHUL MUKPOCEKYH]I, KOTOPbIE KaK Obl HAJIOXKEHBI TTOBEPX «KJIACCUUECKUX» UMITYILCOB U CO3/IAaI0T UX
«TOHKYIO CTPYKTYpy» (CM., Harpumep, |3, 6]).

B Hacrosgiuee Bpemst s nojieBbix HaoOmoaeHuit HUIT akTuBHO mpuMeHsieTcsl IIMPOKUA Habop
CpeICTB, BKIIIOYAIOIINI BBICOKOCKOPOCTHBIE BUIeOKaMephbl onTudeckoro auanasoHa, HY (30—300 xIix)
aHTeHHBbI, mmpokononocHeie OBY (30—300 MIir) mHTepdepoMeTpbl, CUCTEMbI BbICOKOYACTOTHOTO
KapTupoBaHusi MoiHUM “Lightning Mapping Array” (LMA), 1aT4MKu raMMa-KBaHTOB U mpouee 000-
pyAOBaHUe, TTO3BOJISIONIEE POBOAUTHL KoMIUTeKcHOe ncciaenosanue HUIT (cm., nHanpumep, [6, 7]). 3a
MOCJIeHUE TO/bl OBbLIO 3aMMcaHo 00JbIIOe KOJUUECTBO OCHWLIONPaMM 3JIEKTPOMAarHUTHOTO U3Jyde-
Hust HUII (cm., HanpumMmep, [2, 3, 5—12]), u3yyeHue KOTOPHIX MTO3BOISIET MPOBECTH MCUYEPITbIBAIOILINI
CTAaTUCTUYECKUI aHAIN3 pacrpeae/ieHUs MapaMeTPOB OTACIbHBIX UMITYJIbCOB U ITay3 MEXKIy HUMMU.

CorocraBlieHre OCLIMJUIOrpaMM 3JIeKTpoMarHuTHoro noJist uanydeHust HWII, npuBeneHHbIX B pa3-
JIMYHBIX paboTax, CBUACTEIbCTBYET KaK O MHOIroo0Opa3uu (popM MX MMITYJIbCOB, KOTOPbIE MOTYT OBITh
U OUITOJIIPHBIMU, ¥ YHUIIOJSIDHBIMU [5], TaK 1 0 3HAUMTEJIbHOM pa3dpoce 3HAUYCHUI UX ITapaMeTpOB.
Hapsiny ¢ oTHOoCcUTeNIbHO C1a0bIMU TPYAHO I€TEKTUPYEMbIMU UMITyJIbcamu [13] ObLM 3achuKCUpPOBaHBI
9KCTpeMalbHO MHTeHCUBHBIE Beruiecku Toka HUIT ¢ nukoBeiMu amruiutyaamu 6osee 200 (mo 584) KA
[10]. JlaHHBIE COOBITHS ITOJYYWIN Ha3BaHNE SHEPTUYHBIX BHYTPUOOJAUYHBIX NUMITYJIbCOB — OT aHIJIOS-
3BIYHOTO TepMMHa “energetic in-cloud pulses” (EIPs). boibiioii pa3dopoc mpocTpaHCTBEHHBIX MaCIITa-
00B U BbICOKasl BAprabeIbHOCTD MPOIIECCOB, BoBIeUeHHbIX B pa3Butue HUII, noguepkuBatorcs B [11].

Oco0b1it uHTepec K usydeHuio HUII cBsizaH He TOJBKO C Ype3BbIYAHO OOJBIIMMM ITMKOBBIMU
aMIUIMTYyaMU X TOKOB, HO U C TeM, YTO JaHHas (popMa BHYTPUOOJAYHBIX Pa3psiaoB, HApsAy C KOM-
MaKTHBIMU BHYTPUOOJIAYHBIMU pa3psiiaMu (CM., Harpumep, [14]), aBasieTcss MOITHEMIITUM TPUPOIHBIM
uctoyHukoM BU—OBY (3—300 MIir1) uznyyeHust (mpruMepbl COOTBETCTBYIOIINX U3MEPEHUI MOTYT OBITh
HaiiaeHsl B [6, 7, 11]). KpoMe TOro, ¢ BHICOKOI CTEIEHBIO TOYHOCTU ObLIO ycTaHOBIeHO, uto HUII
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OTBEYAlOT 32 UCXOMASIINE U3 TPO30BOI0 00JIaKa BCIBIIIKYA raMMa-KBaHTOB, KOTOPbIE B aHTJIOSI3IYHOM
JmuTepaType 0003HavyaloTcsl TepMuHOM “‘terrestrial gamma-ray flashes” (TGF) [7, 10]. lannblii akT
elle pa3 MmoJYepKrBaeT Ype3BbluaiiHO BbICOKYIO aHepreTuKy cBsizaHHbIX ¢ HUIT nmporieccoB. O6 aTom
Takke CBUACTEJbCTBYIOT MPOOMBAIOLIMECS yepe3 TOJILY 00Jlaka U JeTeKTUPYyeMble Ha PacCTOSIHUU B

>

JIeCSITKU KUJIOMETPOB MOIIHBIE BCIIBIIIKM CBETA, KOTOPHIE HAOMIOAAIOTCSI B ONTUYECKOM JAUAana3oHe 1
COBIIAIAIOT IT0 BpeMeHU ¢ MOMeHTaM1 (hOPMUPOBAHUS XapaKTepHBIX UMITYIbcoB Toka HUIT (cwm. [6,
9] ¥ cChLIKU TaMm).

Hao6monenus mokaseiBaroT, yto HUII Becerna nnu mo KpaiiHeil Mepe B IMOIABJISIONIEM OOJIbIINMHCTBE
cJIyyaeB IIPEALICCTBYIOT MOSBICHUIO JInAepa MOIHNH [3] (B TOM YKCIIE U B CJIydae MOJI0XUTEIbHBIX pa3-
psinoB Ha 3emunio [8]). JlaHHBII (hakT IejaeT uX HEOTheMJIEMbIM 3BEHOM ITpoliecca MHUIMALIMY MOJTHUH,
MEeXaHM3M KOTOPOIO CUMTAETCSI CAMOI MHTPUTYIOIIEH U3 HepellleHHBIX Mpo0ieM aTMOC(HEPHOTO 3JIeK-
TpuuecTna [15].

ITpunsaro cuurtath, yTo HUII 00ycnoBaeHbl popMUpOBaHUEM CTyIEHEH TaK Ha3bIBAEMOI'0 Hayaslb-
HOTO JIMaepa — OT aHIJIoI3bIYHOro TepmuHa “initial leader” (IL). CornacHo mpenjiokeHHOMY B ITHO-
Hepckux paborax b. [lloHmanma u p. pas3iesieHuIo CTyTeHe il OTPUIIATEIBHOTO JIMAEPA Ha O~ U [3-THITbI
[1], HUTI MoxHO OTHeCTH K cTyreHsM B-muaepos [1, 16]. OHU xapaKTepu3yrOTCst CPEIHEN CKOPOCTHIO
pacnpocTpaHeHus: nopsiaka 10° M/c, Ha OpsIIOK OOJbILEi, YeM Y O-IMACPOB, U MMEIOT OOJIbILIKE 110
CpaBHEHMUIO ¢ Ol-JTUAepaMU JUIMHBI U CBETUMOCTH CTYIICHEN.

Tunore3a o crynenuaroii npupone HUII, mo-BunuMoMy, oCHOoBaHa Ha TOM, UTO aKT CJUSIHUS IBYX
(111 GOJIBIIIEro YKMCiIa) MPOBOASIINX IUIA3MEHHBIX KaHAJIOB SIBJISIETCS HanOoJiee OUeBUIHBIM MEXaHU3-
MOM (hOpMHUPOBAHUSI UMITYJILCHBIX TOKOB ¢ Habaogaembimu 11t HUTT napamerpamu. [laHHast KOHLe-
LM TaKXKe 00bsICHIET MpoucxoxaeHne accouuupoBadHbix ¢ OHY—HY umnyiibcaMu 2J1eKTpOMarHuT-
noro uanydenust HUIT Benpiirex OBY usnyuenus [6, 7, 11]. UX IpuHSTO OTHOCUTH K MMITYJIBCHBIM
KOpPOHaM OTpHUIIATeIbHbIX CTPUMEPOB, TMOSIBJIEHUE KOTOPBIX COMPOBOXAAeT (hOPMUPOBAHUE KaXKIOM
cTyneHu HavajbHoro yuzaepa [12]. Kpome Toro, Bcriiecku Toka HUII, kak u B cilydae cTynieHell OTpu-
LIATETbHOTO JIMAepa MOJHUN [ 1], COMPOBOXKIAIOTCS BCIBIIIIKAMK OITUYECKOTO cBeTa [6, 9].

XoTsl cTporoe onpeaesieHUue NOHITUST «<HaYaJIbHbBIN TUIep» OTCYTCTBYET, €ro BCeTa aCCOLIMUPYIOT C
HEKMMU TpolieccaMu, B pe3yJibTaTe KOTOPbIX (DOPMUPYETCSI CAMOMNOIESPKUBAIOLIMIACS KaHaJl «KJlac-
cuyeckoro» juaepa moaHuu [4, 7, 9, 17]. HecMoTps Ha mpsiMylo aHaJOTUIO0, CTOUT OTMETUTb, YTO
JUTMHBI CTYTEHe HauyaJlbHOTO JIMaepa, KaK U MPOMEXYTKU BPEMEHU MeX1y AByMsI OCIeA0BaTeIbHbI-
MU CTYMNEHSIMU, TOpa3ao OoJibllie, YeM y «OOBIYHOTO» CTYIEHYATOTro OTpUiaTebHOro auaepa. Eciau
B CJIy4yae HA4yaJlbHOIO JIMAepa TUIIMYHBIC 3HAYECHUS JUIUH CTyIIeHEH U Tay3 MeXIy HUMU COCTaBIISIIOT
nopsiaka 0,1—1 kM 1 0,1—1 Mc COOTBETCTBEHHO, TO B CJIy4ae HaOII0JaeMbIX BOJIM3U 36MJIM CTYIICHEH
HUCXOJSIILIET0 OTPULIATEIbHOTO IUAepa peub UAET O JJIUHAX CTyneHel B paitoHe 1—10 M 1 MeXXCTymneH-
yaThIX MHTepBaax nopsaka 10 Mxc (cM. [18] u cchuiku Tam). Kpome Toro, aMImInTyabl TOKa CTyIeHen
HavyaJbHOTO JInjaepa, Bapbupytoiuecs B npeaenax 1—100 KA, Kak mpaBujio, 3aMeTHO 00JIbllle TOKOB
CTYMNEeHe HUCXOISIIEero OTpruuaTe/IbHOIO JUAepa, OLEHMBAEMbIX B HECKOJIbKO Thicsy ammep [1]. UH-
dopManus o mapameTpax CTyIeHell HaualbHbIX JTUIEPOB MOXET ObITh HaiiieHa, HallpuMep, B paboTax
[9, 10, 13].

Konuenmus ¢popmupoBanus HUIT kak runeprpodupoBaHHBIX CTYIIEHEH HayalbHOIO Jiuaepa Oblia
pa3Buta B [17] Ha 0a3e 3KCIIepUMEHTa C MCKYCCTBEHHBIM O0JIAKOM 3apsKEHHOTro a’po30id (em. [19] u
CCBLJIKY TaM), B X0Jie KOTOPOTO ObLIM OTKPBITHI U UCCJIEIOBAHbI TAK Ha3blBaeMble HEOOBIUHbBIE MJIA3MEH-
Hble 00pa3oBaHUsI — OT aHIIMiicKoro “unusual plasma formations” (UPFs). Onu npencraBisitor coboii
paHee HeM3BeCTHYIO (hopMy aTMOC(epHOI0 pa3psiia, «BbI3PeBalOIIyI0» B paMKaX 00beMHOI CTpUMEp-
HOI ceTu B BUJE TTPOBOASIINX KJIACTEPOB CI0XHON (POPMBI, BKIIOYAIOIIUX B Ce0s1 KaHAJIbl C pa3ind-
HBIMM TeMmIlepaTypaMu (rpoBoaumMoctsamu). Hanbosiee ropsiurie (pparMeHTbl HEOOBIYHbBIX TJIa3MEHHbBIX
o0pazoBaHuil, GOPMUPYIOLIMECS B MECTaX CIUSHUS TOKOB MHOXECTBA CTPUMEPOB, MO-BUINMOMY, SIB-
JISIIOTCSI TIEPEXOAHBIM 3BEHOM OT CTPUMEPHOI CETU K CaMOMOIACPXKUBAIOIIEMYCS JIMIEPHOMY KaHally.
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ITo mHeHuto aBTOPOB [17], nMnysibebl Toka HUTT hopMupyroTcst B MOMEHTBI CAUSIHUS TOPSTYUX XOPOILIO
TIPOBOMSIINX 3JEMEHTOB OOBEMHBIX TIJIa3MEHHBIX CeTe, 3aITOTHSIONINX IPO30BOe 00JaKO Ha CTaauu
HavyaJIbHOTO U3MeHeHUs 1oJjist. [Tpu 3ToM HajMure «KJacCUYeCKUx» U «y3Kux» uminysibcoB Toka HUIT
00BsICHSIETCS] TeM, UTO MepBble BO3HUKAIOT B MOMEHT CIUSIHUS KPYITHBIX, @ BTOpPbIe — O0jiee MEIKUX
JIMIEPHBIX KaHAToB. JlaHHas TouKa 3peHUs COTJIacyeTCsT ¢ OMMOIATbLHBIM pacIipeie/IeHUeM IJTMH CTyTIe-
Heit, HaOMogaeMbix Bo BpeMst pazputust HUTT, koropsie coctabiisitor mopsiaka 200 u 10 M aist «kjaccu-
YECKUX» U «y3KUX» UMITYJbCOB dJIeKTpoMaruuTHoro usnydeHuss HUII coorBercTBeHHO [6].

CTOUT OTMETUTH, UTO TUIIOTE3a O «CTyIleH4yaToMm» mpoucxoxaeHnun HUII, mog koTopbiM 0OBIMHO
mojipazymMeBaloT (popMuUpoOBaHME UMITYJIbca TOKA BbIpaBHUBAHUsI MOTEHIIMAIOB B pe3yjbraTe 00beau-
HEHMSI ABYX JUACPHBIX KaHAJIOB, pa3elisieTcs He BceMU uccieaoBaTeasiMu. Tak, aBTopsl [4, 7, 9] oTMme-
4yaT, YTO Ha MOMeHT (popmupoBanus HUII nminasMeHHbIN KaHaJl, KOTOPBINA IPUHSITO aCCOLMUPOBATD
C HavyaJIbHBIM JIUJEPOM, MOXET ObITh HEJOCTATOUHO MPOBOASAILIMM (ropsiuuM). OHM BbIABUTAIOT aJlb-
TEPHATHUBHOE TMPEATNOJOXKEHUE, COMTACHO KOTOPOMY CepHUsl U3 HECKOJIbKUX MPOO0EB, MPOXOISIINX 11O
M3HAaYaTbHO XOJIOMHOMY TUTa3MEHHOMY KaHaJy, TOCTeTICHHO TTOBBIIIIAET €T0 TeMIIEPaTypy, YTO B KOHIIE
KOHIIOB ITPUBOJIUT K TOSIBJICHUIO CAMOIIO/IEP>KUBAIOIIETOCS JIUAepa MOJTHUM.

HenaBHo B [7], ¢ onopoii Ha a3KcHeprMeHTaIbHbIE HAOMIOEHUS C UCTIOJIb30BaHUEM IIIMPOKOTO CHEK-
Tpa HOBEHMIIMX TEXHUYECKUX CPEICTB, ObLI IPEmIOKEH ajJbTepHATUBHBIN cleHapuii pazsutust HUII,
corjiacHo KotopoMy xapaktepHbiit 1t Hero OHUY—HY umnyibe Toka (371€KTpOMarHUTHOTO U3Jyde-
HUST) BOHUKAET BCJICJACTBUE PA3BUTHUS B IPO30BOM 00J1aKe ThnepTpocbpOBaHHOM JaBUHBI OTPULIATETb-
HBIX CTPMMEPOB C MacIlTabaMi B HECKOJIBKO COTEH METPOB, TIJIOCKMI (PPOHT KOTOPOIT pacripoCcTpaHsIeT-
¢ co ckopocThio TTopsiaka 10’—10% m/c. [Tpu aTom HabTI0MaeMble Ha OCIIMJUIOTpaMMaXx HaIPsKeHHOCTH
9JIEKTPUUYECKOTO TOJIST U3YYeHUs] MUKPOCEKYHIHbIE CyOUMIYJIbChl (hOPMUPYIOTCS 32 CUET CAMSHUS
MIPOBOISIIINX TJIA3MEHHBIX 00pa30BaHMIA, 00pa3yIOIINXCS B XBOCTE CTpUMEpPHOI TaBUHBL. [1peamonara-
€TCsl, UTO IaHHbIE CIAUSIHUS TTOPOXKatoT accotiuupoBaHHblie ¢ HUTT Beniblky raMMa-KBaHTOB.

Cy1iecTBylolIe Ha JAHHBII MOMEHT YKCIIeHHbIe Moaeau (Harpumep, [4, 16, 20, 21]) moapa3yme-
BaloT, 4To uMnyjabchl Toka HUII ¢opMupytoTcs mo aHaJIorum co CTyIeHsSIMHM OTPULIATEIbHOIO JIUIe-
pa. BobIIMHCTBO M3 HUX 0a3MPYETCsl Ha pa3IUYHbIX MOAMGUKALUSAX KOHLIETILIMY Mepeaatolieit JMHUN
(COOTBETCTBYET aHIJIOSI3BIYHOMY TepMMHY “transmission line models”) [4, 16], KkoTopast TpaaULIMOHHO
KCIIOJIB3YeTCS JUIsI aHa/IM3a TJIaBHOI cTaany MoHMU [1]. B aTux Momensix KaXablii UIMITYJIbC TOKa 00y-
CJIOBJICH ITPUCOEAMHEHNEM K KaHaIy HOBOM MpsiIMOIMHETHOM cexuu jiuuHoi 50—1500 m. Cpenn Hemo-
CTaTKOB JaHHOTO MOJIX0/a MOXHO OTMETUTb OTCYTCTBUME MPEeABAPUTEIbHON CTAIUM pa3BUTUS pa3psija,
OTHOCUTEJIbHO HM3KOE TIPOCTPAHCTBEHHOE pa3pellleHre U CUILHO YIIPOIIEHHOE OMMCAHNE SBOJTIOLNHT
pa3psIIHBIX KaHaJOB (B TOM YHCJIe CTPUMEPHO-JIUACPHOIO Mepexoa), KoTopasi BO MHOTOM 3aJaeTcsl
«BpyuHyto». Llenapio naHHOI pPabOTHI SIBJISIETCS CO3MaHME M arpoOaiysl aJbTepHATUBHOM YMCIEHHOMN
monenu pasputusi HUII, oobenunsionieil B cedbe 2JieMeHThl KOHLETILIMY TIepeaaloieii JMHUMN U DJIeK-
TPOCTATUUYECKUX IBOIOLIMOHHBIX MOJie/iel pa3BUTUSI MOJTHUU. byneT mokazaHo, 4To B paMKax JaHHOTO
nonxona reHepauysg HUIT moxeT ObITh 00bsICHEHA KaK €CTECTBEHHAs YacTh Ipoliecca opMUPOBaAHUS
JIUaepa MOJTHUM.

Ilocmanoexa 3adauu

O06s1acTb MOACTUPOBAHUS TIPEACTABISET COO0I OTPE30K HA BEPTUKATbHON OCU Z MPOTSKEHHOCTDIO
600 M, IIEHTp KOTOPOTO PACIONIOXKEeH Ha BbICOTe 6 KM Hanl ypoBHeM Mops. OH pa30WUT Ha CerMEHTHI
mumiHOM a = 0,6 M, KoTopast 3afaeT ITPOCTPaHCTBEHHOE pa3peleHre Moaen. [1peamomaraercs, 9To pac-
CMaTpUBAEMBblli OTPE30K PACTIOIOKEH MEXIY HWKHUM TOJIOXKUTEIbHBIM U OCHOBHBIM OTPULIATEIbHBIM
CITosiMU 3apsizia obs1aka. BepTukanbHbie poduan noteHunana (¢ M HalpsKeHHOCTH SJIEKTPUYECKOTO
nons £ , B KOTOPbIX HAYMHAET Pa3BUBAThCS Paspsiil, MOKas3aHbl Ha puc. 1. HamoxenHbie Ha rnaakuii
KPYIMHOMACIITAOHbIH MPOMUIb OCHUWUISILIMU HATIPSDKEHHOCTU 3J1€KTPUUYECKOTO MOJISI C TPOCTPAHCTBEH-
HBIM I1IepruoaoM, paBHBIM 480 M, MOIYT OBITb OOBSICHEHBI MEXaHM3MOM IYYKOBOII HEYCTONYMBOCTH,
pa3BUBaOLIEICS B IJIa3MOMOJ00HOM cpe/ie U MPUBOASILIEH K KpyITHOMACIITAOHOMY (IE€CSITKU — COTHU
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207 xB/m

E =

Ea=Els*Ehl :’

-100 0 100 200
Ea’ KB/m

Puc. 1. BeprukanbHbie npoduii BHyTpHOOIa4HOro NOTeHIMANA @, (C/IEBa) U HATIPSKEHHOCTH DJIEKTPUYECKOTr0
nong E_(Mpoek1ys Ha och z, CripaBa) Ha MOMEHT Havasla pasBUTHsl CUCTEMbI, COCTOSIIIME U3 KPYMHOMACIITAOHOH
KOMITOHEHTBI (MHIEKC «I$») U OCUMUUTUPYIOLIEH YacTH, CO3aBaeMOIi Pa3BUTUEM IMyYKOBON HEYCTOMUUBOCTUA
(uHpekc «bi»). Hynb moTeHuMana coOOTBETCTBYET HUXKHEH rpaHulie 00J1aCTH MOJEIUPOBAHUS

Fig. 1. Vertical profiles of the intracloud potential ¢ (on the left) and electric field strength £ (projection onto z-axis,
on the right) at the beginning of the system development. They are formed by a large-scale component (index “Is”)
and an oscillating part created by development of the beam instability (index “bi”).

Zero potential corresponds to the lower boundary of the simulation domain

METPOB) pa3fe/ieHNI0 MPOCTPAHCTBEHHOIO 3apsijla BHYTPU Irpo30Boro obdsiaka. JlaHHas HEyCTOWYM-
BOCTb peajqn3yeTcsl B MHOTOKOMITOHEHTHO cpeje obJiaka U TPUBOAUT K BOBHUKHOBEHUIO SKCITOHEH-
LIMAJIbHO PACTYLLIEi BOJHBI MPOCTPAHCTBEHHOIO 3apsiia, MEPEHOCUMOI BBEPX KOHBEKTUBHBIM MOTO-
KoM [22, 23]. ITo MmHeHU10 aBTOPOB [22, 23], BO3HUKAIOLIME MPU 3TOM OCUMUISILIUU HAIIPSKEHHOCTU
3JIEKTPUYECKOTO MOJISI MOTYT OBITh TOCTATOUHBIMU [IJIsI MHUIIMALIUU MOJHUM.

PaccmaTpuBaemMoe 3Haue€HUE BBICOTHI HaJl 3eMJIei onpeessieT KOHIEHTPalMI0 MOJIEKYJ OKPYXKato-
niero Bo3myxa N, TeM caMbIM 3a1aBast XapaKTePHbIe 3HAYEHUST HATIPSKEHHOCTH SJIEKTPUIECKOTO TTOJIS
E (E/N = const) u nuHeiiHbix Maciutabos paspsana d (d-N = const). Ha ucrnons3yemoit B pacueTax
BBICOTE, PAaBHOM 6 KM, KOHIICHTPALIMST MOJIEKYJI BO3IyXa YMEHBIIAeTCs 10

§=—e=La0 _( 54 (1)

OT MPU3EMHOTO 3HAYeHUsI, r1e p U 1 — naBieHue W TeMIiepaTypa BO3Iayxa, a MHICKCH «a» U «0» co-
OTBETCTBYIOT paccMaTpuBaeMOll M HYJIeBOI BbICOTaM COOTBETCTBeHHO. Bxoasiuue B hopmyny (1) 3Ha-
YEHUS JaBJICHUSI U TeMIIepaTypbl BO3ayXa ObLIM B3SIThl U3 OTKPLITOTO MHTEPHET-UCTOYHMKA [24], naH-
HBIE KOTOPOTO COOTBETCTBYIOT MEXIYHAPOTHOW CTaHZapTHOU aTMocdepe. BemencTBue oTHOCUTETBHO
HeOOJIbIIION BepTUKAIBHON MPOTSKEHHOCTH 00JIaCTU MOJEIMPOBAHUS B pacyeTax MCIMOJb3yeTCsl LeH-
TpaJIbHOE 3HAY€HUE BLICOTHI.

MonenupoBanue ToKoBoii cuctemsl HUTI

Mopenb paccMaTpuBaeT CACAYIOLIMI MeXaHu3M (POpPMHUPOBAHUS OJHOMEPHON TOKOBOW CUCTEMbI
paspsima. Kaxnaeie 15 MKC B cllydaiiHOe MECTO BHYTPM 00J1aCTU MaKCUMyMa HaIlpSKEHHOCTU BHYTPU-
00JIaYHOTO BJIEKTPUYECKOTO TOJIs1 «BOpachiBaeTCsl» 3aTpaBOYHAsl CTpUMEpPHasi CBsI3b ¢ MUHUMAaJbHOM
qmuHoO# @ = 0,6 M. BO3MOXHBIIT MeXaHM3M BO3HMKHOBEHMSI BHYTPU I'PO30BOr0 00Jlaka CTPUMEPHBIX
pa3psinoB ¢ maciTadamu 0,1—1 M ormcan, Hanpumep, B [25]. Eciau 3HayeHMe HaNpsoKEHHOCTH DJIEKTPH -
YeCKOro T0JIs B TOUKE TMOSIBJICHUST 3aTPAaBOYHOMN CBSA3M JOCTATOYHO BEJUKO, €€ TMPOBOAUMMOCTD IOCTe-
IEHHO yBeanuuBaercs (cM. popmyity (3)), B pe3yabraTe 4ero CBs3b MOJISIPU3YeTCsl U HaYMHAeT pacTu. B
WHOM CJIyJae OHa TepsieT IIPOBOIMMOCTb M OCTAETCS «HEAKTUBHOI».
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PazpsinHble KaHaJIbl MOTYT YIJIUHSITHCS B 00€ CTOPOHBI, IIpUpacTast CTPUMEPHBIMU CETMEHTAaMU C TOM
Ke MUHUMaIbHOI minHOi a. [losBiaeHre HOBBIX KaHAJIOB MOJOXUTEIbHBIX M OTPULIATEIbHBIX CTPU-
MEPOB, PACTYILIMX B HAIpaBJIeHUM YOBIBAaHUS M POCTa 3JIEKTPUYECKOIO MOTEHIIMAIa COOTBETCTBEHHO,
MPOVCXOAUT, €CJIM HANPSDKEHHOCTD 3JIEKTPUYECKOTO TTOJIsl Ha TPaHuULe KaHaua npesbiaer £, u £ nis
HOBOOOPAa30BaHHbBIX CETMEHTOB TOJIOXUTENIBHOM U OTpULIATENIbHOM TToJIspHOCTU. Mcnonb3yeMoe B MO-
JIeJIV T10JIe TIOAAEPKAHUSI POCTA MTOJIOXKUTEIbHBIX CTPUMEPOB paCCYMUTHIBACTCS 110 alllIPOKCUMUPYIOIIEH
SKCIIEPUMEHTAIbHBIE JaHHBIE (opMyJie U3 paboThI [26]:

1,76-57%

E [xkB/Mm|=517-8"%| 1+ 22— —
+[K /M] + 00

(A[r/m>]-11) | =207 xB/u, )
rae i — aBcoMoTHAs BIAKHOCTD BO3/yXa, 3HaYEHUsI KOTOPO B 3aBUCUMOCTU OT BbICOTHI MTPUBEIECHBI
B UHTEPHET-UCTOUHUKE [24]. B culy ABYKpaTHOI acCMMMETPUU MTOPOTOBBIX MOJIel moaaep:KaHusl pocTa
MOJIOKUTEIBHBIX U OTPULIATEIbHBIX CTpUMepoB [27], E =2E, =415 xkB/m.

CKOpPOCTH pocCTa MOJOXUTEIbHBIX U OTPULIATEbHBIX CTPUMEPOB 3aBUCST OT JIOKAJTbHOM HaIPsIXKEeH-
HOCTHU 3JIEKTPUYECKOro moJjisi. OHU HaXOASITCs MyTeM JMHEHHOM alnpoKCUMalMy JaHHBIX, PeACTaB-
JIEHHBIX Ha puc. 4b pa®oTsl [28] ¢ TeM yclIoBHEM, UTO MOJIyYeHHbIE TAKMM 00pa30oM 3HAYEHUS HE MOTYT
OBITh HIKE MUHUMATBLHOM CKOPOCTH paciipoCcTpaHeHUs CTPUMEpPOB, OlleHMBaeMoii Kak 2:10° m/c [27].
ITockosIbKy CKOPOCTb pOCTa CTPUMEPOB HE NOJXKHA 3aBUMCEThb OT IUIOTHOCTM BO3dyXa (BBICOTHI HaJ
3emIieit) [29], B ee pacueTax MCITOIb3YeTCS MPU3EMHBIM SKBUBAJECHT HAIIPSIKEHHOCTH 2JIEKTPUUECKOTO
nonst E/6.

B MOMEHT MosiBjieHHsI paspsiiHble KaHajibl 00JIaqaloT Maloil HauyalbHOW MPOBOAMMOCTBIO G =
= 10~ CM/M. DBOJIOLMS TTPOBOAMMOCTU XOJOIHBIX CTPMMEPHBIX KAHAJIOB OMMMCHIBAETCS MTOTYDIMITH-
pudeckoii hopmynoit

do )
—=(nE*-B)o, (3)
dt
rme | = 1,510 M>B2c™!' u § = 6,45°10° ¢~'. [IpoBoAMMOCTH CTpUMEpa OTPaHUYEHA CBEPXY 3HAYEHUEM
c = 4 Cm/M. Tok nosisipu3aliii CTPUMEPHOTO KaHajla HaxoJAuTcsl Mo 3akoHy Oma:
E
I =nr. oE =—, (4)

1

rae 7, = 2 CM — pajuyc MPOBOAMMOCTH (COOTBETCTBYIOUIMI NPU3EMHbIN SKBUBAICHT COCTABIISAET
1,08 cMm), Rz — MOTOHHOE COIPOTUBJIeHUE KaHaa. st cpaBHeHus, B [21] pagnyc MOaeInupyeMoro Ka-
HaJla IPUHSIT paBHBIM | CM Ha BbICOTaX 6—8 KM.

J71s1 Kaxkaoro pa3psiIHOrO KaHala pelaeTcsl ypaBHEHNE TETUIONPOBOIHOCTH

oT
. _ 2
pcpa—dzv(kTVT)—GE -€. (5)
MpaBasi 4acTh KOTOPOTO BKJIIOYAET UCTOUHUK B BUIE DKOYyJIeBa HarpeBa 6E? M CTOK B BUIE MOTEPb Ha
usydenue €, . VIcronb3yercst mpub/IkeHue TOCTOSHHOTO NaBICHUS:

R TZ
p= PRS2 const, (6)

0
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rie p — TUIOTHOCTb BO3IyXa, Rg = 8,31 [k’ K~""monb™' — yHuBepcanbHas ra3osas nocrosHsas, M, =
= 29 r'Monb™!' — MOJISIpHAs Macca HeHarpeToro Bosuyxa, Z = M /M — cxumaeMocTh raza, OTpaxaro-
1ast yMeHbIIEHUE €r0 MOJISIpPHOI Macchl M ¢ pocToM TemIieparypbl. Bxomsiinue B ypasHeHus (5) u (6)
K02 MUILMEHT TEMIONPOBOAHOCTH k,, MOJISpHAs TEIMIOEMKOCTh MPU TOCTOSHHOM JaBJIeHUH c, u
TUIOTHOCTH BO3/yXa P (C YUETOM CXUMAEMOCTH Z) SBISIOTCS MYHKIUSMU AaBJICHUS U TEMIIEPaTyphl

>

Bosnyxa [30]. PagnamyoHHbIe TOTEpU TEMIIEpaTyphl KaHajla € ,OTBEYAIOT CJIy4ar0 ONTUYECKH TOHKOM
11a3Mbl U3 padotsl [31]. IToCKOIbKY MCXOAHBIE JaHHBIE JJIS1 paadUallMOHHBIX IOTEPh COOTBETCTBYIOT
9HEPruu, U3aydyaeMoi eIMHUYHBIM OObEMOM B €IMHUILY TE€JIECHOTO yIJia, TIPU MOJCTaHOBKE B ypaBHE-
Hue (5) X HEOOXOAMMO YMHOXMUTH Ha 47 cTepagnaH. B pamkax paanaaibHO-CUMMETPUYHOTO MTPUOIH-
JKEHUS CTPYKTYphI KaHajla ypaBHeHME (5) MOXHO nepenucaThb B ¢opme

ar 1

k, oT ok, (oTY T
= 4 — 4L
ot pc,\ r or OT\or

+hk, —+0oE’—¢,, |. (7)
or

1t ycKopeHMs1 pacyeToB ypaBHeHUE (7) pellaeTcs B paMKaxX YIPOIIAIOIIEro MpuoaKeHUs, IIpe/-
MoJIaraloiiero MocTosSHCTBO (DYHKIIMOHAIBHOTO MTPOWIsl paadalibHOTO pacrpeneeHus TeMrnepaTypbl
KaHana:

T(r)=T,+(T,~T,)e """ )

rne I — MakcuManbHOE (0CEBOE) 3HAYCHUE TEMIIEPATYPbI, /', — TEPMUUYECKUI PAMyC KaHANA, PABHbIN
4 cM (COOTBETCTBYIOIINIA TTIPU3EMHBIN SKBUBAJICHT cocTaBisieT 2,16 cMm). [1pu TakoM MpeAarookKeHUN
JI0CTaTOYHO perarh ypaBHeHue (7) B SAMHCTBEHHOM TOUKe (7, e T . /7')’ YCPEIHSIsI €r0 TI0 paauycy OT HyJIst
JI0 HEKOTOPOTO Pajiiyca OTCEUKH, KOTOPbIi PUHAT PaBHBIM 7. DbdekTnBHas remneparypa 7, > OTBE-
Yarolas pajauycy 7, , HAXOIUTCSA MHTEIPUPOBAHMEM:

T iy
R T ©)

Ir

T

ef:T(

Tor

rie erf(x) — dyukumns ommbok laycca.

Ha MOMEHT BO3HUKHOBEHMSI CTPUMEPHOTO KaHajla, KOTOPbIii B TaHHOI paboTe acCOLMUPYETCS C
ITy4YKOM OTHOHATIPaBJICHHBIX CTPMMEPOB, €My IPHCBanNBaeTCs HadaIbHOE 3HAUCHME OCEBOI TeMITepaTy-
per T’ » KOTOpOE, BCIIEACTBUE MAIIOCTH HarpeBa BO3yXa CTPUMEPHBIM paspsinoM [27], Beero Ha | K mpe-
BBILIAET TEMIEPATYPY OKpyxatouiero Bozayxa I’ . Eciv Temnepatypa Ha Ocu KaHasla PEBBILIAET YCIOB-
HBIA TOpOr T( . =4500 K, cooTBeTCTBYIOIIMII THANIA30Hy TeMIIEPaTyp CTPUMEPHO-JIMIEPHOTO Mepexona
[27], oH cTaHOBUTCS TUAEPHbBIM.

s TopsiuMX TUAEPHBIX KaHAJIOB, MJIa3My KOTOPBIX MOXKHO CUMTAaTh PaBHOBECHOM, CYIIIECTBYET OJI-
HO3HauYHasl CBsI3b MEXXJ1y TeMrepaTypoii 1 1 MpoBOAMMOCTBIO G (C y4eToM AaBiieHus Bozayxa) [30]. Do
MO3BOJISIET BIYMCIUTH TOTOHHOE COMPOTUBJIEHUE JIUEPHOTO KaHaia

R = TG(T(I"))ZTU"C[I" _ , (10)

0

IOJCTaHOBKA KOTOPOro B 3aKoH OMa (4) I03BOJIsIeT HAUTU TOK Jinaepa. BepxHuii mpenes MHTErpupOBaHUST
B opmyite (10) popmaabHO BbIOpaH OECKOHEYHO OOJIBIIKMM, ITOCKOJBKY P MPUOIKeHUN K 1 , baB-
HOBECHOE 3HaYeHUe MPOBOAUMOCTH IJIa3Mbl OBICTPO CTPEMUTCS K HYJIO, TaK UTO MOC/IE ONMPENeIeHHOTO
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3HAUYEHMS paauyca MHTeTpall nepecraet pactu. M3 cootHoweHuit (4) u (10) cieayet, 4To TOK Juaep-
HOTO KaHaJia IMOJIHOCTBIO OMpeAeIsieTcs] TEKYIIMMU 3HAYEHUSIMU €0 TeMITepaTyphbl U HATIPSIKEHHOCTHU
MPOJOJBbHOTO 3JEKTPUUECKOTO MoJisi B HEM. B 1ieisix coOtoneHus1 yCaoBUSI HEMTPEPLIBHOCTU TOKA B
MOMEHT CTPUMEPHO-JINIEPHOTO TIepexoaa MUHUMAaIbHOE MIOTOHHOE COMPOTUB/IEHUE CTPUMEPHOrO Ka-
HaJia (GS T n?)’1 COBMAZAaeT ¢ MAaKCUMAJIbHBIM (HAYaJlbHbIM) TTOTOHHBIM COIIPOTUBJICHUEM JIUAEPA,
KOTOpPOE JOCTUIAETCs IIPH TEMIIEPATYPe CTPUMEPHO-IUACPHOro nepexona 1 . = 4500 K un cocrasnsier
197 OM/M. OTMETHUM, YTO UCMOJIb3yeMasi B MOJIeJIM MaKCUMAaJIbHAsI TPOBOAMMOCTb CTPUMEPHOIO KaHasa
G, . — 4 CM/M TakKe MOXET pacCMaTpUBaThCSl KAK MUHUMaJbHAsH (Hava bHast) POBOAMMOCTD JIH-
JIepHOTO cerMeHTa. JlaHHOe 3HaueHue COBMAAAET MO MOPSAKY BEJIMUMHbBI C OLIEHOUHOMN MPOBOIMMOCTHIO
KaHaJa J1abopaTOpHOro Juaepa JJIUHOM B HECKOJbKO METPOB, KOTOPBIN XapaKTepu3yeTcsl TOKOM ~1 A,
TOKOBBIM paginycoM ~1 MM U TIpoAoJbHBEIM TtosieM ~500 B/cm [27].

Toku BEIpaBHMBaHMS MOTEHLIMAJIOB (4) CO3Ma0T TOUCUHBIE 3apsiibl, pa3MEIIECHHBIC B y3/IaX MOACIN-
pyemoro otpeska. [ToreHiman P, CO3/1aBaeMblii TOUSYHBIM 3aPSIIOM ¢ Ha PACCTOSIHUM d OT HETO HaXo-
IUTCs 1o 3aKoHy KysoHa:

q
= , 11
P 4ne, max (a/2,d) (1)

e g, = 8,85:10~"> ®/m — auonekTprUUecKas MPOHULIAEMOCTb BaKyyMa, a Cliydaii IeJieHUs Ha IM0JI0-
BUHY INPOCTPAHCTBEHHOTO 111ara Moaeiau a/2 = 0,3 M COOTBETCTBYET BKJIaay TOYEYHOTO 3apsiia B IO-
TEHLIMAJT y3J1a, B KOTOPOM OH HAaXOIMUTCSI, YTO MO3BOJISIET PEIIUTh MPO0IeMy CUHTYIsIpHOCTUA. B cuny
yIaJIeHHOCTHU OT 3eMJi hopmyia (11) mpeHeOperaeT BKJI1a1oM CO CTOPOHBI HaBEJEHHBIX Ha €€ MOBEPX-
HOCTH 3apsIIOB.

Mopnenb yY9uTBIBaeT Ipoliecc (POpMUPOBAHUS YexJia 3apsiaa BOKPYT JuaepHoro KaHaua. HampsokeH-
HOCTb PaJuaIbHOTO TOJIs Er BOKPYT JIMACPHOIA KUJIbI Pajityca 7', MOXHO OLICHUTb U3 TeopeMbl [aycca,
MBICJIEHHO «pa3Ma3aB» TOYEUHBIi 3apsill ¢ MO OTPE3KY [UIMHON a, KOTOPBIH COOTBETCTBYET PACCTOSIHUIO
MEXIY IBYMS COCETHUMMU Y3JIaMU:

E=—9_ (12)
2ne na

3amaB IPOBOAMMOCTh HOHU3UPOBaHHOM cpensl yexima G = 10~ CM/M, MOKXHO HaiTH ITOIEPEUHbII
TOK yTeuku /| uepe3 60KOBYIO TOBEPXHOCTb KaHaIa:

IJ_:GErZT[a]/} :ﬂ:i’ (13)
80 Tsh

met, =g/ G = 0,89 MKC — XapaKTepHO€e BpeMsI IIepexo/Ia 3apsiia ¢ TOBEPXHOCTH KaHajla B 4eX0JI. AHA-
sornyHast (13) dopmysa 6bia ucmonb3oana B Mozenu [20] mpu T, = 0,5 MKC, 9TO COOTBETCTBYET G=
=1,77-107° Cm/m. Wcnonb3yeMoe B pacyeTax 3HaueHUe MPOBOAMMOCTH YeXJia 3apsiia BOKPYT JUAePHO-
ro KaHajia yKjiaaabIBaeTcs B mpeaessl oteHky 10-°—10~3 Cm/M, rmoaydeHHoi B [32].

YToObI HAWTH BKITAZ 3apsiia yexyia JUAepPHOTo KaHajla B ITOTEHIINAI Ha pacCMaTpUBaeMOM OCH, HYX-
HO 3HaThb pajlaibHOE pacnpeaeicHue 00beMHOM IIJIOTHOCTH 3apsifa B UyexJyie P, h(r). CoracHo [27], BHY-
TpHU YexJia 3apsia Juaepa NpruoIMKeHHO BbITIOTHSETCS YCI0BUE Er = const. U3 nuddepeHunaibHOK
dopmsl Teopembl [aycca, 3anMcaHHOM M1 TMJTMHIPUIECKOM CHUCTEMBI KOOPIWHAT:

psh
~ () =P 14
r@r( r) 80’ (14)
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| >
cJIelyeT, YTO 3TOMY TpeOOBaHUIO YAOBJIETBOPSIET 3aBUCUMOCTh TUIIA
A
pa(r)=2, (15)

rne A — Hekoropast KoHcTaHTa. YTOOBI HATH €€, TTOBTOPUM IIPUEM C MBICIEHHBIM «Pa3Ma3bIBAHUEM»
3aps/a 31eMeHTa Yexsia ¢ , 1o OTPE3KY IMHOM d v 3amuiieM HOPMUPOBOYHOE YCIOBUE

RS
q,=a j'h p,, (r)2nrdr =2nda(R, —r,) ~ 2ndaR,,, (16)
Y

rie Rsh >>r,— pauyc Yexyia 3apsijia BOKpYT JIMIEPHOTO KaHania. 13 (16) cnenyer, 4To

qsh
=—= 17
2nak,, (17

DJIeMEeHTapHbIM UWIMHAPUYSCKUIA CETMEHT YexJla ¢ MUHMMAJIbHOM BEepPTUKAJIbHOM IMPOTSKEHHO-
CTBIO @, 3aKJIIOYAIOIINIT BHYTPH CeOsl 3apsift ¢ , N OTPAHMYCHHBIIA 110 BEPTUKAIM 3HAYCHUSIMU Z, = z, -
—a2uz,= z, +a/2, rne z,— UeHTpaJIbHasi BhICOTA PACTIONOKEHHUS 3apsiia ¢ ,, CO3MAET B TOUKE HA OCH
Z ¢ KOOPIMHATOM Z MOTeHLINAN

. Ry 2
@, (ZO) = f dz f dr Po (r) il (18)
0z 7 r’ +(Z—ZO)

Ornyckasi MPOMEXYTOUYHbIE BBIKJIAAKU, ¢ yueToM (15) u (17) nonyyaem

Qg (Zo) L(f(Rsh’ZZ’ZO)_f(Rshizl’ZO)_f(rl’ZZ’ZO)—'_f(rl’Zl’ZO))’ (19)

4ne,aR,,

rue

f(r,z,zo)=(z—zo)ln(r+\/r2 +(z—zo)2)+rln(z—zo+«/r2 +(Z—ZO)2). (20)

[TosHbIA 2IEKTPUYECKUI MOTEHIIMAN, CO3/aBAEMbIi 3apsIOM YeXIa JIMIepa B TOUKE Z, HAXOIUTCS
cyMMHUpOBaHMEM BKJIan0B (19) oT Bcex ero yyacTKoB.

Bxonsumii B popmyiiet (16)—(19) panuyc yexia 3apsna BOKPYT JTMIEPHOTO KaHana R, MOXHO oue-
HUTh U3 TeopeMbI [aycca, mpearonaras, 9To BHYTPH YeXJia paauaibHOe ITOJIe COBITAIAeT C TTIOPOTOM POC-
Ta MOJIOXMTENbHBIX cTpuMepoB £ = £ [27]. Torna

q,
R, =—"1—, 21
sh ZTESOE+ ( )

IJie ¢, — NOTOHHbIN 3apsiji naepa (c yueroM yexita). OueHUBas g, Kak 250 mxKii/M (cM. puc. 2), 4To OXKu-
JaeMo MeHblie 3HaueHust ~1 MKi/Mm [1, 33], xapakTepHOTO JUIsi MHOTOKMJIOMETPOBOIO JIMIEpa «pa3Bu-
TOM» MOJIHUU, TIOJTydaeM Rsh = 21,7 m. CTporo roBopsi, B CWJIy aCUMMETPUH ITIOPOTOBLIX ITOJICH IomaepxKa-
HUS pOCTa TTOJIOXKUTETBHBIX M OTPUIIATEILHBIX CTprUMepoB hopmyiia (21) moirkHa JaBaTh BABOE MEHBIIICE
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3HauYeHUe IJIs1 OTpULaTeIbHOrO uaepa. Ho mockonbKy cooTHoleHue (21) Ucnosb3yeT rpyoyto OLeHKY
TIOTOHHOTO 3apsI/ia ¢, ¥ TIOCKOJIbKY KOHEUHBIH pe3ynbrar (19) cnabo 3aBucut ot R, 370 06CTOATENBCTBO
He TIpUHUMAaETCS BO BHUMaHWe. B maHHO# Momen popMUpyIoIIre 4eXoil 3apsiia TOKM YTeUKH UMEIOT
MECTO TOJIBKO JJISI XOPOLLIO IMPOBOISILIMX JIMAEPHBIX CETMEHTOB C TEMIIEPATypOil Bbile 1 .= 4500 K.

Pe3ynbraTbl

OCHOBHBIE 3Tallbl MOACIUPOBAHMS TIPEACTABICHBI HA PUC. 2, KOTOPBI MTOKa3bIBAET BEPTUKAIbHbIE
pacnpeniesieHns (CIeBa Hampaso): 1) JIeKTPUYECKOro MoTeHuuana @Q; 2) EZ—KOMHOHCHTBI HaIpsSKeH -
HOCTH 3JIEKTPUIECKOTO MMOJIsT; 3) MOTOHHOTO 3apsina cucteMsl ¢ . Lllects maHeneit puc. 2, mocTpoeH-
HbIE JUISI Pa3IMUYHBIX MOMEHTOB BPEMEHU, AAIOT o0lliee MpeacTaBleHre O IMHAMUKE pa3BUTUSI pa3psiia.
Ha navaspHOM 3Tame ILeHTpaibHas 30Ha, BHYTPU KOTOPOI HAIpPsSKEHHOCTh BHYTPUOOJAYHOTO TTOJIS
OTHOCUTEJIbHO BeJIMKa, 3aMOJIHSIETCSl ABYHAIIPABIEHHO PaCcTyILIMMU CTPUMEPHBIMU CerMeHTaMU, KOTO-
pbie TOCTETNIEHHO cpacTaloTcs ApYT ¢ ApyroMm. DopmupyeTcs nmapa cOMMKAIOIIMXCS UCKPOBBIX KAHAIOB €
IUTMHaMU 95 M (CHU3Y) U 59 M (CBepXy) ¥ CPETHUMM TTPOBOIUMOCTSIMU Ha ypoBHe 1,5 CMm/M 1 0,5 Cm/M
COOTBETCTBEHHO, HAIIPSIXKEHHOCTb DJIEKTPUUYECKOTO TOJISI MEXKITY TOJIOBKAMU KOTOPBIX JIOKAJIbHO yCUJIe-
Ha. B MoMeHT BpeMeHU 70 MKC OHM CIMBAIOTCS B €AMHBIN KaHa, YTO MPUBOAUT K KPaTKOBPEMEHHOMY
BCILUIECKY TOKa C aMILUIMTYI0M Iopsiaka 1,5 KA, KOTopblii BUfieH Ha puc. 3. JlaHHbBI 311301 HAIOMUHAET
npotiecc GopMUpoBaHUs CTYIIEHU OTPULIATEILHOTO JIMepa, MPU KOTOPOM TaKKe BOZHUKAIOT UMITYJIb-
Chl TOKA TOJISIPU3ALMU ¢ XapaKTePHBIMU MMKOBBIMU 3HAUYCHUSIMU MOPSIIKA HECKOJBKUX ThICSY aMmIiep
[1], xOoTs B JaHHOM cJjlydyae MPOBOAUMOCTh OOBEAMHSIONINXCS KaHAJI0B HAXOAUTCSI Ha YPOBHE C1abo-
TOYHOTO JabopaTropHoro auaepa [27]. Temrepatypa Terepb yXe €IMHOIO KaHajla MOCTEIIEHHO pacTeT
3a cueT TeKYIIEero Mo HeMy TOKa BeIpaBHUBaHUs MoTeHManoB. Yepes 74 MKc Mocjie Hayajaa MOAeIUpo-
BaHUs B TOYKE CIAMSHUS IBYX UCKPOBBIX KaHATIOB, B OKPECTHOCTH KOTOPOI1 00beMHasI TJIOTHOCTh MOIII-
HOCTU JIKOYJIeBa SHEPrOBbIICICHNS] OCTAeTCSl OTHOCUTEIbHO BbICOKOM, MOSIBJISIETCS MEPBBIN JIMIEPHBIN
CErMEHT C TEMIIEPATYPO BBILIIE [TOPOTA CTPUMEPHO-JIMIEPHOTO nepexona 1’ . =4500 K.

C mosiBIcHVEM TIEPBOTO JIMIEPHOTO CETMEHTA 3aITyCKaeTCs TeTIsl MOJOKUTEeIbHON 00paTHOM CBA3M,
KOTOpasi MPUBOJUT K OBICTPOMY, 3a BpeMsI MOpsiiKa MUKPOCEKYH/IbI, Mepexoay KaHaia aanHoi ~200 M 13
¢J1ab0 MpoBOAsIIEro (YCJIOBHO CTPUMEPHOTO) COCTOSIHUSI B XOPOILIO MpoBosiiee JuaepHoe. CorjiacHo
puc. 3, Ha KOTOPOM TIpeNCTaBIeHbl BBICOTHO-BPEMEHHbBIC pacTpeaeieHusT ToKa, TeMIIepaTyphl U Mpo-
BOJMMOCTHU MOAEJIMPYEMOI CUCTEMbI, JaHHBIN Mepexo/] MPUXOIUTCS Ha MOMEHT BpeMeHU = 81,5 MKc
OT HauaJla MojeJupoBaHusl. Hainuue mojoXuTeaIbHOi 00paTHON CBA3M OOYCIOBASHO PE3KOli 3aBU-
CUMOCTBIO PAaBHOBECHOI IMMPOBOAMMOCTHU ropsiueil JuaepHou mia3mMbl oT Temiiepatypsl [30]. daxe He-
3HAYUTEJbHOE yBEIMYEHUE TeMIlepaTyphl JUAEPHOTO KaHala MPUBOAUT K 3aMETHOMY POCTY €ro MpoBO-
JMMOCTH. BeleicTBME 3TOro yBeIMUMBAETCs TUIOTHOCTh MOLIHOCTH JKOYJIEBA SHEProBblaeIeHUs GE2,
YTO BJICUET JaJIbHEHIIee yBeIUUeHNE TeMITepaTyphl M MPOBOAMMOCTH KaHaja. DTO MPOBOIUPYET pac-
MPOCTPaHSIIONLIYIOCSI BBEPX M BHU3 T10 KaHay BOJIHY pe3KOI0 pocTa TOKa, KOTopasi HaUMHaeT 3aTyXaTh
B pe3yjibrare MajaeHus MPOJ0JbHOIO 3JEKTPUUYSCKOro IMoJsl KaHajla, Tocje Yero TeMreparypa Juaepa
repecraeT pacTu U crabunusupyercs Ha ypoBHe ~10 kK. Bo3dHukaroomuii BCIjiecK Toka IoJsspru3aiiu
UMeEET aMILTUTYLy Topsiaka 13,5 KA 1 JJTUTCST 0KOJIO 2 MKC.

Ha ¢unanbHoM 3Tane (cnycta 100 MKc mocjie Hayajla MOIEJMPOBaHUS) CUCTeMa TpeACTaBIsieT
co0oit 1uaepHbIi KaHal ;inHoi 440 M ¢ XxapaKTepHBIMU 3HAYEHUSIMU TeMIIepaTypbl, IIPOBOJAUMOCTH,
TOKa U MOTOHHOro 3apsiaa Ha ypoBHe 9 KK, 1,5 kCm/Mm, 200 A u 400 mKii/M coorBeTcTBEeHHO. JlaHHbIE
mapaMeTpbl XOPOILIO COIIACYIOTCS C TAKOBBIMU JJII CTYIIEHYATOr0 OTPUIIATEIBHOTO JUAepa MOJHUU
JI0 MOMEHTa KOHTaKTa C 3emJjieil, KOTOphlil XapakTepu3iyeTcsl TemiepaTypoii okojio 10 kK, Tokom
100—200 A 1 moroHHbIM 3apsimoMm ~1 MKi/m [1]. Onucanue nanbHeiieit a3poaonu chopMrupoBaB-
1Ierocst JUAepa MOJHUU BBIXOAUT 3a Mpeaeibl JaHHOTO UCCAeI0BaHUSI.

HaubGosee oueBUAHBIM CIIOCOOOM BepU(DUKALIMKM TTOJYYEHHBIX Pe3yJIbTaTOB SIBISIETCS CpaBHEHUE
OCLMJIJIOrpaMMbl HaIpPsI)KEHHOCTU BEPTUKAIbHON KOMMOHEHTHI 3JIEKTPUUECKOTO TOJIsI U3JIyYeHMUS,
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OTaenbHbIe CTpMMepHble cucTemsl (=60 mkc) C. POBbLIX (=70 mxc) MosiBneHne nepBOro NUAEPHOro cermeHTa (=74 MKc)
63 631 63 63 63 63 T 63 63y 63
62 62 62 62 62 62 62 62 62
6,1 6,1 6,1 6,1 6,1 6,1 6,1 6,1 6,1
—
6,0 6,0 6,0 %60 6,0 6,0 %60 6,0 6,0
—_—
—
59 59 59 59 59 59 59 59 59
58 58 58 58 58 58 58 58 58
57 57 57 57 - 57 57 i 57 - 57 57 -
-30 -20 <10 0 10 0 500 1000 -50 0 50 <30 -20 10 0 10 0 1000 2000 -100 0 100 <30 -20 10 0 10 0 1000 2000 -100 0
9,MB E,, kBIm q,, MKKn/m 9,MB E, kBIm q,, MKn/m 9, MB E,, BIm q,, MKKnim

PacnpocTpaHeHue BonHbI TOKa, hopMupoBaHue
nuaepHoro kaHana (=78 mMkc) Tok B kaHane gocTuraet Makcumyma (=82 mkc) Okol p (=100 mkc)
63 63 63 T 63 63 63 T 63 T 6,3 [pe— 63

61 61 61 61 611 1 e R

= 2
X 60 %60 6,0 60 %60 160 1 60

N N N
59 59 59 59 59 59 59 59 159+
58 58 58 58 58 58 58f 58 1581

57~ So57 - 57" - 57 Jos7 - 57- - - 57 5.7 57, —
3020410 0 10 0 1000 2000 4100 0 100 302010 0 10 0 2000 4000 500 0 500 302040 0 10 0 1000 2000 500 O 500
¢, MB E, kB/m q,, MkKn/m ¢, MB E, kBim q,, MkKn/m ¢, MB E, kB/m G, MKKn/m

Puc. 2. BoicoTHbIE pacnipefiesieHUs 2JeKTPUYECKOTo NoTeHIMaa (¢ (CUHSA JMHUS — HaYaJlbHbI MMOTEHLIMA,
OpaHXeBasl IMHUS — TEKYLIMiA NOTEHLMAN), HANPSXKEHHOCTH 3/IEKTPUYECKOTO T0JIA £ 1 IOTOHHOTO 3apsijia g _
(cuHsIsI TUHUS — TTOTOHHBIN 3apsi KaHala, OpaHxXeBas IMHWS — IIOTOHHBIN 3apsi yexJia IMAepHOTo KaHaia)
MOIEIMPYEMOIi CUCTEMBI Ha Pa3IMYHBIX 3Tarax ee pa3BUTHS. 3eJieHble M KpaCHbIE OTPE3KU Ha TTaHeIn
TTOTOHHOTO 3apsifa 0003HAYAIOT CTPUMEPHBIE U JIUACPHBIC CETMEHThI COOTBETCTBEHHO
Fig. 2. Altitude distributions of electric potential ¢ (blue line — initial potential, orange line — actual potential),
electric field strength £, and linear charge g_ (blue line — per-unit-length channel charge, orange line —
per-unit-length charge of the leader channel sheath) of the simulated system at different stages of its development.
Green and red segments on the per-unit-length charge panel indicate streamer and leader channels, respectively

cosnaBaemMoii mogeaupyeMbiM HUIIT B Touke pacroyioxkeHus] TIPUEeMHON aHTEHHBI, C 3KCIIEPUMEH-
TaJIbHBIMU TaHHBIMU. 7151 ee MOCTpoeHus OyIeM MCITOIb30BaTh (hOPMYJTY, ITO3BOJISIIONIYIO HAUTHU CTa-
TUYECKYI0, MHIYKLIMOHHYIO M PagualiOHHYIO COCTaB/ISIIOLINE BEePTUKAIBbHOW KOMIIOHEHTHI JIEKTPH-
YeCKOTO MOJIST U3JIyYeHUs] Ha TOPU3OHTAIBHOM PacCTOSSHUM [ OT MCTOYHMKA 110 BEPTUKAIBHOMY TOKY
usnyyarens /(z, ), orpaHUYEHHOTO BHICOTAMU Z, M Z,, ¢ y4eToM 3(hdeKTa 3anasibBaHus:

E;’ad(D)t):
z 2 N2y z 2 N2 z 2 ' (22)
= | -[2225 D ].I(Z,‘C)d’l?dz'i' fﬁl(z,t')dz—f 21)3 GI(Z,t)dZ ’
27[80 1 R (Z) 0 7 cR (Z) e R (Z) ot

rie R =+z" + D* — paccrosiHue OT HCTOYHMKA U3TYIeHHWs! 10 aHTeHHBI, 1’ = — R/c, ¢ = 3-10° M/c —
CKOPOCTb CBETa B BaKyyme (METOMKA pacyeTa 3JIeKTPUUECKOro MoJisl U3TyYeHUs U1l pa3psIHOI crucTte-
MbI, COCTOSIIIIEH 13 OOJIBILIOTO YMCIIa MPOM3BOJIbHO OPUEHTUPOBAHHBIX TOKOBBIX KAHAJIOB, MOXKET ObITh
HalimeHa B [34]). PaccuuranHass TakuMm oOpa3oM [JIs CTaHOAPTHOI'O TOPU30HTAIBLHOTO PACCTOSIHUS OT
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Puc. 3. BoicoTHO-BpeMeHHbIe TPpOdUIN ToKa, TeMIIepaTyphbl U MIPOBOAUMOCTU Moaeaupyemoro HUII

Fig. 3. Altitude-time profiles of current, temperature, and conductivity of the modeled IBP

MPUEMHOM aHTEHHBI 10 McToYHMKa DD = 100 KM ocuMUTOrpaMMa BEPTUKAILHONW KOMITOHEHTHI Ha-
MIPSKEHHOCTH 3JIEKTPUUYECKOTO T10JIsI M3TyYeHUS MOJASIMPYeMO TOKOBOI CUCTEeMBI IIpPeACcTaBIeHa Ha
puc. 4. Pe3yabTupytolmnii OUNoASIpHbIA UMMOYJIbC UMEET JIUTEIbHOCTD Mopsiaka 15 MKC U MUKOBOE
3HauYeHUe, paBHOE ~3 B/M, 4TO XOpOIIO coriacyercsl ¢ OIMMMCaHHBIMU BO BBEACHUM SKCIIEpUMEHTAb-
HBIMU JaHHBIMU.

Ha nipencraBieHHO# Ha puc. 4 ocLIMJLIOrpaMMe OTYETIMBO BUJIEH MPEALIeCTBYIOIINI OCHOBHOMY UM-
MyJILCY BCIUIECK DJIEKTPUUECKOTO OIS U3YYEHUS ¢ IIUTeNbHOCTBIO ~0,1 MKc 1 amruutynoii 0,36 B/M.
ITomoGHBIE «y3KME» BCIIECKU JIEKTPOMArHuTHOTO 1osist uainydennst HUII ¢ nmuTeabHOCThIO OT AoJeit
JI0 eIMHUL MUKPOCEKYH/I, (DOPMUPYIOIINE «TOHKYIO CTPYKTYPY» €ro 3JeKTPOMAarHUTHOTO U3JTy4yeHUs],
OOLIMPHO MpeACTAaBIEHbI Ha 9KCIIEPUMEHTAIBHO MOJYYEHHBIX ocLMIIorpammax [5, 6]. Mx mpoucxox-
JIeHUE TIPUHATO OOBSICHATH (DOPMUPOBAHUEM «HEOOJBIINX» CTYIEHEH!, COMPOBOXAAIOIINX CIUSHUS
OTHOCUTEJIbHO KOPOTKMX MCKPOBBIX KaHAJOB, BJIOXEHHBIX B TPEXMEPHYIO TJIa3MEHHYIO CeTb, 3aroJi-
HSIIOIIYIO 30HY OTHOCUTEILHO CUJIbHOI'O 2JIEKTPUUYECKOTO MOJIsI BHYTPU Ipo30oBoro oobiaka [17]. Y3 pe-
3yJIBTaTOB MOIEIMPOBAHUS CIEAYET, YTO UCTOUYHUKOM JAHHBIX UMIIYJIbCOB MOIYT OBITh OTHOCUTEJIHHO
HeOoJIbIlIME BCIIECKU TOKa (B TaHHOM ciiydyae 1,5 KA, cM. puc. 3), BO3HUKAIOLIWE B MOMEHTbI CIUSTHUI
MOJISIPU30BaHHBIX B 3JIEKTPUUYECKOM MOJIe 00JlaKa MCKPOBBIX KaHAJI0B, KOTOPBIE IMPOUCXOISIT €IIe 10
(opMupoBaHmsa muaepa MOJTHUM. TakuM 00pa3oM, pe3yIbTaThl MOASINPOBAHUS B 1IeJIOM MOATBEp KA -
IOT TIpeAIiojioxXeHre padboThl [17].

Ob6cyncoenue

JlaHHoe nccliiemoBaHue OTpaHUIYeHO MOAEIMPOBaHNEM eINHCTBEHHOTO «kKj1accuuyeckoro» OHU—HY
UMITyJibca ToKa (3eKkTpuueckoro nosjst uzaydenus) HUII, Bo3Hukaro1ero B pe3y/brare NosiBIeHUs J1-
JIEpHOro KaHaJja JJIMHOI B HECKOJILKO COTeH MeTpoB. B peanbHolt cutyauuu Hadmogaetcs cepust HUII,
HACUMTHIBAIOIIAS TIOPSAKA IECATU UMIIYJIbCOB, pa3Ae/eHHBIX ITay3aMU C XapaKTEPHON JINTEIbHOCTHIO

31



4 DHepreTuka. JNeKTpoTEXHNKA
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Puc. 4. Ocuninorpamma BepTUKaJIbHOM KOMITOHEHTBI HATIPSIXKEHHOCTH 3JI€KTPUYECKOTO OIS
nsnydeHust Moaenpyemoro HUII Ha ctaHgapTHOM rOpM30HTAIBHOM PACCTOSTHUM OT UcTouHKMKa D = 100 kM.
3HavyeHUsT BpeMEHM JaHbl 0€3 yueTa 3aIepKK1 Ha pacrpocTpaHEeHUe CUTHaJIa

Fig. 4. The waveform of the vertical component of radiation electric field strength produced
by the simulated IBP at a standard horizontal distance from the source D = 100 km.
Time values are given without taking into account the signal propagation delay

10—100 mxc. MIx nmpoucxoxaeHrne MOXHO OObSICHUTD, BO-TIEPBLIX, MOSIBJIEHUEM JIPYTUX JUIEPHBIX Ka-
HAJIOB M, BO-BTOPBIX, aKTaAMU CJIUSIHUS XOPOIIO IMPOBOISIINX JUACPHBIX KAHAJIOB, IPU KOTOPHIX 00-
pasyroTcst TMIepTpoUpoOBaHHbIE CTYTIEHN HavyaJlbHOTO Jinjepa. BOBHUKHOBEHME MHOXKECTBEHHBIX UM-
ITYJIbCOB MPO0O0SI MOXKHO OOBSICHUTH IBYMSI (pakTopamu. I1epBblii 3aKiTI04aeTCsl B TOM, YTO B Pe3yJibTare
Pa3BUTHS IyYKOBOH IUIA3MEHHOU HeycTOMUnBOCTH [22, 23] hopMuUpyeTCsl HECKOJIbKO pa3feeHHbBIX 10
BEPTUKAJIM 30H JIOKAJIbHOTO MaKCMMyMa HaIpsiKEHHOCTH 2JIEKTPUUECKOTO TOJIs, Kaxaasl U3 KOTOPbIX
MOTEHLMATbHO MOXET CTaTh 04aroM (opMUPOBAHMSI JTUACPHOTIO KaHaia. BTopoii ¢BsI3aH ¢ JOCTaTOUYHO
OOJIBIIION TOPU3OHTATBLHOM MPOTSKEHHOCTBIO 00J1acTU (KOTOpAast He YYUTHIBACTCS JAHHOM MOJEIbIO B
CUJIy €€ OTHOMEPHOCTH), BHYTPU KOTOPOUl HAMPSIKEHHOCTb BHYTPUOOJIAUHOTO 3JIEKTPUUYECKOTO TOJIs
JIOCTAaTOYHA JJIs1 UHULIMALIMKA MOJHUU. MHBIMU clIOBaMU, BHYTPU «aKTUBHOI» YacTU rPO30BOro 0bJia-
Ka CYLIECTBYET MHOXECTBO 30H, CIIOCOOHBIX MOPOAUTH JIMAECPHBIE KAHAIBI ¢ XapaKTepPHBIMU JJIMHAMU
nopsinka 100 M, KoTopble COCOOHBI OOBEAUHATHCS MEXIAy COOOM, UYTO B KOHIIE KOHIIOB MPUBOIUT K
(hopMUpPOBAHUIO CAMOITIOAIEP>KUBAIOIIETOCS OUTTOISIPHOTO JIMAEPa MOJHUM.

[IpencraBneHHbIN B paboTe YUCIEHHbIN MTOAXO UMEET PSII YePT, OTIIMYAKOIIUX €T0 OT MPEIbLIYIINX
Moneneit HUIT (mammpumep, [4, 16, 20, 21]). Bo-TiepBbIX, TPOCTPAHCTBEHHBIN IIIaT MOJCIIN COCTABIISI -
et 0,6 M (151 cpaBHeHMs, B [21] mpocTpaHCTBEHHOE pa3pelleHre COCTABIISIET 5 M), UTO 00ecreunBaeT
BBICOKYIO CTEIIeHb AeTalM3allii 1 MO3BOJISIET BBIIENITh B OOIICH CTPYKType pa3psiga CTpUMEpPHBIE U
JINJIEpHbIE cerMeHThbl. Bo-BTOPBIX, MCMob3yeMasi MO/Ie/Ib OMMChIBAeT CaMOCOIIACOBAHHBIN TMPOLIECC
(hopMUpoOBaHUS TIJIA3MEHHOIO KaHajla, B TO BpeMsI KaK B aJIbTepHATUBHBIX ITOAX0aX OH CYILLIECTBYET 13-
HayvaJIbHO M HA MOMEHT Hayvayla MOJCIMPOBAHUS UMEET HEKOTOPBIE MPEIyCTAHOBIIEHHbBIEC ITapaMeTPhI.
B-Tperbux, Monenb NpuHMMaeT BO BHUMaHME TPOLIECChl HAarpeBa/oXJIaXIeHUs pa3psiIHbIX KaHAJIOB,
YTO MO3BOJISIET NMPUBA3ATh TPOBOJAUMOCTb FOPSYMX JIMIEPHBIX DJIEMEHTOB K UX TeMIiepatype (B paBHO-
BECHOM ITPpUOIMKEHNM ). DTO IMO3BOJISIET (PU3NIECKM KOPPEKTHO OMUCATh TOKU JIMASPHBIX KAHAJIOB, YTO
0COOEHHO BAXXKHO JIJIsI MOAECTIUPOBAHMS CUJIBHOTOUHBIX BHYTPHUOOIAUHBIX pa3psaaoB (cM. Takxke |35, 36]),
K KOTOPBIM 0e3ycioBHO MoxHO oTHect HMII. AHanormuyHbiii ipyeM ObLT Mcnosib3oBaH B [20], HO B
paMKax CWJILHO YIIPOIIEHHOTO PACCMOTPEHMS 3BOJIIOIIUM TeMIIepaTyphl KaHaua. JIJist onmmcaHus 3BOJIIO-
LIMY TTIPOBOJAMMOCTU CTPUMEPHBIX KaHAJIOB, TIa3Ma KOTOPBIX HEPAaBHOBECHA, UCTOJIB3YETCS MOJYyIMITU -
puueckast hopmyina (3). bosiee (pu3nuHBIiN TOAX0 TpeOYET yueTa psiaa IMIa3MOXUMUYECKUX MTPOLIECCOB,
YTO Ha JAHHBIM MOMEHT IPAKTUUECKM HEOCYIIECTBMMO B paMKax MOJENei, OIepUpyIOLINX OOIbITNM
YKCJIOM pa3psIIHBIX KaHaI0B (IToApoOHOe 00CyXIeHWe TaHHOM MPOoOJIeMbI ITpUBeaeHO B padote [35]).

K cuiabHBIM CTOpOHaM TIPeACTaBACHHON MOAEIN TAKXKE MOXHO OTHECTU OTCYTCTBHE OOIBIIOTO YMC-
J1a YIIPOIIAOIINX TTPEANOI0XKEeHUI. JI1s1 cpaBHEHMSI, MOZIEV Tlepeaaoleil TMHuM (Harpumep, [4, 16])
TPeOYIOT 3a/laH1sI BHEIPSIEMOTO B U3HAYAJIbHO CYIIECTBYIOIIMI KaHaJl TOKa KaK (PyHKIIMU KOOPJAMHATHI
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u BpemeHU. Ellle ofHMM BXOIHBIM ITapaMETPOM JTaHHBIX MOJIEJIEH SIBJISIETCSI CKOPOCTb pacIipocTpaHe-
HUSI UMITYJIbCA TOKA.

Mojenb onuchiBaeT Takylo BaxKHYHO 4acThb Ipoliecca WHUIMAILIMK MOJHUM, KaK (hOpMHUpPOBaAHUE
yexJia 3apsaa auaepa. M3HavyaibHO 3apsi Ha MOJEIUPYEMOM OCU BO3HMKAET B XONE Pa3BUTUSI CTPU-
MepHBIX pa3psaoB. [lo3nmHee, HAaUMHASA ¢ MOMEHTA MOSIBJACHUS IIEPBBIX JIMAEPHBIX CETMEHTOB, OKpYKa-
folllee MX MPOCTPAHCTBO B Te€UEHUE HEKOTOPOIO BPEMEHU 3apsiKaeTcsl ToKaMu yTeuku (cM. opmyry
(13)). JaHHbIi mpoliecc oTpaxkaeT TOT (akT, YTO TOHKUM JUACPHBINM KaHaJ, HaXOASIIMICS IO/ BBICO-
KWUM HanpsiKeHUWeM U 00J1a1atoluii OueHb MaJioii 10 CPAaBHEHUIO C YEXJTIOM BJIEKTPUYECKON €eMKOCThIO,
He cIoco0eH yaepxarh B cede 00JIbIIOoN 3apsi, repeaaBasi ero B 4eXoJs MoCpeCTBOM palualbHbIX TO-
KoB [27]. Ha MOMeHT OKOHYaHMsI MOJEJIMPOBAHMSI CUCTEMa MpPeACTaBIIsieT cO00i OMMIOISIpPHBIN JTUIep
MOJIHMM, UMEIOIINI 0oJiee-MeHee TIaaKoe paciipeaeeHre ITIOrOHHOIO 3apsiaa ¢ YeTKO BbhIpaKeHHBIMU
MOJIOXKUTEbHOM 1 OTpULIATEIbHON YacTsIMU (CM. pUC. 2). AHAJOTMYHBINA MOAXOA K Mepe3apsiike yexsa
3apsia BOKPYT JIMAEPHOro KaHaja Obl1 npemioxeH B padore [20], ogHako ee pe3yJbTaThl OrpaHUYeHbI
paccMOTpeHMEM eIMHCTBEHHON CTyNeH! M3HAYaJIbHO CYIIECTBYIOIIEIO HAaYaJbHOIO JIUIEpPa U ITI03TOMY
He OMUCHhIBalOT (POPMUPOBAHUE MCXOAHOTO Uexiia 3apsaa Juaepa. Kpome Toro, B oT/inuue ot JaHHOMN
paboThl Moaeb [20] He MpUHUMAET BO BHUMaHUE 3aBUCUMOCTb (15) 00beMHOI TIJIOTHOCTH 3apsifia BHY-
TPpU YexJia OT paauajbHOM KoopauHaThL. B [21] yexou 3apsima BOKPYT IMASPHOTO KaHajla He 3aJaH SIBHO,
OJTHAKO ero 3JIeKTpUYecKasi EMKOCTb YUUTBIBAETCS MyTeM UCKYCCTBEHHOTO YBEIUYEHUSI OTHOCUTEIbHOM
JIUBJIEKTPUYECKOU MPOHUIIAEMOCTH KaHaJa.

CoracHO TOCHOACTBYIOIIEH TMIOTe3e, UMIYJIbChl TOKA (3JeKTpoMarHuTHoro manaydeHus) HUII
BO3HMKAIOT B pe3yJibrare (POpMUPOBaHUS CTyIEHeil HayalbHOTO JIMepa, KOTOPbIe TaKXKe aCCOLMUPY-
10T ¢ B-CcTyneHsIMM OTpHILIaTeIbHOTO Juaepa. [1oatomy B cyiectBytommux mMoaeasx HUIT Ha MOMeHT
Havajia MOJEJMPOBaHUS JUAECPHBIN (MM 10 KpaiiHell Mepe IIpOBOISIINIA) KaHa yXe cymecTByeT. Om-
HaKo B JaHHOI paboTe nmokazaHo, yto HUII Takke MOTYT ObITH CIeICTBUEM MPaKTUUYECKU MITHOBEHHO-
ro («B3pbIBHOTO») (POPMUPOBAHMS TOPSIYETO JTUACPHOIO KaHaia JJIMHON B HECKOJIBKO COTeH METPOB, B
OCHOBE KOTOPOTO JIEKUT pe3Kasi 3aBUCUMOCTh PABHOBECHOI IPOBOAMMOCTHU TOPSIYEH JIMACPHOI IIa3Mbl
OT TeMrnepaTypbl. B HEKOTOpOM cMBbICIie JaHHBI MPOLIECC MOXHO paccMaTpuBaTh Kak (pa3oBblil mepe-
XOJI OT CJ1a00 TTPOBOASIIIEr0 (CTPUMEPHOTO) COCTOSIHUS KaHajla K XOPOIIO MPOBOISIIEMY JTUASPHOMY.
I1pu aTOM yIpaBISIOIIMM ITapaMeTPOM JaHHOTO Mepexoaa sIBIIsIeTCs TeMIlepaTypa KaHana. [Toxoxue
naen ObLIM BbICKA3aHbI B McciaeqoBaHusx [4, 7, 9], B KOTOPBIX 00CYyKIaeTCsl BO3MOXKXHOCTD IIpOTpe-
Ba TokaMu HMII uzHavyajbHO XOJOAHOIO IJIa3MEHHOIO KaHaljla, aCCOUMUPOBAHHOTO ¢ HavyaJbHbIM
muaepoM. OCHOBHOE OTJIMYME OT Pe3yJIbTaTOB TaHHOI paOOThI 3aKJII0YAeTCs B TOM, YTO, 110 MHEHMIO
aBTOpOB [4, 7, 9], IJIs1 ycTaHOBJIEHUSI CAMOMOIEPKUBAIOIIETOC JUIepa MOJIHUY TpeOyeTcs He ONUH
HMUII, a cepus nmocaenoBaTeIbHbIX UMITYJIbCOB MP0O00sI, KaXKAbIi U3 KOTOPBIX MOBLILLIAET TEMIEPaATypy
(MpoBOAMMOCTD) KaHaJja.

Mojenb TakKe OMUChbIBaeT 9KCIIEPUMEHTATbHO HAOII0AaeMble «y3KME» UMITYJIbChI 3JIEKTPOMArHuT-
Horo uznyyenuss HUII ¢ xapakrepHoit jiutebHOCTbIO 0,1—1 MKC, MICTOYHMKAMU KOTOPBIX SIBJISIIOTCS
OTHOCHUTEJILHO HEOOJIbIINMe BCIUIECKM TOKA, BO3HUKAIOIIME B MOMEHTHI CIIMSHUN IIOJSIPU30BaHHBIX B
3JIEKTPUUYECKOM M0JIe 00JIaka UCKPOBBIX KaHaJIOB. [eHepalus «y3KUX» UMIYJIbCOB MPeaIecTBYeT Mpo-
LIECCY «B3PBIBHOIO» (hOPMUPOBAHUS JUIepa MOJHUM, KOTOPhI 00eCIIeYnBaAET IMOSIBIIEHUE «KJlacCUue-
ckux» OHY—HY nmnynbcoB ToKa (31eKTpoMarHuTHoro uaiydeHus ) HUIL.

B uesiom nmpomoaennpoBaHHasi OCIe10BaTeIbHOCTD MPOLIECCOB COIJIacyeTcsl CO CLieHapUsIMU UHU -
nyauuy MmoaHuu [17, 25, 37], corjiacHo KOTOPbIM rOpsTYMii CaMOITOAAE PKMBAIOIIMICS JTUIEPHbIM KaHa
«BBI3pEBAET» BHYTPU M3HAYAIHLHO XOJOMHON O0BEMHOI CETU IUIAa3MEHHBIX KaHAJIOB, IIPEACTaBICHHONI
B IaHHOU MOJieIM B BUJIE OJTHOMEPHOro aHajora. Bo MHOroM cXoXuii ¢ pe3yjbraTraMu JaHHOH padoThI
rpoiiecc GopMUPOBaHMSI KOMITAKTHBIX BHYTPUOOIaYHbIX pa3psiaoB ObLT HeTaBHO ITPOMOAEIMPOBaH B [36].

Baxwyio ponb B pazButun moaeiabHoro HUII urpaer HavyanbHbIN TTpo¢Ib BHYTPHUOOIa4YHOTO T10-
teHuana (cMm. puc. 1). Ero BostHooOpa3HbIil pelibed, SIBISIOMMICS pe3yIbTaTOM pa3BUTHS ITyYKOBOM
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HEYCTOMUYMBOCTHU B IUIa3MOIIOJO0HOM 0bjayHoi cpene [22, 23], co3maeT «4eTOYHBI» BepTUKAIbHBIN
MpouUIb HANPSKEHHOCTU 3JEKTPUUECKOTO IT0JI. DTO CIIOCOOCTBYET (DOPMUPOBAHUIO ILJIA3MEHHOIO
KaHaJia, MepeKpbIBalOIIEro 30Hy MAaKCMMyMa HaIpsKeHHOCTHU 3JIEKTPUYECKOTO TOJIs, JJIMHA KOTOPOTO
nocrtatouHa s reHepauuu HUII ¢ akcriepuMeHTabHO HaOMI01aeMbIMU ITapamMeTpaMu.

IIpencraBneHHast Momelb OObEAUHSIET B cebe BIIEMEHTHI 3JIEKTPOCTATUYCCKUX ITOAXOIOB, Tpa-
JUIMOHHO MCMOJIb3yeMbIX JUJISI OMUCAaHUSI pOCTa JAPEBOBUIHOM CTPYKTYpPbl MOJHUM (Hampumep, [18,
34-36, 38—41]), u npubIMKEeHNS Mepeaalolieil JMHUM ¢ pacIipelejeHHbIMU 110 BBICOTE MapaMeTpaMu
(Hammpumep, [4, 16]). OTHUM U3 OYEBUIHBIX HEJOCTATKOB MOJIEIIN SIBIISICTCSI €€ OMHOMEPHOCTh. JlaHHOe
OorpaHMWYeHME CBSI3aHO C TEM, UTO BBICOKOE ITPOCTPAHCTBEHHOE pa3pellieHre, pa3aeibHOe paCCMOTPEHUE
TOHKOM JIMACPHOM XKUJIbI U YeXJia 3apsifia BOKPYT JUAECPHOTO KaHajla, a TaKXKe YYeT dBOJIOLUU TeMIle-
paTyphl pa3psiIHBIX KaHAJIOB (JaXe B YIIPOIIEHHOM (hopMe) TpeOyIOT 3HAYNTEIbHBIX BEIYMCIUTETBHBIX
pecypcoB. ABTOPHI INTAHMPYIOT IIPEOA0JIETh JaHHOE OTpaHUYeHHE B OyayIImx padoTax, B KoTopbix HUIT
OyIyT McClienoBaHbl B paMKax 00J1ee COBEPIIEHHBIX TPEXMEPHBIX MOJIEIEN ¢ COXpaHEHUEM (Pa3BUTUEM)
BCEX MPOTPECCUBHBIX YePT MPEACTABICHHOro noaxona. Kpome mpouero, MHOTOMEPHOCTh Pa3psiAHOTO
JipeBa BaxkHa JIJ1s1 onrcaHus hyHAaMeHTaIbHBIX 3((hEKTOB, CBSI3aHHBIX C ACUMMETpUEit pa3BUTUSI MOJIO-
KUTEJIbHOTO U OTPULIATEIbHOTO TTOJIIOCOB MOJTHUU, B OCHOBE KOTOPBIX JIEXKUT CMELeHNEe TOYKU peBepca
MOJIHUM B CTOPOHY JTOMUHUPYIOIIEH MO nepudepruitHoMy TOKY yacTu [42].

3akinoyenue

B pabote npencrasieHa u anpodupoBaHa YMCIEHHAs MOJIEb, B paMKax KOTOPOU OblJT BOCIIPOU3BE-
neH umnyiabe Toka HUITT ¢ ammautynoit u autenbHOCThio 13,5 KA 1 ~2 MKC cOOTBETCTBEHHO. Mojesb
00J1aJ1aeT BBICOKMM MPOCTPAHCTBEHHO-BPEMEHHBIM pa3pellieHUeM, YUUThIBAET SBOJIIOLIUIO TeMIepaTy-
Dbl pa3psiIHbIX KaHAJIOB M BOCITPOM3BOAUT Mpoiiecc (hopMUPOBaHUS Uexiia 3apsjaa auaepa. B otnuuue
OT MPEeIIEeCTBYIOIINX pabOT, MOIEIUPOBAaHUE HAUMHAETCSI C MOMEHTA MOSIBJIEHUSI B TPO30BOM 00JIaKe
MEePBBIX CTPUMEPHBIX KAHATOB. DTO TO3BOJISIET HE TOJIBKO OMKUCaTh (DOPMUPOBAHUE «KJIACCUYSCKOTO» 1
«y3KOI'0» UMIIYJILCOB TOKa (3JieKTpoMarHuTHoro usirydeHusi) HUII, Ho 1 neTaJbHO MIPOMOAEINPOBATh
BeChb IMPOLIECC MHULMALKUU MOJHUU ((pOopMUpPOBaHUSI HAYaIbHOTO JIMjepa), MPOUCXOASAIINI camMoco-
IJIacOBaHHBIM 00pa3oM. Pe3ynbraThl MOAEIMPOBAHMSI MOKA3bIBAIOT, YTO UMITYJbchl Toka HUIT moryt
BO3HUKATh HE TOJBKO KaK r'MNepTpO(prUpPOBaHHBIE CTYNIEHU OTPULIATEIBLHOTO JIMIEPa, YTO Ha JAHHBIN
MOMEHT SIBJISIETCS OCHOBHOM I'MITOTE301, HO U B pe3yJibTaTe MOsIBASHUS TUAEPHOTO KaHasla JUTMHOM B He-
CKOJIBKO COT€H MeTpOB. [Ipu 3TOM UCTOYHUKOM «y3Kux» UMITyJIbcoB HUII MoryT ObITh BCILIECKU TOKA,
BO3HUKAIOIIIME B MOMEHTBI CJIMSIHUI MTOJISIPU30BAHHBIX B 3JIEKTPUYECKOM I10JI€ 001aKa UCKPOBBIX KaHa-
soB. ConyTcTBytomuii hopmMupoBaHuio «kjaccudeckoro» OHY—HY nMmynbca 371eKTpru4ecKoro ImoJjist
uznyyeHust (toka) HUII nepexon cTpuMepHbIX KaHAJIOB B JIMIEPHOE COCTOSIHME UMEET «B3PbIBHOI»
xapakTep. Ou3nuecku 3T0 0OBSICHSIETCS Pe3KOM 3aBUCUMOCTBIO PAaBHOBECHOM TTPOBOAMMOCTH TOpSYeit
JIMIEPHOM 11a3Mbl OT Temriepatyphbl. [Ipoliecc hopMupoBaHMs TUAEPHOTO KaHajla MOXKHO paccMaTpu-
BaTh Kak (ha30Bblil Mepexo/ OT c1ado MPOBOASIIET0 CTPUMEPHOTIO COCTOSIHUSI KaHaja K XOPOILO MPpo-
BOJISAIIIEMY JTUAEPHOMY, YIIPABJISIOUIAM ITapaMeTPOM KOTOPOTO SIBJISIETCS TeMIlepaTypa IJa3Mbl KaHaula.
IMpenckazanHbie Moaenbto mapamerpsl HUIT u cooTBeTcTBYIOIIME OCHMIIOTPAMMBI HAMPSIKEHHOCTHU
BJIEKTPUYECKOTO TMOJISI U3IyYeHUSI XOPOIIO COTJIACyIOTCSI C HATYPHBIMU U3MEPEHUSIMU. Pe3ynbrathl pa-
OOTBI BaXKHBI JJISI JIyUIIEro MTOHMMaHUs IIpoliecca MHULIMALIMY MOJIHUM B TPO30BOM obOiake. Moaugu-
Kalluy MpeJACTaBIeHHONW MOJENU, CUJIbHON CTOPOHOUN KOTOPOM SIBJISIETCS BbICOKAsl CTEINEHb AeTaan3a-
LIMY pa3psIIHBIX TTPOLIECCOB U yUyeT TepMOAMHAMUYECKUX ACIIEKTOB pa3BUTHUS TJIa3MEHHBIX KaHAJIOB,
MOTYT OBbITb UCITOJIb30BaHbI 1151 MOAECIUPOBAHUS (POPMUPOBAHUS CUTIBHOTOYHBIX MOJTHUEBBIX Pa3psI0B
B TPEXMEPHOM cliyyae.
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Abstract. The article presents the results of testing the technology for assessing the state of linear
insulation based on monitoring the leakage current parametersin a string of insulators. The technology
allows for a quantitative assessment of the probability of insulator string overlap and power loss in
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Beenenne. bobIIMHCTBO TEXHOJIOTUYECKUX HAPYLIEHU B BHICOKOBOJIBTHBIX CETSIX MPUXOAUTCS Ha
BO3IYIIHBIC TUHMUU dJIeKTponepenaun (najaee — BJI). Boicokas aBapuiitHocTs BJI cBsI3aHa ¢ cyliecTBeH-
HbIM MIPUPOAHBIM U TEXHOTEHHBIM BO3[EHCTBUMEM, a TAaKXKe C BBICOKOU cTerneHbio n3Hoca. OnHoi U3
OCHOBHBIX IIPUYMH aBapUIHBIX OTKII0YeHUIA BJI sBIsIETCS MepeKphITHE 3arpsA3HeHHOR u3omauuu’ [1].

s CHUXKEHMST KOJIMUECTBA OTKIIIOUEHUI 110 TIPUYMHE ITEPEKPBITUS 3arpsI3HEHHBIX MOIBECOK TTPU-
MEHSIIOT UX MacCOBYIO WJIM BHIOOPOYHYIO 3aMEHY, PYKOBOJICTBYSICh pe3yjibTaTaMy BU3YyaJlbHbIX HaO0/1e-
HUIi, CTATUCTUKU MEPEKPHITUI 110 huaepaM 1 JOKALMSIM, COMOCTaBIeHreM (paKTOB aBapuii ¢ HaAXOIsI-
LIUMUCS TTOOIM30CTH UICTOUHUKAMMU 3arpsI3HEHUIA.

Texnuueckas noautuka [MTAO «Poccetr»? 1 GOJIBIINMHCTBA CETEBBIX KOMIAHUI B Mupe [2—4] npen-
roJiaraeT MocjaeA0BaTeIbHbIIM Mepexo] OT CUCTEMbI TIJIaHOBO-TPEAYNPEeIUTETbHOTO OKA3aHUsI BO3/Ieii-
CTBUSI Ha aKTUBBI K pUCK-OpHUEeHTHUPOBaHHOMY yrnpaBieHuio (naiee — POY). B Poccun POY 6azupyetcsa

! 3neck u jajee Moj M30ISIMIEH B 3aBUCHMOCTH OT KOHTEKCTa MOAPa3yMeBaeTCsl CANHMYHBIN H30JISTOP, THPIISH/A H30JISITOPOB, H30JIMPYOLIast
MoZIBECKa WIIM MX COBOKYITHOCTH Ha orope BJI, na BJI B neiom, Ha Beex o6ciryxuBaeMbix BJL.

2 Tlonoxenue [TAO «Poccet» «O eIUHON TEXHMIECKOU MOIUTHKE B DJIEKTPOCETEBOM KOMILIEKCE» (HOBast pefakims). Pexxum moctyma: https:/
www.rosseti.ru/upload/docs/tehpolitika 29.04.2022.pdf?ysclid=m5zd1ejdxt323573767 (nara obpamenus 16.01.2025).

© Volkhov K.V., Titov D.E., Kudryavtsev A.A., Tkachuk Ya.V., 2025. Published by Peter the Great St. Petersburg Polytechnic University
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Ha pacueTe UHIeKca TexHuYeckoro cocrtossHus (najgee — MTC) u mocenyioleil olieHKU YpOBHEl Tex-
HUYECKOT0 prcKa’.

IMTpumenuTenbHo K uzonsiuuu BJI wist pacuera UTC ncnosib3yroTcst JaHHbIE BU3YaJIbHBIX OCMOTPOB.
[Toatomy 3arpsi3HeHHE Kak rnapameTp (GyHKIIMOHATBLHOTO y3/1a — U30JISIIIMU OLIEHUBAETCS TOJIBKO Kayec-
TBEHHO B TEPMUHAX «CTOMKOE», «<HECTOMKOE yaalIeEMOe» WM «OTCYTCTBYeT»*. Takas rpamanns 3Ha4YeHUIA
rapamMeTpa He TT03BOJIsIeT KOJIMUECTBEHHO PaHKMPOBaTh N30JUPYIOILIUE TTOABECKU 110 PUCKY MEPEKPHITHSL.
Bonee Toro, «Ha r1as» HEBOZMOXHO TOCTOBEPHO OLIEHUTb CTOMKOCTh 3arpsI3HEHMST U CBSI3AHHBIN ¢ HUM
PVICK TTePEKPBITHSI.

CylIecTBYIOT METO/Ibl IMAarHOCTUKU U30JISITOPOB C MOMOIIBIO MOPTaTUBHBIX YCTPOMCTB, B TOM UUCTIE
yabTpacduosieToBbix (Hanee — Y@®) nmpubOOpPoOB CO CYSTUMKAMM YACTUUHBIX pa3psiioB U MH(MPaKpacHbIX
(manee — MK) xkamep. 3HauMMBbIli HEIOCTATOK JAaHHBIX METOAOB CBSI3aH C HEAOCTATOYHON pa3pellaro-
1IeH CITOCOOHOCTBIO YCTPOMCTB MPU HAOIIOACHUN JTUHEHHON U30MSILIMU C 3eMJIM U MOXKET ObITh pellieH
3a CUET MCIMOJb30BaHUsI OECMUIOTHOIO JIETaTeIbHOIO arnrapara BAHTOKpbUIoro Tuna. [1pu 3ToM rias-
HBII HETOCTATOK 3TOTO CIIOCO0a MMarHOCTUKU — (PUKCALIMS MTHOBEHHOTO COCTOSTHUST U3OJISIIIUA — CO-
xpansietcst. YO rpu6ops! 1 MK kamepbl GUKCHPYIOT YaCTUIHBIE pa3psabl WM HArpeB B ONPeIeICHHBIX
BJIAXKHOCTHBIX YCJIOBUSIX U B OINPEJEIEHHYIO CTJMIO MPOLIecca pa3BUTHS NIEPEKPBITUSL. Uepes HeCKOJIb-
KO MUHYT WJIM 9aCOB YCIOBUS MEHSIOTCS, YTO TMIPUBOAUT K U3MEHEHUIO TOKA YTEUKH U, KaK CJICACTBHE,
K UIBMEHEHW IO KOCBEHHbBIX Ha0JII0JaeMbIX ITapaMeTPOB (UMCJI0 UMITYJIbCOB B €IMHUILY BPEMEHU WJIU Tpa-
JIMEHT TeMIiepaTyp).

[ pyrre MeToabl IMarHOCTUKK, OCHOBaHHBIE Ha BBISIBIICHUN 9KBUBAJIEHTHOM TJIOTHOCTH OTJIOXKEHU
coneit (ESDD) unu niaoTHOCTH HepacTBopuMbIX oTjoxeHuit (NSDD) [5], TpeOyroT oTktoueHus Jau-
HUU U yIaJeHUs UCTIBITYeMOTO U30JIITOPa, MTO3TOMY PEIKO 10Ka3bIBAIOT CBOIO SKOHOMUYECKYIO dhdeK-
TUBHOCTD.

B nocnenHue necsThb JeT Bce yallle MyOoJUKYIOTCS MaTepualibl ¢ pe3yibraTaMy MPSIMbIX U3MEPEeHU I
TOKA YTEUKH B U30JISILIMU B YCIOBUSIX 9KCIuTyaTatuu [6—9]. JlaHHbI (haKT CBSI3aH C pa3BUTHEM TEXHOJIO-
ruii ceHcopuku u Internet of Things (IoT), a Takke ¢ pocTOM BO3MOXHOCTE# cOOMpaTh 1 00pabaThIBaTh
Oosibllie 00bEeMbl TaHHBIX. [1pr 3TOM crocoObl u3MepeHus (YacTora MojydyeHus MakeToB, TUCKPeT-
HOCTb U3MEPEHU, TpeAesIbl U3MEPEHUI, DUKCUPYEeMbIii TapaMeTp TOKA YTEUKH U T.1.), a TAKXKE METOIbI
WHTEPIIPETALINH PE3YJIBTAaTOB U3MEPEHMI 3HAYNTETbHO OTIIMYAIOTCS Y pa3HbIX aBTOPOB, HO Yallle BCETO
CBOJISITCSI K CpPaBHEHWIO M3MEPEHHOI0 MTHOBEHHOI'O 3HAUYE€HHUSI OJIHOTO U3 MapaMeTpoB TOKa C MOporo-
BbIM 3HaueHHeM. OTCYTCTBUE OOILEMPUHSTOrO MOAX0AA K OLIEHKE COCTOSIHUSI TUPJISIHABI IO UBMEPEH-
HOMY TOKY YTEUKH TOBOPUT O HE3PEIOCTH TaHHOM 001aCTH TEXHUKH.

Takum o6pazomM, puHuMIibl POY nipu ynpapieHuu uzossiuveid BJI He MoryT ObITh peajin30BaHbI
B MOJIHOI Mepe BBUAY HeJOCTaTKa TUAarHOCTMUECKUX NaHHBIX U HECOBEPUIEHCTBA METOAUK PaHXKUPO-
BaHUsI 10 pUCKY IepekpoiTus. s epexona Ha POY cocTosiHueM u3osiinuu TpedyeTcs pa3paboTka u
BHEAPEHHUE UHCTPYMEHTOB, MO3BOJISIIOLIMX COMOCTABJISITh COCTOSIHUE U30JISLIMU KOJTMYECTBEHHO 1 PaH-
>KUPOBATh €€ TI0 PUCKY MEPEKPHITUSI.

AO «OAN3» n CKONKOBCKMM MHCTUTYTOM HayKU TE€XHOJOTMI pa3dpaboTaHa TEXHOJOTUS AUATHO-
CTUPOBAHMUS TUHEWHON U3OJISILIMU 110 TOKY yTeuku. COBMECTHBIE MCClIeOBaHUsI B 3TOM 00J1acTy ObUTU
Havatbl B 2016 rojy. 3a 310 BpeMsi ObLIM MPOBeIeHbI Ja00paTOPHbIE UCCICIOBAHMS ITOBEIEHUS COCTOSI-
HUSI M30JISILIMM C €CTECTBEHHBIMU 3arpsi3HeHusIMU [8], pa3paboTaHbI IIEpBbIe BEPCUN YCTPOUCTB UHIAN-
Kaiuu coctosiHus nzonsiuuu (nainee — YU C) [9] u mpoBeaeHbl ux HaTypHble uctibiTaHus Ha BJI 110 kB B
ITAO «MPCK KOra» u Ha BJI 330 kB B [TAO «<MBC KOra» [10], nocTpoeHa MaTeMaTU4YeCcKast MOAEb IJIs
OLICHKM COCTOSIHUS M3O0JISILUM I10 JaHHBIM O TOKaX YTeYKM U IIPWIOXKEHHOM K Hell HanpsikeHuwu [11].

* Tlocranosnenue IIpaButenscrea PO or 19 nexabps 2016 1. Ne 1401 «O KOMIUIEKCHOM OIIPE/ICICHNH TTOKa3aTeIel TeXHUKO-OKOHOMHYECKOTO
COCTOSIHUS OOBEKTOB dIEKTPOIHEPIeTHKY, B TOM UYHCIIC ITOKa3aTeslel (pU3MIEeCKOro N3HOCA H SHEPreTHIeCcKkoi (G (HEKTHBHOCTH 0OBEKTOB dIEK-
TPOCETEBOTO XO34HCTBa, H 00 OCYIIECTBICHHH MOHUTOPUHTA TAKHUX ITOKA3aTeein».

4 Tlpuka3 Munucrepcrsa suepretuku PO ot 26 mroist 2017 . Ne 676 «O6 yTBepKICHHH METOANKH OLEHKU TEXHHYECKOTO COCTOSIHIUSI OCHOBHO-
TO TEXHOJIOTHYECKOro 000PYIOBAHUS U JIMHUH IEKTPOIepeadn JEKTPHIESCKIX CTAHI[HI U JIEKTPHIECKHX CeTel.
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=
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B HacTos1ieit ctaThe NMprBeaeHbI PE3YJIbTaThl HATYPHBIX U Ja0OPATOPHBIX UCTIBITAHUI TEXHOJIOTUU
KOJIMYECTBEHHOI OLIEHKN COCTOSIHUS TUPJSIHABI CTEKIISTHHBIX 130J19T0poB 110 KB mocpenctBoM msme-
pPEHUIi TOKa YTeUKH.

MeTo/1bI 1 MaTEPUAJIBI

Memooduka ouenku cocmosinus uzoaupyoueli no0secKu

Kitaccudukaiyst COCTOSTHUI H30JIMPYIOIINX MOABECOK Oa3HpyeTCsT Ha CpaBHEHHUU BbIIEPKUBAEMOTO
Hanpsokenns U, ¢ dhasHbiM HanpsokeHueM noasecku Uy v Mmocienyommm pucBOEHUEM OIHOTO U3
TPeX COCTOSTHUIA: XOpolliee, olmacHoe, Kputdeckoe. Kpome Toro, mIpoBOAUTCST pacueT BEpOSITHOCTH TIe-
PEKPBITUS ITOABECKU P [Tl KOJIMYECTBEHHOTO CPABHEHUS COCTOSIHUSI TUPJISIHI, MEXIY COOOA.

U,, paccunThIBaeTCs cOrnacHo A.1.2° ¢ 10BepUTENIbHOI BEPOATHOCTBIO 90%:

Uy =U. -(1-1,3-0"), (1)

rne U C'p — HUKHee 3HaueHWe CPEeHEro paspsiTHOTO HANpshKeHus, KB; ¢’ — HanbGonbliee 3HaueHUE
B OTHOCHUTEJIbHBIX €IMHMIIAX CTAHIAPTHOTO OTKJIOHEHUs B JOBEPUTEIbHOM MHTEpBaje MPU 3aJaHHOM
TOYHOCTH OIpeNeIeHNS C.

CraHnapTHOE OTKJIOHEHUE G — cyMMa abCOTIOTHOTO OLIEHOYHOIO 3HAYEHUsI CTAHAAPTHOIO OTKJIO-
HEHMUSI Pa3psiIHOTO HAMIPSDKEHUS TIPY UCTIBITAHUSIX Z M CTAHAAPTHOTO OTKJIOHEHUS OLICHKU Pa3psiiHOTO
HAMPSDKEHUS 110 TOKY YTEYKHU G B MATEMAaTUIECKON MOJIENH (G, MTPUHUMACTCS] PABHBIM 23,6% [11]):

c=z+0C,. (2)

Mapamerper U c'p U G Ompenessiorcs ¢ 10BEPUTEIbHOI BEpOATHOCTBIO 90% C y4eToM Yucia Mpy-
noxeHus HanpspkeHuss N = 10 npu ucnsitanusx MetogoM 100%-ro paspsiaa Ha TUPJIsSTHIAX U3 CTEKJISTH-
HBIX U30JISTOPOB CO CJIelaMU €CTeCTBEHHBIX 3arpsi3HeHuid. [TogpoOHee McnbITaHusl onucaHbl B [11],
OHU MPOBOJIMJIMCH C LIEJIbIO O0YYEHUST MOEIU OLIEHKU Pa3psiIHOrO HaMpsKEHUs TUPJSHABI 110 mapa-
MeTpaM TOKa YTEUKH.

Ul =0, 0,580, 3)

cp

rae U — olLleHOUHOE 3HaYE€HUE CPEIHETO PAa3PALHOTO HanpsKeHus, KB; 0,58 — unciieHHOe 3HaYeHue
cp

t
—2_ u1s1 noBeputenbHoit BepositHoct 90% u N = 10.

JN

1,645c
o' =", “4)
Ucp
rae UCp — cpeaHee paspsiaHoe HampstkeHue, KB; 1,645 — yuciaeHHoe 3HaYeHMe JUJIST TOBEPU-
TenbHOM BepositHocTr 90% u N = 10.
UCp npuHumaerca pasasiM U C'p U onpenensiercs: cortacHo [11]:
U
_77 — @
cp cp_(yU 1005 (5)
0 50%

5 TOCT 1516.2-97 «D1extpoobopya0oBaHKe 1 MIEKTPOYCTAHOBKH HEPEMEHHOIO TOKa Ha HanpsbkeHne 3kB u eiie. OO11e METO/bI HCIIBITAHKH
INEKTPHYECKOH IIPOYHOCTH U3OJISIIUM.
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rne U, — dasnoe nanpskenne BJL, kB; %U, |, — dasHoe HanpsikeHue, BHIPAKEHHOE B % OT OLEHOY-
Horo 3HaueHus1 50%-T1o paspsinHoro HanpspkeHust Uy, .
%U. ., BBIUMCIISETCH T10 TapaMeTpaM TOKa YTeYKH coracHo [11]:

50%

%U sy, =19,629+7,536- LN (12, ) —2,899-(1/, )’l+

max max

6
+0,138x 1} ©)

Lin s +8.671-LG(I7),
roe LN (I P ) — HaTypaJbHbIi JlorapudM OT MAaKCUMAJILHOIO MMKOBOIO 3HAYEHUs TOKa yreyku [7
max >
MOJIyYEHHOIO IIPUMEHEHMEM BBICOKOYACTOTHOIro (uibTpa (ajredpanyeckas pa3HOCTb MCXOJHOIO U
CI/Ia2XK€CHHOIoO METOOOM CKOJIB3ALIIECIO CPEAHETO CI/IFHaJ'IOB) K ocujuiorpaMMe TOKa yTCYKU, ITOJTYUYCH-

HOI ¢ JUCKPETHOCThIO 1 MKC; (I Iﬁax) - 00paTHOE 3HAYeHUE OT MAKCUMAJILHOTO 3HAYCHUST BEIOOPKH,
IOJTY4EHHO! NMPYMEHEHNEM BBICOKOYAaCTOTHOTO (DMJIBTPA K OCLMJUIOrpaMMe ToKa yreduku; Iy . 5 o
— KOJIMYECTBO UMITYJIbCOB B BBIOOPKE, MOJYyUEHHOM MTPUMEHEHUEM BbICOKOYACTOTHOIO (hMIbTPa K OC-
LUIJIOrpaMMe TOKa YTE€YKU, aMILUIMTyAa KOTOPBIX HAXOAUTCS B AUAaIia3oHe oT 2 MA 1o 3 MA; LG(I -
— JECATUYHBINA JJorapuM OT aMIUIMTYAbl FTADMOHUYECKON COCTAB/ISIONIEH TOKA yTedKu [, MOIydeH-
HO# MPUMEHEHUEM HU3K0YaCTOTHOTO (hMIIbTpa (CIIaXKMBaHUEM UCXOIHOTO CUTHAIa METOAOM CKOJIb35I-
ILIETO CPEAHEro) K OCUMIIIOTpaMMe TOKA YTECUKHU.

ArnmpokcuManus (6) mojydeHa Ijis TUPJISTHI U3 TIITH M30JISITOPOB HanboJjiee pacipoCTpaHEHHOTO
tumna [1C-70. ITpu aTOM ypaBHEeHUE (6) HEe UMEET MapaMeTPOB, CBSI3aHHBIX C KOJMYECTBOM U30JISITOPOB
B TUPJISIH]IE Y TIPUJIOKEHHBIM HAIIPSIKEHUEM, UTO BhITEKAET U3 METOAMKY JIAOOPATOPHBIX UCITBLITAHUIA.

C nosbllieHUEM Kiacca HarpsibkeHus: BJI konuvecTBO M30JTOPOB B TUPJSIHAE YBEJIMUMBAETCS
MPaKTUYEeCKU JTUHENHO, a 3HAYUT, IPUBEICHHOE K OIHOMY M30JSITOPY IMaleHue HaIpsKeHUsT coxpa-
HsieTcsd. [1o3TOMy YaCTUUHBIE Pa3psiibl, CBSI3aHHbBIC C JIEKTPUUESCKUMHU IY>KKaAMU, HAYMHAIOIIUMUCS U
3aKaHYMBAIOIIMMUCS HA MTOBEPXHOCTU CTEKJIOAECTAIM (HAIIPUMED, MEXIY ABYMSI KaIlJISIMU), HE TOJXKHbI
3HAYUTEJIbHO U3MEHSThCS 110 XapakTepucTukaM. KopoHHbIe pa3psiibl KaK pa3HOBUIHOCTh YaCTUYHBIX
CTAHOBSTCSI 3HAUUTEIbHO MHTEHCMBHEE HA HUDKHUX U30JISITOPaX TUPJISIHABI IIPU POCTE TIPUIIOXKEHHOTO
HaIpsKeHUS.

ITpu pazpaboTKe METOAMKYN aBTOpaMU OBLIN MPOBEIEHBI ITpeABAPUTEIbHBIC UCCIeI0BAHUS TI0 OIpe-
JIEJICHUIO ONTUMAJIbHOTO KOJMUYECTBa U30IATOPOB. OHO OBbLIO OMpeaeacHO, UCXOs U3 CXOKECTH IIPOo-
1iecca pa3BUTHUSI IEPEKPBITUS TPeX, TSITH, CEMU U AEBITU U30JSITOPOB (M, KOHEYHO, BO3MOXHOCTEH 1C-
MbITaTeJIbHOM ycTaHOBKM). [1py 5TOM B X0/lie MCIIBITAHUI HAIIPSDKEHUE, TIPU KOTOPOM OBLIM TTOTYYeHBI
OCLMJIJIOrpaMMBI, Jocturajo 275 kB, yto 61mn3ko K ¢azHomy HanpsokeHnio BJI 500 kB. OTto mo3BosieT
MPEIOJ0XUTh, YTO MOJIeJIb MOXET ObITh TpuMeHuMa 111 BJI m1060ro Kiiacca HanpsoKeHUs! ¢ JTII00bIM
KOJIMYECTBOM U30JISITOPOB B TUPJISTHIE.

[Ipu cpaBHEHMU TTOABECOK MEXKAY COO0I MCIONB3YIOTCSI HAUMEHBIINE JOCTUTHYTHIE B XOAE 9KC-
TUlyaTaluy 3HaYeHMUsI U 50v> COOTBETCTBYIOIIME, KaK MPAaBUJIO, HAUOOIbIIEH CTENEHU YBIaXKHEHUS
MOBEPXHOCTU u30JsTOpoB. Ha puc. 1 n3o0paxkeHbl COOTHOILIECHUS MEXIY UB nlU o TPEX pasHbIX MO
CTeTIeHU 3arpsI3HEHUSI TUPJISTH]I.

[Tpu UB = UBl BEPOSITHOCTD MEPEeKPbITHS 1M3-32 HAKOTIJIEHHBIX 3arpsI3HEHUI MPpakKTUUYeCKU paBHA
Hymo. M30715111s1 HAXOAUTCS B XOPOILIEM COCTOSTHUM U He TpeOyeT 3aMeHbI, TaK KaK:

k-U, <Ug,, —3-0, (7)

rae k npunaT paBHbIM 1,6 g BJI menee 100 km cornmacao EPRI AC Transmission Line Reference Book:
200 kV and Above (Red Book)®.

® EPRI AC Transmission Line Reference Book: 200 kV and Above (Red Book). Pexxum moctyma: https://www.epri.com/research/prod-
ucts/000000003002026982 (nara obpamenus 17.01.2025).
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Puc. 1. [TpuHumn kiaccupukauum M30JUPYIOLIMX MOABECOK

Fig. 1. Principle of classification of insulating suspensions

ITpu UB = UBz BEPOSITHOCTb MEPEKPBITUSI CTAHOBUTCS 3HaUUMOl (HO MeHee 0,1), uzonsguusi Haxo-
JIUTCSI B ONTACHOM COCTOSIHMU 1 TpeOyeT MOBbIILIEHHOTO HAOJIIOIeHNS, TaK KaK:

Ugp, —3-0<k-Uy <Ugy, —1,3-0. (8)

[pu U, = U, BEPOATHOCTH NMEPEKPBITHS HACTOJILKO BbicOKa (6otee 0,1), 4TO M30MIALMHU TPUCBaK -
BaeTCs CTaTyC KPUTMUECKOTO COCTOSTHUS C HEOOXOMMMOCTBIO CPOUYHOI 3aMEHBI, TaK KakK:

k-U, >0, —1,3-c. 9)

BepOHTHOCTL TIECPEKPBITUA P gBnsercs KOJMMYeCTBEHHOMN MepOfI OL€HKN COCTOAHMA M3O0JIALNN U
ONpeACIACTCA YEPE3 BLIYUCIICHUEC BEPOATHOCTU 3aJaHHOTO OTKIOHCHU !

poof Y =kUs ) (10)

o

rae @ — dpyukuus Jlamaca.

AJITOPUTM OLIEHKU COCTOSIHUSI U30JISILIUM TIPEICTAaBIeH Ha puc. 2.

JOCTUTHYTOE M BBISIBIEHHOE OMHAXKIBI OIMMTACHOE MM KPUTUIECKOE COCTOSTHUE M30JUPYIOIIei TToI-
BECKH «3aKPETUISIeTCS» 32 Hell Ha IIOCTOSTHHOIM OCHOBE HE3aBUCHUMO OT TOTO, KaK YacTO PeTUCTPUPYETCs
B JaJIbHEHIIIEM, U MOXET ObITh UBMEHEHO B JIYUIIIYIO CTOPOHY TOJIBKO TPU 3aMeHe, OOMBIBE WJIM YUCTKE
MOABECKH, TaK KaK BPeMEHHOE YJIyUIlIeHHEe COCTOSHUS BBI3BAHO, KaK IMPAaBWIO, CHIDKEHUEM CTETIEHHN
YBJIaXXHEHHS TTOBEPXHOCTH U30JISITOPOB, a HE CHUXKEHUEM MPOBOJMMOCTH 3arpsi3HEHUMA.

[ToTepu 271eKTPpOIHEPIUU 3a KaJleHIAPHBIIA Mecs1l OLIEHUBAIOTCS CIEAYIOLIUM 00pa3oM:

I U At
’°x/_1000 3600

w=>" (11)
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M3mepetne Toka yTeukK
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Puc. 2. AIropuT™ OLIeHKM COCTOSIHUSI M30JIMPYIOLLEH MOIBECKU

Fig. 2. Algorithm for assessing the condition of the insulating suspension

rae W — mortepu 3JEKTPO3HEPIUM 3a KaJleHAapHBIA Mecsil, KBTu/Mecsl; i — MOpSIIKOBBIA HOMEpP
usmepenust [~ ; N — konmuuecTBo usmepenuii [ 3a pacueTHblit Mecal; /. — MTHOBEHHOE U3MEPEHHOE
3HayeHue I, A, pacCYUTaHHOE U3 OCLMJIOrpaMMBbl, TojydeHHoi ¢ YUC; U o dazHoe HampsEKeHMe
BJ1, paBHoe 72,75 kB st BJI 110 kB (paccuntano kak Haubosbliee padbouee HampsikeHue 126 kB, co-
miacHo 'OCT P 57382-2017, neneHHoe Ha \/§ ); Ati — BpewMs, TIPOIIEAIIEe C MOMEHTA TTIOJTyYEHUS TTpe-
npiaymiero nakera ¢ YUC, cek.

Texnuueckas pearuzayuss MexHoA0UU OUEHKU COCIOSHUS UB0AAUUU »

Kaxk ObL10 YIOMSIHYTO BbILIE, ITApaMETPhl TOKA YTeUKU B rupJisinae LN (] . ), (I rflax) N £
n LG (I - ) 3HAUUTEJIbHO U3MEHSIIOTCSI BO BpEMEHU B 3aBUCUMOCTU OT MHOXKECTBa (paKTOPOB, a 3HAUMT,
TPEOYIOT MMOCTOSTHHOTO MOHUTOPUHTA. ABTOpaMM He HaliIeHbl Ha phIHKE YCTPOMCTBA, CIIOCOOHBIE CHU-
MaTh OCLMJIJIOTpaMMBbl TOKa yTeuku ¢ yactotoit 1 MIi1 B ycinoBusix akcrutyaraiiuu BJI. ABTopamu ObL1
pa3paboTaH MporpaMMHO-anIapaTHbIii KOMITJIEKC JUarHOCTUPOBAHMSI COCTOSIHUS U30JSILUU (ajiee —
Kowmruiekc), cnocoOHbI 00eceunTh CheM MoKa3aHWil TOKOB YTeUKHU B Tpex (ha3zax U MeTeoIapaMeTpoB
B TOUKE M3MEPEHMIT TOKA YTEUKH.

ArnnapaTHasi yactb KoMruiekca cocTouT U3 aBTOHOMHBIX O6ecripoBoaHbix YUC (puc. 3a), craHUuu
cbopa ¥ mepegauyn JaHHBIX Ha YIaJeHHBIN cepBep, OCHAIIEHHOW MeTeonaryukamu (nanee — CraHIus,
puc. 30).

C 3ajaHHBIM OTIEPaTOPOM MHTepBajoM, o KomaHae co CtaHuuu, Y UC BBIMOMHSIIOT CHHXPOHHBIE
M3MepEeHMUsl TOKOB YyTE€UKM Ha Kaxmoit u3 ¢a3 BJI u mepenaior pesyibTarhl 110 paauMoKaHaldy B BUIE
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Puc. 3. a) YUC (cneBa); 6) ctaH1uMs cOopa U niepeaadyu JaHHbIX (CIipaBa)

Fig. 3. a) Isolation status indication device (left); b) data collection and transmission station (right)

ocuwuiorpamMm Ha CraHuuioo. CTaHUMST JIOMOJHSIET M3MEPEHUs] TOKAa U3MEPEHUSIMU TeMIepaTypbl U

BJIAXKHOCTH BO3yXa, HAIPABJICHUSI U CKOPOCTH BETpa M OTIPABIISICT X Ha YIAJCHHBIN cepBep MOCpe-

CTBOM COTOBOI CBSI3U.

OcHoBHbIe napaMmeTpbl KoMIuiekca npeacTaBieHbl B TaoI. 1.

OcHoBHbIE TEXHHYECKHE XapakTepucTuku Kommiekca

Main technical characteristics of the Complex

Tabnumna 1

Table 1

HaunmenoBanue napamerpa En. nam. 3HavyeHHe mapamMeTpa

CTEKJISTHHBIC,

Tumbl IMarHOCTUPYEMBIX U30JISITOPOB — dapdoposbrie,
MOJIMEPHBIE

HomunanbsHoe HanpsikeHue BJI kB 110-500

Paspyatonast Harpy3ka M30Jupyollei moaBecku kH 70—300

ITorpenrHoCTh U3MEPEHMS TOKA YTEUKU:

B nuamnaszone 0,025—5 MA MKA *10

B nuamna3one 5—1000 MA MA +2

JAuana3oHbl U3BMEPEHUS TOKA YTEUKU MA 0,025...1000

PaspemeHue ocuunmiorpaMmbl (IMCKPETHOCTD) MKC 1-200

TePUOJIbI
O06BeM OCIUITIOTPAMMBbI MPOMBILILIEHHON 1-100
qacToThl 50 I11

IlepronnyHoOCTh OMpoca MUH. 1-360

Bpewms aBTOHOMHOI paboThl (0e3 moa3apsaa aKKyMyJISITOPOB e He MeHee 3

OT COJTHEUHOM MmaHesun)

CpoK 3KcIuTyaTaiu TOMIBI 10

IMonyyennsie ¢ YUC ocumyiorpaMMBbl, a TakKe pe3yIbTaThl MX 00pabOTKKM OTOOpaXKaroTcs B KU~
€HTCKOM ITporpaMMHoM obecrieueHuu (nanee — I10) (puc. 4). Knuenrckoe I1O — desktop-npunoxeHue
1711 Windows — curHaiM3upyeT ornepaTopy 0 HEOOXOAUMOCTHU MTPUHSITUSI TOUSUHBIX MEP pearupoBaHusl.
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Fig. 4. Main window of the client software with the ability to view oscillograms and graphs of daily maxima
of the amplitude of the harmonic component of the leakage current and the peak value of the leakage current

KomMmiekc 1mo3BosisieT yaajJeHHO JUarHoCTUpoBaTh u3oisuuio BJI moa pabounm HampszKeHUEM, YTO
cootBeTcTBYeT TpeOoBaHusM II. 2.5.1 I[onoxenus [TAO «Poccetn» «O eqnHOM TEXHNYECKOM TTOJIUTUKE
B DJICKTPOCETEBOM KOMILIEKCe» (HOBasl pelaKims)’.

Pe3syabTarnt

C 11e/1bl0 BBISIBIIEHUSI 3aKOHOMEPHOCTEN B MOBEACHUU M30JUPYIOLIMX TMOABECOK M MPOBEPKMU pa-
6otocniocooHoct YUC Ha BJI 110 kB KomMrmuiekc ObL1 ycTaHOBJIEH Ha aHKepHYIo oropy Ne 31 tuna
V100-2+5 BJI 110kB «MenneneeBo — Dpa» ITAO «Poccetu MockoBckuii Pernon» (KOOpAWHATHI:
56.02076999°N 37.188114523887°E) (puc. 5). JlaHHas Jlokalus Obljla BhIOpaHa B CBSI3U C HEMOCPE-
CTBEHHO OJIM30CTHIO K UCTOYHMKY 3arpsi3HeHusT — JIeHnHTpagackoMy 1mocce (96 MeTpoB Ha 10ro-3arnaj
oT nojioTHa goporu). YN C ObLIM yCTaHOBIEHBI B HATSDKHBIC U30JIUPYIOIIME IMTOABECKM Tpex (a3, COCTO-
sIIyre u3 AeBITH n30JsaTopoB Mapku I1C-120 1987 roma Beimycka. I1pu 3ToM M30aMpylomas ImoaBeckKa
¢as3pl C ObUIa 3aMeHeHa Ha HOBYIO U3oJjigTopaMu Toii ke Mapku. M3onstopsl [1C-120 u I1C-70 nmeror
ONIMHAKOBYIO CTEKJIONETaNIb U, KaK CJIEACTBUE, OMMHAKOBYIO JUTMHY TTYTH YTEUKU 1 Pa3psIIHbIE XapaKTe-
PUCTUKHU, OTJIMYAIOTCS JIUIITL IO MEXaHUYECKUM XapaKTepUCTUKaM, UTO MO3BOJISIET TPUMEHSITh (hOpMy-
ay (6), nonydenHyto misg uzonsropoB [1C-70, u mrst usonsaropos [1C-120. [NepeyeHb mapamMeTpos, 1Mo
KOTOPBIM MPOBOAWJICS aHAIN3, IPEeACTaBIeH B Ta0I. 2.

Todoeoii npoghure moxoe ymeuku

Tomosbie rpacduku I~ u 7 npeacraBieHbl Ha pUC. 6.

Sasucumocms MoK08 ymeuxu om 6HEUHUX (PAKMopos

AHaIu3 KOppeJsiLiuy U3MEePEeHU TOKOB YTEUKU C MOTOAHBIMU (haKTOpaMM MoKa3all, YTO HabJIroaal-
Cs1 HEKOTOPBIA pocT /™~ Ipy yBeIMUEHUHM OTHOCUTEJIBHOM BIaXKHOCTH Bo3ayxa (puc. 7).

KoaddunmeHr nerepmMuHaium 3KCIOHEHLIMAIBHON KPUBOI, HAWIYYIIMM 00pa3oM OTpakKarolIuii
TpeHn, coctaBmi 0,262 (mpu HeobxoauMoM 0,5 U BBIIIIE), YTO He MO3BOJISIET UCIOIb30BaTh JaHHbIE 00
OTHOCHUTEJIbHOM BJIAXKHOCTH BO3AYXa JIJIsI OLIEHKW COCTOSTHUSI U3OJISILUU.

7 Tonoxenne ITAO «Poccetn» «O eAHHOM TEXHNYECKOI TONUTHKE B JJIEKTPOCETEBOM KOMITIEKCe» (HOBas peakuus). Pexxum gocryma: https://
www.rosseti.ru/upload/docs/tehpolitika 29.04.2022.pdf?ysclid=mS5zd1ejdxt323573767 (nara obpamenus 16.01.2025).

49



4 DHepreTuka. JNeKTpoTEXHNKA

Puc. 5. a) [Ipouecc nonroroBku YMC Kk MoHTaxy (caeBa BBepxy); 0) YU C, yctaHOBIEHHOE Ha M30JUPYIOIIEH MOABECKE
(azbl C, cocTosineit uX HOBBIX U30JISITOPOB (c/ieBa BHU3Y); B) o01uii Bua Komriiekca nocjie MoHTaxa (cripasa)

Fig. 5. a) Process of preparing the insulation condition indicator device for installation (top left);
b) insulation condition indicator device installed on the insulating suspension of phase C, consisting
of new insulators (bottom left); ¢) general view of the Complex after installation (right)

Tabnuua 2
Ilepeyens ucclienyeMbIx NapaMeTpoB
Table 2
List of investigated parameters
Ne ni/m ITapametp M cTOYHMK JAaHHBIX IIpumeyanne
1 AMIUTMTYIa TApMOHUIECKOI COCTaBJISIO- VUC
LI TOKOB yTEUYKU [~
2 IIukoBoe 3HaYEeHNE TOKOB YTeUKH [7” YUC
3 OTHOCUTEJIbHAS BIaXKHOCTh BO3IyXa I[E;T;agH%TCHT;cE;;HBHOﬁ
AyXa Bxonut B coctaB
4 | Tewneparypa nosayxa Tk reuTepaTypi Kowmsexca
5 CkKopocTb BeTpa JlaT4nK CKOpPOCTHU BeTpa
6 HanpasneHue BeTpa JaTyuk HampaBieHUs BeTpa
7 Bpewms cytok CraHuus
8 Bpewms rona — I1o xaneHnmapio
9 TwIT 1 THTEHCUBHOCTH OCaJKOB BHelHuit uHTEpHET-pecypc https://rp5.ru
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3aBUCUMOCTb TOKa YTEYKU OT APYTHUX M3MEPSIEMbIX MTapaMeTpOB IMOTo/bl: TeMIepaTyphbl Bo3ayxa (B
TOM YHCJIe OT TIepexoa yepe3 HyJIeBYIo TeMIIepaTypy), HallpaBJIeHUs BeTpa, CKOPOCTH BETpa, a TAKKe OT
BPEMEHM rojia, BpeMEHU CYTOK — He Obljla MOATBEepKAcHA.

EnvHcTBeHHBIN (hakTOp, KOPPEsius KOTOPOTro C TOKOM YTeUKU ObLia BbISIBI€HA, — 9TO MHTEHCUB-
HOCTb 0cagKkoB. B kauecTBe MCTOYHMKA JaHHBIX 00 ocamKax ObUT BEIOpaH pecypc «PacrnucaHue morombt
rp5» (MeteoctaHums asponopTa lllepeMeTbeBO, 15 KM ceBepO-BOCTOYHEE OT MecTa ycTaHOBKU Kom-
miekca), Tak Kak Ha 3TOM pecypce apxXMBHbIE TaHHbIe 00 ocaaKax ObLIM IpeICTaBIeHbl HaubosIee moJj-
Ho (10 Tunos). JlaHHbIe 00 0cagKax ObUIM CUHXPOHU3MPOBAHBI 110 BPEMEHM C JaHHBIMU O TOKAX YTEYKU.
JJ1s1 Kaxkaoro TUIIa OCaaKOB ObUIM pACCUMTAHBI CPeAHME 3HAYeHUs [ ~, Ha0IogaeMble B IEPUO.I JAHHOTO
THMa ocankoB. Tumam ocaakoB ObUIM MPUCBOEHBI PAHTU, OTpakalole CIIOCOOHOCTh OCATKOB YBIaX-
HSITh MIOBEPXHOCTDb M30JISITOPOB OT HAaMMEHbIIEe K HanOobIleil: HeT ocagkoB — 0, cimaObiit cHer — 1,
YMEPEeHHBIN CHeT — 2, CUITbHBIN CHET — 3, MOPOCh — 4, CJ1a0BIii TOXKIb — 5, CHET ¢ JoXAeM — 6, yMepeH-
HBII 10XIb — 7, poca — 8, CUJIbHBIN H0XAb — 9, MuBeHb — 10. B pesynbraTe ObLIM MOJYYeHbI IpaUKu,
MpeacTaBIeHHBIE HA puC. 8.

Ha puc. 8 minsg ¢a3 A u B orcyrerBytor 3HadeHus [~ i ocaakoB Tuia 1—3, Tak Kak B TIEPUOLT
pabotocrnocobHocTu YUC asel A u YUC passl B naHHbIe TUTTBI 0OCAAKOB (CHET) He HAOII0JaTUCh.
I~ daser C npu orcyTeTBUM 0caakoB (MHTeHCUBHOCTD 0) Beimre 1"~ ¢da3 A u B, Ho o Mepe yBenu-
YEHUSI MHTEHCUBHOCTHU OCaIKOB TeMIibl pocTa I~ a3 A u B npesbimator Temi pocra I~ ¢dassr C.
BoisiBneHHas1 3aKOHOMEPHOCTb O0BSICHSIETCS TeM, YTo moaBecka ¢a3pl C HaXOaUTCsl B 9KCILTyaTa-
LIMY 3HAYUTETbHO MEHbIIIee BpeMsI U, KaK CIeICTBHE, UMEET 3HAUNTEJIbHO MEHBIIIe 3arpsI3HEHUI Ha
MOBEPXHOCTH.

Ilomepu a1exmposnepeuu

[Motepu 3meKTpo3HEPTUM ¢ Pa3OMBKOM 10 MecsIIIaM, a TAKKe CpeIHIe 3HAaYeHUS ITOTePh IO KaXKmoit
u3 a3 3a 4 Mecsilia U 3a BeCh Mepuoi UCClIe0OBaHUi MpeacTaBieHbl Ha puc. 9.

IMotepu Ha rupisiHae ¢a3bl C, COCTOSIIEH U3 HOBBIX U30JIITOPOB, 3a IIeproa paboTOCIOCOOHOCTH
Bcex YU C Bhiliie oteph Ha u3oisiunu ¢dasbl A Ha 12,2% u Ha 14,8 % Bblilie IOTepb Ha M30Js11u (pa3bl B.

C anpesis o U1OJIb OCaJku Habaoaanuch 1/4 qHeit, B To BpeMsl Kak 3a repuoj ¢ Hosiopst 2021 rona
o despasb 2022 roga ocaaku HabMOIATNCHh 3HAYMTEIBHO Yallle — 2/3 gHei. DTo Mo3BoJISIET IPeAro-
JIOXKUTh, YTO TOIOBBIE ITOTEPU Ha moaBecKax a3 A 1 B Moriu ObITh BhIIIE TOOOBBIX IOTEPh HA ITOJBECKE
(azwl C 3a cyeT HEYYTEHHBIX MIEPUOIOB C BHICOKON MHTEHCUBHOCTBIO OCaJKOB.

Jlabopamopnvle uchvlmanuss 0eMOHMUPOBAHHBIX U0AAMOPOE

[Mocne mpoBeneHust n3MepeHnit TokoB yreukn Ha omope Ne 31 BJI 110 kB «MenneneeBo — Dpa»
OBUIM JIEMOHTUPOBAHBI U30JISITOPHI TpeX (a3 [ist TPOBEASHUS UCCIeIOBaHNUI B BBICOKOBOJIBTHOM J1a00-
paropun AO «HOAN3». Llenb ucciienoBaHMii — OLiEHKA CTeNeHU YBJIAXKHEHMSI TUPJISTH] U30JIITOPOB B
YCTIOBUSIX AKCILTyaTalllM.

M3mepeHust TOKOB yTeUKHU BBITIOMHsUIUCH pu oMol YU C u nocienoBateibHO YCTAaHOBJIEHHOTO
ocuumorpada Micsig Tbook 1004 Ha yBIaKHEHHOM €IMHWYHOM M30JISITOpE MpY HampstkeHuu 7 KB
(puc. 10). McobeiTaTe1bHOE HAaNpsDKEHWE MOAYYeHO aeneHueM ¢aszHoro Hamnpspkenus BJI 110 kB, pas-
Horo 63,5 kB, Ha KOJTMYeCTBO M30JIATOPOB B TUPJISTHIE — AEBSTH IITYK. IS ITOgaYM MCITBITATeIBHOTO
HaIpsSIKEHUST MCIO0/Ib30Bajlach BLICOKOBOJIBTHAS ycTaHOBKa Y B-500. YBinaxxHeHue rMpiisiHAbI IIPOBO-
IWJI0OCh METOIOM POCOOOpa30BaHMS Ha IMPEABAPUTEIIHBHO OXJIAKICHHOM M30JISITOPE.

Pesynbratel usMmepenuii I~ ocuwmmnorpadgom u YUC cosnanu u cocraBumu 0,598 MmA. Ilocie
M3MEPEHHUs TOKOB Obla NMPoBeieHa cepus ucnbiTanuii metonom 100%-ro paspsna jis pacyera Uy
cornmacHo Mmetoauke [OCT 1516.2-97, npunoxkenue A. CpaBHeHHUE pe3yIbTaTOB HATYPHBIX 1 Jlabopa-
TOPHBIX U3MepeHuit 1o uzossitopaM daz A, B u C BJI 110 kB «MeHaeneeBo — Opa» npeacTaBieHO B
TabJ. 3.

8 Apxus morogst B [llepemerseBo / um. A. C. Ilymkuna (asponopr). Pexxnm nocryma: https:/rpS.ru/Apxus_noronsr B IllepemerseBo, uM.
A. C._Ilymxuna (adpomoprt) (gara obpamenus: 16.09.2023).
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Fig. 8. Graph of the dependence of /= phases A, B, C on the intensity of precipitation

Tabnuua 3
Pe3ynbraThl HATYPHBIX HCCJIETOBAHMIA H JIA00PATOPHBIX M3MePEHHId
Table 3
Results of field studies and laboratory measurements
JlaHHbIe HATYPHBIX JIaHHBIE J1A00PATOPHBIX
J\\I‘—’ Mapaverp | En. usm. HcclieJoBaHuil MCIBITAHUI
m\1n
daza A daza B daza C daza A daza B ¢aza C
1 I MA 0,269 0,263 0,250 0,598 0,533 0,475
2 U, KB 388 390 396 274 312 336
O0cyxnenune

Ipaduk I~ Ha puc. 6 UMeeT pe3KOINEPEMEHHbIN XapakTep. BolblIyIo YacTh BpeMeHU 3HaYeHus [~
Haxoawiuch Ha ypoBHe 9015 MKA u 3a 14 MecsilieB uccaenoBaHUi NOBbICUIUCH 10 9515 MKA. Tlepu-
onuryecku I~ MOBBILIANIACH HA HEIPOIOJIKUTEIbHOE BpeMst 10 270 MKA C ITOC/IEAYIOIIUM CHUKEHUEM.

HMHutepec npencrasisieT nepuo/ ¢ aekadps mo (gpespaib, B KOTOPOM 3a(UKCUPOBAHO HECKOJIBKO CO-
ObrTrii moBbeieHust [~ 10 200 MKA ¢ 3a7epKKOi Ha JOCTUTHYTOM YPOBHE Ha HECKOJIBKO 4acoB. JlaHHbII
(aKkT MOXXHO OOBSICHUTDH MPUMEHEHUEM XMMUYECKUX PeareHTOB JIJIsi OUMCTKHU PSIIOM PACIoOXEeHHON
Tpacchl OT CHera U Hajeau. Biiara ¢ cojiblo MoAHMMAETCSI BBEPX OT MPOE3KAIOIIMX MAIlIMH U OceAaeT Ha
TUPJISTHIAX, 3HAYUTEITbHO U3MEHSISI TOK YTCUKMU.

HMMnynabcHasi akTUBHOCTD 3a TIEpUOJ UCCIIeIOBAaHUM yBeJIMUmnIach 0ojiee YeM B JiBa pa3a — CpelHee
3HayeHue /” moBbicuiioch ¢ 1,16 MA 10 2,92 MA, a cpeHee KOJIMYECTBO UMITYJILCOB 3a CYTKH YBEIUYU-
Jock ¢ 5,4 no 12,5.

MakcnmainbHoe 3HaueHue /7 — 361 MA — 3adukcuposano 4 aBrycra 2021 roga Ha ¢ase B. B ator ke
JIEHb ObII0 3a(PMKCUPOBAHO MaKCUMaibHOe 3HaueHue /7 a Ha (pase A — 194 MA, 1Tociie 4ero mpor30LIe
otka3 YUC ¢a3 A u B. JJaHHbIii (haKT CBUAETEIbCTBYET O HEOOXOAMMOCTHU pealn3aly JOIOIHUTEIb-
HBIX Mep I10 3alluTe U3MepUTesIbHOM cxeMbl Y C oT UMITy/IbCOB TOKA, YTO OBLIO YUYTEHO IIPH ITOCIIeIy-
ol1Ieii MOIEpHU3ALIMYA CEHCOPOB.

HaumeHnbliee 3a mepuos Mccie0BaHmii 3Ha9EHUE BbIIEPXKMBAEMOTO Hanpskenus Uy, paccumTaH-
Hoe 110 opmyiaM (1—6), 6610 3apuKcupoBaHo 28 uroHg 2021 roga B 14 yacoB 8 MUHYT Ha (aze A u
cocraBuio 388 KB, 4To 3HaUMTEIbHO BhIlIe (ha3HOro HanpsikeHus. [loaToMy gaxke B 3TOT MOMEHT Bepo-
SITHOCTD TiepeKpoiTus Tupisiua ¢ YU C ctpeMuiach K HyJIIO.
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Fig. 9. Estimated power losses during the research period

B cyxoMm cocrosinuu ycpeanenHoe [~ ¢asnl C Boimre /~ ¢a3 A u B 6onee yuem Ha 10%. Dakrt nmoBbI-
1eHHOro /™ [Jist HOBBIX U30JIITOPOB BhIsIBJIEH elle B 1973 romy u onucad B [12], roe yKa3aHo, 4TO Ha
CTAOMJIM3ALIMIO XapaKTEPUCTUK HOBBIX U30JISITOPOB yXoauT 1,5—2 roga. B yBiaxkHeHHOM cocTostHuM 1~
dasbr C ke 1~ da3 A u B 6oee ueM Ha 25%. BeposITHOCTb ITepeKPhITHSL OIPEAEIISIETCS IIPEKIE BCEro
3HAYCHUSIMU TOKOB YTEYKH B YBIAXKHEHHOM COCTOSTHUHU, TIO3TOMY PUCK MIEPEKPHITHS U30JIALINHT da3 A 1
B Oynet BbIlIe prcKa nepekpbITHs n3oasiiuu ¢assl C.

YepennenHoe 3Hauenue I7 daspl C Boiiie 17 ¢asbl B Ha 20%, Ho Huke [7 a3l A Ha 45%. W3 aTOTO
CJIEIyeT, YTO MAHHBIN IMapaMeTp caM IT0 cebe He SABJISeTCS MOKa3aTeIbHBIM TSI OIEHKN COCTOSTHUS
nsonsanun. MakcumanbHoe 3HadeHue /7 gaser C Huxe 7 daser A Ha 60% v Huxe 17 daser B Ha 125%,
T.¢. I? da3bl C 3a Bechb epuoa HaOIOAeHUS He IOAHUMAIOCH Bhile 7 a3 A u B. UMny/ibcHast akTUB-
HocTh (pa3el C B auamna3zoHe g0 30 MA coIlocTaBUMa C OCTaJbHBIMU (pa3aMU, HO 3a IpeaesiaMu 3TOTrO
JMara3oHa 3aMeTHO HUXKeE.

TonoBeie moTepu Ha u3oaMpyloieii moaBecke dasbl C coctaBuim 44,47 KBT4/rom, 4T0 3KBUBAJIEHT-
HO pacxoiaM CeTeBOi KOMMaHUM B 89 py0./Tom IIpu KOTJIIOBOM Tapude Ha mepemady 3JIeKTPOIHEPTUHN
B 2 py0./kBt-u. I[Ipu TekyiemM ypoBHE 3arpsi3HEHUI ¥ AMHAMUKE MX HAKOIUICHUS TOJIbKO PacXoabl Ha
MIpUOOpEeTEHNE U30IATOPOB it HOBOM rupisHansl 110 kB oxkynstes mpumepHo yepe3 10000°/89=112
JIET, TTIO3TOMY 3aMeHa TUPISTHABI (asbl C 110 KpUTEPHUIO TTOTePh IEKTPOIHEPTUH He TpeOyeTCs.

Kak BunHo u3 ta6i1. 3, BeuiepxuBaeMoe Hanpspkenue Uy, paccuMTaHHOE TI0 MaTeMaTHYeCKOoi Mo-
e Ha ocHoBaHuu gaHHBIX YU C, ycraHosneHHbIX Ha BJI, B cpegnem Ha 20% Bbillle MOJYYEHHOTO B
JTAbOPATOPHBIX YCIOBUSIX. DTO OOBSICHICTCS TEM, YTO U3OJISIIINS B peaTbHBIX YCIOBUSIX IKCIUTyaTalluy 3a
MepUOJI UCCIEIOBAaHUI HE JOCTHUTrala TaKO CTeTIeH! YBIaXKHEHUsI, TTPY KOTOPOI MPOBOAMIUCH J1abopa-
TOPHBIC WCTIBITAHUSI.

B xome mpoBeaeHUsT HaTYPHBIX U JTaAOOPAaTOPHBIX M3MEpPEeHMI OblIa JoKa3aHa paboOTOCIIOCOOHOCTD
TEXHOJIOTUU OLIEHKHU COCTOSIHUSI U3OJISIIMU Ha MMPUMepe HATSKHOM M30Jupyolleid moasecku. B mpen-
CTOSIIIIEM 2Tarle UCCIeq0BaHMI OyneT yaesieHO BHUMaHKe TMOANEePKMUBAIOIIMM TTOABECKAM M3 CTCKJIISTH-
HBIX ¥ TIOJITUMEPHBIX U30JIATOPOB, TTOABEPKEHHBIM OTIACHBIM IIJIST SKCILIyaTallid BUIAM 3arpsi3HEHMUIA.

BoiBoabI

1. Paspaborana MeTromnKa OLIEHKM COCTOSTHUSI M3OJIMPYIOIIEN TMOABECKM, OCHOBAaHHAs Ha CpaB-
HEHMM PACUETHOTO BblIePX)UBaeMoro Hanpskenus U, ¢ dasHbiM HanpspkenueM noasecku Uy u mo-
CJIeIyIOIIEeM MIPUCBOEHUM OJHOIO M3 TPEX COCTOSIHUIA: XOpolllee, oracHoe, Kputudyeckoe. Kpome Toro,
MTPOBOIUTCS PACUYET BEPOSITHOCTH IMEPEKPBITUS MMOABECKH TSI KOJTMYECTBEHHOTO CPABHEHMST COCTOSTHUS

 CroumocTs oauoro usosstopa [1C-70E cocrasmsier okomno 1000 py6.
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Puc. 10. U3amepeHust TokoB yTeuku B jabopaTopun KOAN3 Ha 1eMOHTHPOBaHHBIX
¢ BJI 110 kB «MeHnneneeBo — Dpa» nzossitopax dassl A

Fig. 10. Measurements of leakage currents in the JSC Yuzhnouralsk reinforcement and insulator plant laboratory
on phase A insulators dismantled from 110 kV Mendeleevo — Era overhead line

TUPJISTHA MeXny coboli. BeimepxxuBaeMoe HanpskeHUe OLIeHMBAETCsl Ha 6a3e pe3yabTaTOB MOHUTOPUH-
ra rmapaMeTpoB TOKa YTEUKU B TUPJISTHIE U30ISTOPOB.

2. Pa3paboTaH mporpaMMHO-anIapaTHbIi KOMIUIEKC TWArHOCTHUPOBAHUS COCTOSTHHMST W3OJISIINU,
CIOCOOHBIN 00eCceunTh KPYIJOTOAUYHbBINA CheM OCLHMIJIOrPaMM TOKAa YTEUKM B Tpex ¢azax ¢ IUCKPET-
HOCTBIO | MKC M MeTeoITapaMeTPOB B TOUKE U3MEPEHMI TOKa yTeukr. KoMIiekc CocTOUT 13 aBTOHOM-
HBIX OECITPOBOIHBIX YCTPONCTB MHINKALIMY COCTOSTHUS N3OSN, CTAHIIUK cOOpa 1 riepeJadr TaHHBIX,
OCHAILIEHHOH MeTeoAaTYMKaMHM, a TAKKe CEpBEPHOrO M KIIMEHTCKOTO MPOTrPpaMMHOTO 00ecTeueHMsl.

3. IlpoBeneHbl UcHbITAaHUS KOMILIEKCAa B HaTypHBIX yciaoBusax Ha BJI «MengeneeBo — Dpa» [TAO
«Poccetn MockoBckuit Peruon» B teueHnue 6osiee 400 nHeii. B pesynbrate UCTIbITAHUI YIAaOCh CHATh
okos1o 200000 ocumIorpaMM B pa3HbIX IMTOTOAHBIX YCIOBUSIX HA TUPJISTHAAX C PA3HOI CTEIEHBIO 3arps3-
HeHurs. OIBIT OpraHM3allMi aBTOHOMHBIX U3MEPEHUI TOKOB YTeUKHU B TUPJISTHIAX MCITOIB30BAICS IS
TTOBBIIIIEHMST KA4eCTBa M3MEPHUTEICH.

4. TapMoHuMYecKasi U UMITYJbCHAsl COCTABJISIONIME TOKA YTEYKU UMEIOT Pe3KO MepeMeHHbIN Xapak-
Tep M KonebmoTcs B nuamna3one 85—270 MkKA u 0—361 MA cooTBETCTBEHHO. BhIsSIBIIEHBI HE3HAYNMTEb-
Hasl 3aBUCIMOCTh TOKA YTEYKHU OT OTHOCUTENIBHOM BIAXKHOCTH BO3MyXa M OTCYTCTBHE 3aBUCUMOCTH OT
TeMIIepaTyphl BO3Iyxa, HaIlpaBJIeHUs BETpa U CKOPOCTHU BETpa, BPEMEHU rojia U CyTOK. EAMHCTBEHHbI
dakTop, KOPpeALMSI KOTOPOTO C TOKOM YTeUKH OBblIa BHISIBIEHA, 3TO MHTEHCUBHOCTb OCAIKOB. 3aBH-
CHMOCTB TOKA YTEYKHN OT MHTEHCUBHOCTH 0CaJIKOB PACTET C POCTOM 3aTPSI3HEHHOCTH THUPJISTHI.

5. Mi3aMepeHust ToKa yTeYKU MO3BOJWIN BbISIBUTH CPEIHETOJOBbIE MOTEPU DJIEKTPOIHEPTUN B THP-
JISTHAE Y TIOJIYYUTh PeKOMEHIAIINY 110 3aMEeHE TUPJISTHI TT0 KPUTEPHUIO TTOTEPh 3JIEKTPOIHEPT .

6. B xome 1abopaTopHBIX UCITBITAHWI JeMOHTUPOBAHHBIX U30JISITOPOB BBISBJICHO, YTO B TIpOIEcCe
9KCIUTyaTallMy FMPJISTHAA He YBIKHSIaCh HACTOIBKO CUJIBHO, KakK B JabopaTopuu (YCJI0BUS pocoodpa-
30BaHUs Ha TIOBEPXHOCTH C TTOATEKaMU Karejab). MUHUMabHBIE pacYeTHBIC BBIIEPKUBAECMbIC HATIPSI-
JKEHUSI Ha TUPJsIHAAaX B AKCIUlyaTaluu U B JlabopaTopuu coctaBuiu 388 kB u 274 kB cooTBeTCTBEHHO,
YTO 3HAYMTEJILHO BbIIIE OMACHOTO U KPUTUUYECKOTO YPOBHEH. BeposiTHOCTb MepeKphITUSI TUPJISHA Ha
orope Ne 31 BJI 110 kB «MeHneneeBo — Dpa» B pe3yJibTaTe YBIaXKHEHUS HAKOIUIEHHbBIX 3arpsI3HeHUI
0J113Ka K HYJIIO.
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PA3PABOTKA TEXHOJIOTMYECKOMU CXEMbl TPUHAPHOM
SHEPTETUYECKOW YCTAHOBKU C MUHUMAJIbHbIMU
BbIbPOCAMMU BPEAHbIX BELLECTB B ATMOC®EPY

Annomayus. Ha ceromHSIITHUI TeHb OOJIBIIIAst YACTh SJICKTPUUICCKON SHEPTUU B MUPE TEHEPUPY-
€TCs 3a CUeT CXKUTaHUS YIJIEBOAOPOIHOIO TOILIMBA, YTO OOyCIaBIMBAeT 3HAUMTEIbHbBIE BHIOPOCHI
BpEIHBIX BEILIECTB B aTMocdepy TeIraoBbIMU djiekTpuueckumu ctaHuusimu (TOC). B muposoii
MPaKTHKe Ha SHEPTeTHUECKNX 00BEKTaX YCITEITHO MPUMEHSIOTCS CUCTEMBI OUMCTKH JTHIMOBBIX Ta-
30B OT OKCHUJIOB a30Ta, Cephbl 1 30JIbl, OTHAKO YMEHbIIIEHNE BHIOPOCOB YIIeKUCIOro raza Ha TOC
JIO CUX TIOP 3aTPYAHEHO MO TEXHUKO-3KOHOMMYECKUM IIpHYrHaM. Tak, BHEIpEeHUE CUCTEM yiaB-
JIMBAHUS YTJICKMCIIOTO ra3a Ha COBPEMEHHBIX SHEPTeTUIECKIX CTAHIIASIX COITPOBOXKIACTCS CHIKE -
nueMm KITJ HerTto Ha 8—12%, uTo OOYCIAaBIMBAET BHICOKYIO aKTYaJIbHOCTh pa3pabOTKuU CIIOCOO0B
TOBBIIIEHUS] SHEPreTUYecKoi 3(hHEKTUBHOCTU COBPEMEHHBIX AKOJIOTMYECKN 06€30IMacCHbIX dHEP-
ro6yiokoB. Llenb pa®oThl 3akjoyaeTcs B pa3pabOTKe M MCCAEAOBAHUM MapOra3oBbIX YCTAHOBOK
(TIIT'Y) ¢ uHTEerpupOBaHHOI YCTAHOBKOU MapoOBOi KOHBEPCUU METaHA C MUHUMAJbHBIMU BBIOPO-
caMu BpedHbIX BelllecTB. B HacToseil paboTe B Xo/e uccienoBaHuii ObL10 BbIsiBIeHO, yTo KIT/I
Herto ouHapHoii [1T'Y ¢ mHTErpMpoBaHHO TEXHOOTHMENR post-combustion capture pasHa 39,10%,
ounapnoit I[1T'Y ¢ MHTErpMpoOBaHHOM TEXHOJIOTHEN pre-combustion capture — 40,26%, TprHapHOM
IIT'Y ¢ uHTEerpuMpoBaHHON TeXHOJOTHEN post-combustion capture — 40,35% wu tpunapnoit [1TY
C MHTETPUPOBAHHOI TEXHOJIOTHEH pre-combustion capture — 41,62%. Hanbomwimas 3¢hhbeKTHB-
HocTb TpuHapHo# T1T'Y ¢ uHTerpupoBaHHOI TEXHOJIOTHEN pre-combustion capture oOycaoBIeHa
CHIDKEHMEM 3aTpaThl 9HEPrUy Ha ylIaBIMBaHUE YIJIEKMCIOro rasa Ha 5,67 MBT oTHocuTeIbHO
[II'Y ¢ uATErpUpPOBaHHON TEXHOJIOTHEH post-combustion capture u pocToM 3(PHEKTUBHOCTH T1a-
poBosiHoro KoHTypa [1T'Y Ha 3,09% oTHOCUTEIbHO OMHAPHBIX LIUKJIOB.

Karouesvie cro6a: mapora3oBble yCTAHOBKU, MapoBasi KOHBEPCUST MeTaHa, TEPMOIMHAMUYECKUIA
aHaJIn3, TEIJIOBBIE CXEMBI, DHEpreTHIecKas 3(P(HeKTUBHOCTE.
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DEVELOPMENT OF A PROCESS FLOW DIAGRAM
FOR A TRINARY POWER PLANT WITH MINIMAL EMISSIONS
OF HARMFUL SUBSTANCES INTO THE ATMOSPHERE

Abstract. Today, most of the world's electric energy is generated by burning hydrocarbon fuels, which
causes significant emissions of harmful substances into the atmosphere by thermal power plants
(TPP). In world practice, power facilities successfully use systems for cleaning flue gas from nitrogen
oxides, sulfur and ash, but reducing carbon dioxide emissions at TPP is still difficult for technical and
economic reasons. Thus, the introduction of carbon dioxide capture systems at modern power plants
is accompanied by a decrease in net efficiency by 8—12%, which determines the high relevance of
developing methods for increasing the energy efficiency of modern environmentally friendly power
units. The purpose of the work is to develop and study combined-cycle power plants with an integrated
steam methane reforming unit with minimal emissions of harmful substances. In the present work,
the research revealed that the net efficiency of a binary CCGT with integrated post-combustion
capture technology is 39.10%, binary CCGT with integrated pre-combustion capture technology—
40.26%, trinary CCGT with integrated post-combustion capture technology— 40.35% and a trinary
CCGT with integrated pre-combustion capture technology— 41.62%. The highest efficiency of a
trinary CCGT with integrated pre-combustion capture technology is due to a decrease in energy
costs for carbon dioxide capture by 5.67 MW relative to CCGT with integrated post-combustion
capture technology, and an increase in the efficiency of the CCGT steam-water circuit by 3.09%
relative to binary cycles.

Keywords: combined cycle plants, steam methane reforming, thermodynamic analysis, thermal
schemes, energy efficiency.
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Bsenenue

Ilpo6aema nosviumenus 3nepeemuyeckon IoexmusHocmu U 3K0402UMeCKoll Ge30nacHocmu npou3eoo0-
CMea 31eKmpoIHepeul Ha NApo2a306biX YCMAHOGKAX

MupoBoe coo0I1IeCTBO TTOCISAHNE AeCATUIICTUS YAesIeT MOBbIIIIEHHOE BHUMAHUE BOIIPOCAM COKpa-
LIEHUS BEIOPOCOB TOKCUUYHBIX BEIIECTB U YIVIEKMCIIOTO Ta3a B aTMOC(epy SKOHOMUYECKUM CEKTOPOM
[1, 2]. A5 mOBBILIEHUS SKOJOTMYECKOM 6€30IMaCHOCTH COBPEMEHHBIX MPEANPUITHIA aKTUBHO BEAYTCS
HCCIIeOBaHUS U pa3pabOTKK HOBBIX TEXHOJIOTUIA TIPeAOTBpAIllcHUSI 00pa30BaHUS U yIaBIMBAaHUS BpeI-
HBIX BBIOpOCOB. OQHAKO, HECMOTPSI HAa ONpele/ieHHbIe YCIIEXH B pealu3alii ClIOCOO0B YMEHbIIIEHMUS
BBIOPOCOB OKCHJIOB a30Ta, Cepbl U 3075l |3, 4], yMeHbIIIEHE BEIOPOCOB YIVIEKUCIOTO ra3a B IMPOMBIIII-
JICHHOCTH J0 CHX TOP 3aTPYIHEHO I10 TEXHUKO-3KOHOMUUYECKUM TTPUUUHAM.
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DHepreTUYecKuit CEKTOP SIBISIETCS] OMHUM U3 IJIABHBIX HCTOUHUKOB BEIOPOCOB MapHUKOBBIX ra3oB. K
IIpUMepy, TI0 TTIOCTIeTHUM TaHHBIM B Poccuiickoii denepaiiin Ha BEIPAOOTKY SJIEKTPUIECKOM U TETIIO-
BOI sHeprun npuxoautcst 34,7% OT BceX aHTPOIIOTEHHBIX BBIOPOCOB YITIEKMCIIOrO ra3a B aTMocdepy,
YTO 00yCIaBIMBACT KPAMHIOIO aKTYaJlbHOCTh MOBBIILIEHUST 9KOJOTHYECKOM 6€30IMacHOCTU Ha TeTIOBBIX
anekTpudeckux cranuusx (TOC) [5].

B teruioBoii aHepretuke npumeHsiioTcst napotypouHHbie (ITTY), razosbie u naporasosbie (ITY)
yctaHOBKU. COIJIACHO CTaTUCTUYECKUM MaHHBIM [6, 7], B Poccuiickoit Menepaiiunu y nmaporasoBbiX
CTaHLM# BBIOPOCH! yriaekucnoro rasa Ha 132 rCO,/kBr MeHbine, yem y naporypouHHbix, a KI1 Het-
10 BhIIIe Ha 12,9%. CTOUT OTMETUTD, YTO IIPUMEHEHNE TEXHOJIOTUI YIaBIMBAaHUS TUOKCUAA YIIepoaa
13 IBIMOBBIX T'a30B 7151 IePEYMCICHHBIX SHEPrOyCTAHOBOK MPUBEAET K CYIIECTBEHHOMY CHUKEHUIO UX
SHepreTUIecKoit ahdekTuBHOCTH Ha 8—12%. YUnThIBask BAXKHOCTh 9KOHOMUH TOTIIMBA TIPY TTPOM3BOMI -
CTBE BJIEKTPOIHEPIuu, IMPpU pa3pabOTKe HU3KOYTIEPOIHBIX SHEPTETUUECKUX KOMILIEKCOB LieJiecoo0pas-
HO paccMaTpuBaTh MoguduKany dHeproadGeKTUBHBIX LIMKJIOB bpaiitona—PenkuHa [8].

Hecmotpsa Ha To, yto KIIHA III'Y mocturaer peKopaHBIX 3HAYCHUIT, MOTEHIMAJ ITOBBIIIEHUS HX
9HeproaeKTUBHOCTU CYIIECTBEHHbIN. B yacTHOCTH, BO3MOXKHA JOTIOJTHUTE/IbHAsI BbIpabOTKa 3JIeK-
TPUYECKOI DHEPTUHU 3a CUET YTUIM3ALMU TEIIOThI JbIMOBBIX FA30B B OPraHWYECKOM LIMKiIe PeHkuHa
(OLIP). Paboueii cpemoii it TaHHBIX LIMKJIOB CIIY>KUT HU3KOKUIISIINUI TEIUIOHOCUTEIb C KPUTUIECKOMN
temmepatypoii ot 30°C go 290°C. OmHako M3-3a HU3KOTO TEIJIOBOTO ITOTEHIIMAIa COPOCHOI TEIUIOTHI
sHepreTryeckas 3¢ dekruBHocth OLIP He npessbiiraer 15%, yro maet npupoct KIT/ HeTTO TprHApHOI
ITY ne 6onee 2—3% [8—10].

Cnocobvt y1a6aueanus yeaeKucio2o 2a3a Ha menaiobix CIaHuyuax

Jg MUHUMU3aLUU BHEPreTUYeCcKuX 3aTpaTr Ha coocTBeHHble HyX bl (CH) OGMHApHBIX M TpUHAp-
HeIxX IITY TpebyeTcs pazpadorarh BEICOKOA(MOEKTUBHBIE CIIOCOOBI yIaBIMBAaHUS YIJIEKUCIOro ra3a. B
HacTosi1ee BpeMsi TPy MPOU3BOJICTBE BJIEKTPOIHEPIUU MTPUMEHSIOT IBA OCHOBHBIX CITOCO0A CHUXKEHUS
BBIOPOCOB IMOKCH/IA YIJIEpOJa: 10 U MOCJe CXKUraHus TOILIMBa (pre- U post-combustion capture cooTt-
BETCTBEHHO) [12].

VYnapnusanue CO, TOC/I€ CKUTaHUA TOIUIMBA OCYILECTBISETCS M3 IBIMOBBIX Ia30B C TIOMOLIBIO
cIielaabHbIX YCTPOHCTB. JlaHHbBIN crIOCcO0 sIBIsSIeTCSl HauboJiee paclpoCcTpaHEHHBIM B COBPEMEHHOM Te-
TJTOBOI HEPTETUKE BBUIY TEXHOJOTUUYECKOM IMTPOCTOTHI M MaJIOM CTOMMOCTH OCYIIECTBICHUS TIpoliecca
yaajJeHus YrJieKUCIoro rasa. B HacTosiee BpeMst aKTUBHO MPUMEHSIIOTCSI KpUOT€HHbIE, MEMOpPaHHbBIE 1
a0CopOLIMOHHBIE METOAbI YIaBJIUBaHUS yIJIEKMUCIOro ra3a [13].

CTOUT OTMETHUTH, YTO pacCMaTpUBaEMbIe TEXHOJIOTUM pa3Ie/ICHUS ra30BOi CMeCH 00JIafaloT PSIIoM
JIOCTOMHCTB W HEIOCTATKOB, OJHAKO M3-3a BBICOKOI CTeTleHM yiaBimuBaHMS (88—98%) M HEBBICOKMX
zarpar sHeprun Ha CH (4—6 M]Ix/xr-CO,) Haubosiee SHEPTETUYECKHU U SKOJIOTUYECKHM 3P PEKTUBHOM
TEeXHOJIOTHE! post-combustion capture SIBISIETCSI YCTaHOBKA MOHO3TAaHOJIAMMHOBON o4uCTKU (MDA)
VXOISAIINX Ta30B [ 14—16]. Pe3ynbraTel cpaBHEHMS TIpeaCTaBIeHBI B Tao. 1.

OIHUM M3 MEPCIEKTUBHBIX CITIOCOO0OB cokpallleHus BbiIoOpocoB CO2 sBisieTCsl €ro yaajeHue U3 co-
cTaBa TOIIMBA (YIUIst, HETH WM TIPUPOTHOTO Taza) MO CKUTAHUsI, B pe3yJIbTaTe KOTOPOTO B KaueCcTBe
KOHEUHOTO TOIUIMBa BbicTynaeT Bonopon [12]. st ynaBavMBaHMST YIJIEKUCIOTO ra3a g0 CXXMTraHUs TO-
TJIMBA UCTIONb3YIOTCS TaKUe CIIOCOObI MTPOU3BOJACTBA BOAOPOIHOIO TOIUIMBA, KaK JEKTPOIU3 U TTUPO-
13 Bonbl, mapoBasl KoHBepcus MetaHa (ITKM), aBrorepMudeckuii pucOpMUHT MeTaHa WINM KPEKUHT
MeTaHa.

B HacTosiee Bpemst HauboJiee 3¢ GheKTUBHOM 1 IeIIeBO TEXHOJIOTMEN TTPOU3BOACTBA BOJOPOIHO-
ro ToriuBa siBisiercs ycraHoBka ITKM [17—19]. TIpouecc pudopmuHra napa npoTekaeT B yCTAaHOBKE
IMKM npwu Beicokux Temiepatypax (650—900°C) u ymepeHHBIX maBieHusax (1,5—2 krc/cM?) mapome-
TaHHOI cMecU. B xoie sHI0TepMUUYECKOM peakKliMM MeTaHa U nmapa oopa3yeTcsi CHHTe3-Ta3, KOTOphIi B
nMagbHEWIIeM HAIIpaByIsIeT B ancopoep MepeMeHHOTo JaBICHUS T pa3ieeHHUS YIIIEKUCIOTHOM 1 BOIO-
POIHOM Cpelibl.
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Tabnuna 1
CpaBHeHHe SHepreTHYEeCKMX M IKOJOTHYECKHX XapaKTePUCTUK
TEXHOJIOTUI yJIaBJII/IBaHI/lﬂ C()2 MmocCJie CKUTaHUA TOIJIMBA

Table 1
Comparison of energy and environmental characteristics
of post-combustion CO, capture technologies
Merton yaasausanua CO,
ITapameTp
Abcopomus MemOpaHbI Kpuorennoe pasnenenue
3arparbl sHeprun, MJIx/krCO, 4—6 0,5—-6 6—10
Crenens ynapmupanus CO,, % 88—98 80—-90 >95

Cospemennoe cocmosinue napozasosvix IHepeemMuHecKux YUKA08 ¢ UHMEZPUPOBAHHLIMU YCIAHOBKAMU
napoeoil Koneepcuu Memana

CylecTByeT MHOXECTBO HayYHbIX pa0OT, MOCBSIIEHHbBIX pa3pab0oTKe OMHAPHBIX MapOra3oBbIX M-
KJI0B ¢ MHTerpupoBaHHoO# yctaHoBKoi [TKM [20—24]. K npumepy, B ctatbe [21] sl TeHepauuu 3JeK-
TPOHEPIUM U BOJAOPOIHOIO TOIJIMBA aBTopamMu Obuia paccMoTpeHa IIT'Y ¢ mHTerpupoBaHHOI yCTaHOB-
koit [IKM, KoTtopasi BCTpoeHa B ra30BO3AYIIHbINA KOHTYP Ha BbIXO/€ U3 Ta30B0i TypOuHbI. C MOMOLIbIO
BBIHOCHOM KaMepbl CropaHMsl MPOAYKTHI cropaHusl HarpeBatoTcs 10 temrieparypbl 800—1000°C u Ha-
MpaBJsiioTcs B pudopmep. st yMeHblIeHUs TToTeph ¢ yxoasaiumuy razamu ITTY BeinojiHeHa 6€3 cucTe-
MBI peTeHepaly, U3-3a 4eTo TeMIleparypa yxoasamux ra3oB paBHseTcs 140°C. KoapGuiuneHT ucmob-
30BaHUS TETUIOTHI TOILIMBA JTaHHOM SHEProycTaHOBKM M3MeHseTcs oT 56,2% no 64,1% B 3aBUCHMOCTH
OT TeMITepaTyphbl Ha BXOJIE B ra30BYIO0 TYpOUHY, KOTOopas u3MeHsietTcs B aramnaszoHe ot 1200°C go 1600°C.
CTOUT OTMETUTDb, YTO B IAHHOM CTAaThe B KaMEPE CrOpaHUs CXKUTAIOT BOJOPOJHOE TOTUIMBO, U3-3a Ye-
T'O MPOJYKTHI CTOPAaHUsI COCTOSIT U3 BOJSIHOTO Tlapa, OJHaKO BBIOPOCHI YIJIEKUCIOTO ra3a MPOUCXOIST B
yctaHoBke [TKM.

Taxke cymectByet BapuaHT [II'Y ¢ uHTerpupoBanHoii yctaHoBkoil I1KM, roe peakuuu mapoBoro
CABUTA ITPOMCXOJIST TOJIBKO B BHICOKOTEMIIEPATypPHOM PeaKTOpe, a BCe OCTaBILIMECS MOMYyTHbIE Ta3bl Ha-
MPABJISIIOTCS B BBIHOCHYIO Kamepy cropaHusi. CTOUT OTMETUTD, YTO TaHHAsl TEXHOJIOTUS MTO3BOJISIET Ya-
CTUYHO COKPATUTh BHIOPOCHI YIIIEKUCIOr0 ra3a 3a CYET OUUCTKU JIBIMOBBIX Ta30B C MOMOIIbIO MOHO3TA-
HOJJAMUMHOBOI abcopO1uu. [1pu coBMECTHOM MTPOU3BOACTBE BOAOPOAHOIO TOILIMBA U 3JIEKTPOIHEPIUr
KO3 GUIIMEHT UCITOIb30BaHUs TEIIOTHI pa3paboTaHHOro 0J10Ka Bapbupyetcs oT 57% mo 70% [22].

B craTbsax [23, 24] paccMmotpena terioBast cxema I1I'Y ¢ ITKM, KoTopast ncnonb3yeTcss TOIbKO IS
MPOU3BOJICTBA 2JIeKTposHepruu. Cam pudopmep, Kak U B CTaThsIX, PACCMOTPEHHBIX paHee, pacroJiara-
€TCs Ha BBIXOJI€ 13 Ta30Boi TypOuHLI. Bomgopon, npousseneHHbiit B [IKM, monBoautcs nmocie abcop-
Oepa B Kamepy cropaHusi u neub pudopmepa. CTOUT OTMETUTD, UTO Tap JJIs1 peakliuy MapoBOil KOHBEP-
CUM OTOUpaeTcsl U3 0TOopa TypOUHEI BhICOKOTO AaBiaeHus1. M30biTouHoe Teruio [TKM yrunusupyercs ¢
TOMOIIIbIO TIOIOrPEBa KOHAEHCATa, KOTOPbI OTOMpPAIOT MOc/e KOHIEeHcaTopa, 10 TeMIEpaTypbl MUTAa-
TeJbHOU Boakl. [Ipu TeMmepaType Ha BhIXOAe U3 KaMephl cropanus, pasHoii 1368°C, KI1/1 HeTTo maH-
HOW YyCTaHOBKU paBHsieTcs 46,1%.

YrnoMmsHyThIe paHee BapUaHThl pacCMaTPUBAIOT TOJbKO OMHapHbIe [1I'Y, omHaKo pa3BuTas cucTeMa
pereHepalmy nNapoBOAsIHOTO KOHTypa TpUuHapHbIX [TI'Y 03BOMIUT Cy11IeCTBEHHO MTOBBICUThL SHEPTeTHYe-
ckyto appexruBHOCTL TOC. B uTOre 11871610 HACTOSIIIElN PaOOThI SIBJISIETCS pa3paboTKa TEXHOJIOTUYECKOM
CXeMBbl M MaTeMaTuueckoit mogenu TpuHapHoii I1I'Y ¢ unTerpupoBaHHoit yctaHoBkoit [TKM, a Takke
QHAJIMTUYECKOE CPAaBHEHUE MOJYUYEHHbBIX PE3YJIBTATOB C CYIIECTBYIOIIMMU OMHAPHBIMU YCTAHOBKAMU.
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O0beKT uccjie10BaHuii

7151 cpaBHEHMSI TPUHAPHBIX U OMHAPHBIX 9HEPTOYCTAHOBOK C TEXHOJIOTUSIMU YIaBIMBAHUS YTJIEKKUC-
JIOTOo Ta3a post- 1 pre-combustion capture ObUIM PAaCCMOTPEHbI CASAYIOIINE IIUKIIbI:

1) ounapnas I[II'Y ¢ MDA yxogsamux ra3os (puc. 1);

2) tpuHapHas [1I'Y ¢ MDA yxoasiiux ra3os (puc. 2);

3) ounapnas IIT'Y ¢ unterpupoBaHHoii ycraHoBKoit I[TKM (puc. 3);

4) tpunapHas [1I'Y ¢ unTerpupoBaHHoii ycraHoBkoi [TKM (puc. 4).

bunapnas II'Y ¢ MDA yxonsiux ra3oB, INpeacTaBlieHHas Ha puc. 1, paboTraeT cieaylonmm oopa-
3o0M. B BoznyiiHoM kommnpeccope (K) ocyiiecTisieTcs mpolecc cxxatusi Bozayxa. CxaTblii B KOMITpec-
cope Bo3nyx nmompaercst B Kamepy cropanus (KC), B KOTopyio TakKe ¢ ITOMOIIBIO Ta3010KMMHOTO KOM-
npeccopa (I'IK) nogaetcs MetaH. B mpoiiecce cxuraHus TOIJIMBa TeMreparypa MpoayKTOB CTOpaHUs
npocturaet 1060°C. [lasee IbIMOBBIE ra3bl pacIIMpsIIoTCs B razoBo3ayirHom tpakre (I'T) razoBoii Typou-
HBI, JIOTTATKM KOTOPOI OXJIaxkaaloTCsl ¢ TIOMOIIIbIo oToopaHHoro u3 K Bo3ayxa. [azoBast TypOuHa pacrio-
JlaraeTcsi Ha OHOM BaJly ¢ ajieKTporeHepaTopoM (3B1), ¢ momolibio KoToporo Mexanuueckast padora I'T
MpeBpallaeTcs B 3JeKTpuieckyio. Ha BbIxyione ra3oBoil TypOMHBI pa3MelleH Kore-yrmiu3atop (KVY),
MapoBOJISTHOM TpaKT KOTOporo coctout u3 naponeperpepartess (I111), ucnapurens (1), 6apadana (b),
sKoHoMaii3epa (D) u razoBoro noporpesatesst KonaeHcara (I'TIK). OxnaxaeHHsie B KY npoayKTbl cro-
paHMsI HAIIPABJISIOTCS B YCTAHOBKY ¢ MDA yXomsII1X ra3oB, Iocie 4ero copacreiBaroTcs B atmocdepy. B
HmuInHApe Beicokoro masiaeHus (LIBJ/1) meperpesimiicst map coBeplIaeT ITOJIE3HYIO padoTYy, IIOCIEe YeTO
nocTtynaeT B HuAuHAp Hu3koro aasaeHus (LIHI). B ITH/I yacTh mapa oTOupaercs A1 moaorpeBa nura-
TeJIbHOU Boibl B ieaspatope (), a apyras yactb Hampasisietcs: B KonaeHcarop (K-p). ITocne ¢azoBoro
rnepexojia MoJydeHHbIM KOHIEeHcAT HarpaBiisieTcsl B KoHaeHcaTHbii Hacoc (KH), KoTopeiit moBbIiaeT
JaBjeHNe KOHAeHcaTa A0 NaBJIeHUs MapoBOAsSHON cpedbl B neaspatope (/). Temneparypa Ha BXoae B
Jieasparop IOoIIepXKMUBAETCs ITOCTOSIHHOM 3a cueT Hacoca penupkyasiiuu (PH). B mutateabHOM Hacoce
(ITH) muTaTenbHas Boja cxXMMaeTCs A0 AaBJICHUSI, KOTOPOE IMMO3BOIUT padoueil cpelie MpeoaoIeTh ma-
poBoasHoit TpakT KY.

JIJ1st coKpalleHus SMUCCUHU YIJIEKHUCIOro ra3a TpaauliMOHHO ucIojb3yercs cxema [IT'Y ¢ MDA yxo-
JSIMX Ta30oB. B aOCOpOLIMOHHON KOJIOHHE TPOUCXOAUT peakiius abcopOLMy, B XO[e KOTOPOW yrje-
KHWCJIBIH ra3 MOoIJIoIaeTcss MOHO3TaHOJIaMUHOM. B pereHepaliioHHO# KOJIOHHE ¢ TOMOIIbIO peboiiiepa
TTOABOIUTCS TETUIO JUTS TIPOTEKaHMS peakIlnK 1eCOpOIINH, B X0Ie KOTOPOil 00pa3yroTcsl HaChIIIEHHBII
aMUH U JUOKCHU/J YTJIepoia, KOTOPbIe HAITPaBJISIIOTCS HAa 3aXOPOHEHME C MIOMOIIbI0O MHOTOCTYTIEHYATOTO
KOMITIpECCopa ¢ MPOMEKYTOUHBIM OXJIaKACHUEM.

[ CHYDKEHMS TTOTeph B KOHIAEHCATOPE M TOBBIIIEHMS 3 GEKTUBHOCTA TTAPOBOISTHOTO KOHTYpa
B TpuHapHo#i I1I'Y mcrnonb3yercst pa3Butast cucrema pereHepanuu (puc. 2). C mIoMOIIbIO TIEPBOTO U
BTOpOTo nogorpesareieit Hu3koro aasiaenus (ITH/-1; I[TH/I-2) u mogorpeBatesisi BLICOKOTO JaBJICHUS
(ITBI) moBkIlIaeTCsI TeMIIepaTypa MUTAaTeIbHOM BOABI, YTO MTO3BOJISIET MOBBICUTh CPEAHEMHTErPATIbHYIO
TeMmIepaTypy nojiBoja TeroThl. dddekTuBHocTh KY mpu yBeauueHun TeMneparypbl TUTaTeIbHOM BO-
JIbl CHUXKAeTCsl M3-3a pOCTa TeMIlepaTyphbl JbIMOBBIX Ta30B. TeraoTy yXoasIuX ra30B MOXKHO MOJE3HO
YTWIM3UPOBATh B HU3KOKMUIISIIEM LIUKJIE, KOTOPbIU MpeactapiisieT codoit ki PeHkuHa, padoTatoiuii
Ha ¢peoHe R-236fa, ¢ pekynepaiueii Teruia.

OLLP paGotaert cienyoinM 06pa3oM: ropsiuuii MOTOK MepeaaeT TeIUIOTY B yTUIM3aTOpe U HATpaBJIs -
eTCcsl Ha YCTaHOBKY MDA IBIMOBBIX Ta30B. TerioTa BOCIIPMHUMAETCS pab0YrM TEJIOM LIMKJIa, KOTOPbIi
MocJie HarpeBa B yTUJIM3aTOpe pacliupsieTcsl B yriieKuciaoTHoi TypouHe (YT), coBepiiiasi padboTty, rocie
Yero nepeaaeT OCTaTOUHYIO SHEPIUIO B PEKyIepaTope U MOCTYIaeT B KOHACHCATOP, TIe, OXJIaXIascCh A0
JIMTHWW HACBHIIIIEHUS U TIEPEXOs M3 MapoBOi (ha3bl B KUAKYIO, IIepeaaeT TEIIOTY XOJOIHOMY UCTOUHUKY
ukiaa. CKOHIEHCUPOBAaBIIASICS cpelia CXXMMaeTesl B yriieKrucioTHOM Hacoce (YH), HarpeBaeTcs B peky-
repaTope U MOCTyMnaeT B yTuau3aTop. MicxonHble JaHHBIE 17151 MOJCIMPOBAHUSI OMHAPHOIO U TPUHAPHO-
ro IMKJIa MPeACTaBIeHbI B Ta0I. 2.
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CH,

Per en epanuonnasn
KoJIOHHa
- — — /1

H,0
AnmH H,0

Puc. 1. Bunapnas I[1T'Y ¢ MDA yxoasiiux ra3os

Fig. 1. Binary CCGT with mono ethanolamine cleaning of exhaust gases

Puc. 2. Tpunapnas [1I'Y ¢ MDA yxoasiliux ra3oB
Fig. 2. Trinary CCGT unit with monoethanolamine cleaning of exhaust gases

Ha puc. 3 u 4 npencrapiaeHbl TEXHOJIOTMYECKHUE CXeMbl OMHAPHBIX M TPMHAPHBIX 9HEPTETUUECKUX 11 -
KJI0B, pa0OTamIINX Ha BOAJOPOIHOM ToIIuBe. Bogopon mpousBoauTes ¢ momolbio ycraHoBku ITKM,
pudopmep kotopoii unterpupoBaH B I'T IIT'Y nepen Bxogom B KV.

g mpousBoacTBa Bomopoja nap oroupaercd u3 LB/ npu nasnenun 2,2 MIla, mociie yero cme-
LIXBAETCsS ¢ METAHOM, KOTOPBI mpenBapuTeabHO Harpesics 10 450°C B BbICOKOTEMIIEPATYPHOM peak-
tope. OOpa3oBaHHbIN CUHTE3-Ta3 HarpeBaeTcs 10 TeMrepaTypbl 850°C ¢ MOMOIIBIO TeTUIOThI, KOTOpast
obpa3syeTcs NPy JOKUTaHWM TOIJIMBA B BOLOPOJAHOM neun pudopmepa 1o temnepatypsl 875°C. Haiee
B BeicokoTemIiepaTtypHoMm (BTP) u nuszkoremneparypHom (HTP) peakropax moBbiiiaeTcst cogepKaHue
H, B razoBoii cMecH 3a CYET KaTaIUTUYECKON PEaKLIMM MOHOOKCHIA YIJIepo/ia ¢ BOASHbBIM MapoM. [Tocie
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Tab6nauua 2
Hcxoanbie JaHHbIE 11 MOAECTAPOBAHNSA OUHAPHBIX M TPUHAPHBIX TIT'Y
Table 2
Initial data for modeling binary and trinary CCGT
IMapameTp Pa3mepnoctn 3nauenue
Temmnepatypa okpyxatolei cpeabl °C 15
JlaBneHue oKpyKarllei cpeabl kIla 101,3
JlaBneHue npoaykToB cropaHus Ha Bxone B ['T MlIla 1.06
TemmepaTypa TpoayKToB cropaHus Ha Bxoje B I'T °C 1060
Henorpes B ITI1 °C 20
Temnepatypa nmapa Ha Beixone u3z KY °C 515
Henorpes Ha Bxone B 3KOHOMaii3ep/neasparop/KOHAEHCATOP °C 10
JlaBneHue B geasparope MIla 0,12
[unpaBinyeckre MOTEpU B MOAOTPEBATESIX % 5
Buytpennuit KITJI xommpeccopa, MATaTE€IbHOrO, KOHIEHCATHOTO, % 85
LUMPKYISIIIMOHHOTO HACOCOB
Henorpes Ha ropsiuem konue II1 °C 20
CreneHb CyxOCTH Tlapa Ha BBIXOJE U3 TYPOUHBI % 90
Mexanunyeckuii KIT/1 % 99
KI1/] 351eKTpOreHeEpPaTopoOB U JIEKTPOABUTATENEH % 99
Buytpennuit orHocuteabHbl KIT TypOUHBL % 85
TerutoBble TOTEPU B TEMIOOOMEHHBIX arnapaTax % 1
CrerneHb CyXOCTU Ha BBIXOJE M3 MapOBOil TYPOUHBI % 90
HenorpeB B momorpeBaresie BHICOKOTO/HU3KOTO JaBICHMS °C 1,5/5
Bryrtpennmnit orHocutenbHBIN KITJI yriileKMCIIOTHOTO Hacoca/KoM- % 85
npeccopa
Pa6ouas cpena OLLP — R236fa
Temnepatypa B KoHaeHcatope OL[P °C 30

4yero, oxJaAuBIIUCh B TeriooOMeHHUKe-oxnanuTese (TO), u3 cuHTe3-ra3a yaajsercsl Bjiara B OxJaau-
telne-cemnaparope (OC), oTBOA TEIIOTHI OT KOTOPOTO OCYIIECTBISIETCS 3a CUET IMPOKAYKU LUPKYJISIIIM-
OHHOI Bonibl. B ycTaHOBKY abcopO1inu (A) HalpaBsieTCsl CUHTE3-Ta3, TIe MPOU3BOAUTCS ylaJleHUe 13
MOTOKA YIJIEKUCJIOrO ra3a, KOTOPhIii HAaMpaBJIsIeTcsl Ha 3aXOPOHEHMSI ¢ TTIOMOIIbI0 MHOTOCTYTIEHYaTOrO
KOMIIpeccopa ¢ IIpOMeXYTOUHBIM oxJIaxaeHueM. B ntore Ha Boixone u3 ycraHoBku ITKM nomygaercs
BOJIOPO/I C BLICOKO# CTENEHbIO OUMCTKHU, KOTOPBIK HAITPaBJISIETCS B KaMepy CrOpaHUsl U B 1eUb pugom-
pepa. Yrunuzauus teriorsl 13 BTP, HTP u TO npoucXoauT ¢ mMOMOIIbIO ITUTATEIbHOM BOAbI, OTO-
opannoii mociie [TH. ITap mocne BTP HarpeBaercs no temnepatypbl 515°C, mocie yero HarpaBisieTCs
B LIB/I. McxonHble naHHbBIE U151 MOJEIMPOBaHUSI OMHAPHOTO U TPUHAPHOTO LIMKJIOB C MHTErPUPOBaH-
HBIMHU YCTAaHOBKAaMM OUYMCTKH YIJIEKUCJIOTO ra3a MnpeacTaBieHbl B Ta0I. 3.

MeToauka TEPMOJUHAMHUYECCKOI0 aHAJIn3a

MopenpoBaHie TEXHOIOTMYECKUX CXeM OMHAPHBIX M TpruHapHbIX TTT'Y ¢ MUHUMAIBHBIMU BBIOPO-
caMu YIJICKMCIIOTO ra3a IMporU3BOAMIOCH C IIOMOIIBIO IporpaMMbl Aspen Plus!, koTopast Halllia IIMPOKOe

' Aspen Plus | Leading Process Simulation Software | AspenTech. Pexxnm nocryma: https://www.aspentech.com/en/products/engineering/as-
pen-plus (nara obpamenust: 19.07.2021).
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Puc. 3. bunapnas I1I'Y ¢ unterpupoBaHHoit ycraHoBkoii [TKM
Fig. 3. Binary CCGT with integrated steam methane reforming unit

MpUMEHEHME MPU MPOBEACHUMN PACUETOB MPOLIECCOB B 9HEPreTUUECKUX U HE(TEXUMHUUECKUX KOMITICK-
€ax M 4acTo MCIOIb3yeTCs TIPU MOAEIMPOBAHUY YCTAHOBOK YJIAaBIMBAaHUS AIMOKCHUIA yriepoaa. Terio-
(buznueckue cBOMCTBA BEIIECTB onpene/suiuch ucrnoib3oBanruem 6a3bl JaHHbIX NIST REFPROP [25].

ITpu moaenupoBaHuM TpUHAPHBIX M OMHapHBIX [1T'Y ¢ yraBimMBaHMEeM YIJIEKUCIIOTO ra3a puHuMa-
JINCH CIIEAYIONINE TOMYIICHUS:

* OTCYTCTBME XMMMUYECKOTO HEJ0XO0ra MPU MPoLecce TOPEeHUs TOILIMBA;

* OTCYTCTBME MOTEPb AABJCHUSI B TPYOOIIPOBOIAX;

* IIpY TOHEHWHU TOILJIMBA He 00pa3yloTCsl OKCUIBI a30Ta.

ITpo1iecc ropeHust B Kamepe cropaHus U neuu pudopmepa mpoTeKaeT Ucxoast u3 ypaBHeHus (1) mist
MeTaHa 1 ypaBHeHMsI (2) A1l Bogopoja:

CH,+2-0,=2-H,0+CO,, (D)
2-H,+0,=2-H,0. (2)
B pudopmepe ycranosku ITKM mnipoTekaeT peakiiysi OKMCJICHUSI MeTaHa BOJASIHBIM MapoM, a B BBICO-

KOTEMIIEPATYPHOM PeAKTOPE — PEAKIIUSI BOASHOIO CABUTA, KOTOPBIE PACCUMUTHIBAIOTCS UCXOIs U3 (Hop-
myn (3) u (4) cooTBeTCTBEeHHO [28]:

CH, +H,0 ¢> CO+3H,; AH, = 206,2 X% 3)
MOJIb

CO+H,0 > CO, +H,; AH, = —41,2 2 (4)
MOJIb

MDA oT guoKcuia yrjiepoa B pereHepalMoOHHOM KOJIOHHE POM3BOIUTCS nyTeM adbcopouuu [27], B
KOTOPOM MOXKHO BBIIEJIUTh TPU OCHOBHBIX 3Tara. Ha mepBoM 3Tarie mporucxXoauT obpa3oBaHue Kapoa-
MaTa MOHO3TaHOJAMMOHMSI:

2NH,CH,CH,0H + CO, <> CH,CH,0HNHCOOCH,CH,OHNH,,. (5)
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Tabnuua 3
Hcxonnpie JaHHBIE 151 MOIEJIMPOBAHUS CHCTEMBI YJIABIMBAHKS YIJIEKHCJIOTO ra3a
Table 3
Initial data for modeling the carbon dioxide capture system
ITapameTp 3nauenue
Croco0 yjaBiuMBaHMs YTJAEKHUCIOTO ra3a MBA TITKM
Toruso, nogaBaemoe B KC CH, H,
TemmepaTypa cmHTe3-Ta3a Ha BeIxoae n3 pudopmepa, “C - 850
JlaBneHue cMHTe3-Ta3a Ha Bbixoje u3 pudopmepa, MIla — 2,2

JlaBjieHMEe MTOTOKA YXOMASIIIMX Ta30B, aTM 1

Jlosist aMuHa, HampaBJIEeHHOTO B peboiiiep 0,7 —
JlaBjieHre Hacoca HachIIIEeHHOI0 aMMHa Ha BbIXOJIe, Oap 1,1 —
Hons peditokca B KOHAEHCATOpe 0,5 -
IToteps naBneHUs B CTYNEHU pereHepalliOHHON KOJIOHHBI 0,7 —

B xone ruaponn3za kapdamaTa oopa3yroTcs 0MKapOOHaT U MOJIeKyJia CBOOOTHOTO MOHO3TaHOJIaMUHA:

CH,CH,OHNHCOOCH,CH,OHNH, + H,0 <>

6
<> CH,CH,OHNH, + CH,CH,OHNH,HCO,,. ©)

O0pa3oBaHHBII MOHO3TAHOJIAMWH CHOBA BCTYMAET B pEaKLIMIO:
CO, +CH,CH,0OHNH, + H,0 «> CH,CH,OHNH,HCO,. (7)
PaccuunTbhiBaeTcss MOLIHOCTD i-ro KoHTypa I1I'Y:
N,=N;} -N, (8)
rie N ia — MOIITHOCTb TYpOOYCTaHOBKM I-TO KOHTypa, MBT; NiCH — momrHocTh CH ma i-To KoHTypa,

MBT.
PaccuuThiBatoTcs MOIIIHOCTH OMHApHOM U TpuHapHoii [1TY:

nry
N, " =Nppy +NHTY+NOL[P’ )
rae N, — MOLHOCTb ra3oTypounHoii ycranosku (I'TY), MBt; N, . — momnocts [1TY, MBr; Noup —

motrHocTh OLIP, MBT.
PaccuntbiBaercst morrHocts CH TITY:

N = NG+ NG + NG, (10)
e Ncrgy — moiHocth CH I'TY, MBT; Nggy — MomHocts CH TITY, MBT; NCOHLIP — moiHocts CH

OIIP, MBrT.
PaccuutbiBalorcs nmorepu saekTposHepruu Ha CH:

Ngg :Nl'?]IC-IM+NI\C/II;A+NK3’ (11)
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Puc. 4. Tpunapnas I1I'Y ¢ unterpupoBaHHoii ycraHoBkoii [TKM
Fig. 4. Trinary CCGT with integrated steam methane reforming unit

rae V. SSM — sarparbl sHeprur Ha CH ycranosku [TKM, MBT; N, ﬁg A — 3arpatel sHeprun Ha CH ycra-
HOBKM MDA yxoasuiux razos, MBT; NK3 — 3aTparhl Hepruu Ha 3axopoHenue CO,.

PaccuuteiBaercs KIT/I HeTTo 151 GMHAPHBIX M TPUHAPHBIX LIMKJIOB C CUCTEMaMU YJIaBIMBAHUS yIJie-
KHCJIOTO ra3a:

mry ry Vi1
mnry _ Ne — CH _NCH (12)
nﬂewo - P B
HCHy4
rac B— MacCCOBBIU pacxoa ME€TtaHa, 5CH4 — HHM3IIad TCII0Ta CropaHusda METaHa.

Pe3yasrarbl

[ns cpaBHEHUST TEPMOJMHAMUYECKHX XapaKTepUCTUK OMHapHBIX U TpuHapHbIX [1TY ¢ TexHom0TH-
SIMU yJIaBJMBaHMSI YIJIEKUCIIOTO ra3a post- u pre-combustion capture aHaau3 MPOBOAUIICS B YACTbHBIX
BEJIMYMHAX OTHOCUTEJLHO CyMMapHON MOABENCHHOM TEIJIOBO MOITHOCTA. CTOUT OTMETUTD, YTO IS
[IT'Y ¢ TexHONOTMEN yaaBIMBaHUs YIJEKHUCIOro ra3a post-combustion capture MoaBoOJ TEIJIOThI OCYy-
LIeCTBIIsIeTCs B Kamepe cropanust, mist [II'Y ¢ pre-combustion capture — B Kamepe CropaHus v Te4u
pudopmMmepa.

I1o pe3ynbraTam TepMoIMHAMMYECKOro aHaian3a ouHapHoit [1I'Y ¢ MDA yxonsiux ra3oB BHISIBIIC-
HO, YTO ra30TypOMHHAsT YCTAHOBKA C YYETOM DJIEKTPOMEXaHUYECKMX MOTephb BhipadbaThiBaeT 139,9 MBT
3JIEKTPUYECKOI 3HEepTruH, 9To cocTamiseT 32,34% ot Beeli moaBeneHHoi K I[1I'Y TeraoBoit MOIITHOCTH.
[Tocne yero TerIoBast MOITHOCTD YXOMSIIMX Ta30B Ha BBIXJIOIE U3 Ta30BOi TypOuHLI, paBHas1 283,4 M BT,
YTWIM3UPYETCSl B TTApOBOASIHOM KOHType. OIHAKO M3-3a TEIJIOBBIX MOTEPh B KOHJAEHCATOPE, PABHBIX
139,7 MBT, 1 TEIJIOBBIX MOTEPD C YXOISAIIMMU razamMu, paBHbix 58,7 MBT, B mapoBoii TypOuHe BbIpa-
OatbiBaeTcs Tobko 81 MBT anektpuueckoii aHepruu. [1pu yuete CH IITY, KoTopble 3aTpaunBaioTCs
Ha KOHJIEHCAIMOHHbIE U MUTATeIbHbIC HACOCHI, JAHHOE 3HAaUeHUe YMeHblaeTcs 10 79 MBT. B urtore ¢
y4eTOM BCeX paHee yKazaHHbIX 3HepreTuueckux nmorepb KII mapoBoasinoro kontypa IIT'Y cocrasiser
36,01%.

CTOUT OTMETUTD, YTO TOTEPU C YXOASIIMMU Ta3aMU B KOTJe-yTUIM3aTOPE CBSI3aHHBI C BHICOKOI
TeMmepaTypoil yxoasiux razoB, paBHoil 145°C. boiiee riaybokoe oxjiaxkIeHUE YXOISIIUX ra30B Ha
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Puc. 5. DHepretuueckas nuarpamma ouHapHoii [1T'Y
Fig. 5. Energy diagram of a binary CCGT

ounHapHbix I1T'Y monpocTy HEBO3MOXKHO M3-3a MOJOTpeBa KOHASH cAaTa B CUCTEME pereHepaluuu HU3-
KOro maByieHus u geasparope 10 106°C. Ha puc. 5 mpencrasieHa sHepreTudeckas uarpaMmMa OuHap-
o IIT'Y.

CymMapHasi BbIpabOTKa 3JIEKTPUYECKONM DHEPTrUu B Ta30BO3MAYIIHOM M MAapOBOISIHOM KOHTYpax
cocrasisteT 218,5 MBT, uto cocrasnster 50,52% ot moaBeneHHON B LMKI TerutoThl. [Ipu aTom mist
yaajeHUs yrJIeKUCIoro ra3a Tpedyercs 3atpatuth 40 M BT TenioBoii sHepruu, a Jajis 3aXOPOHEHUS —
9,6 MBT. B utore sneproaddexrusrocts [1I'Y ¢ MDA yxoasuiux ra3os coctasisiet 39,10%. Ha puc. 6
npencrapieHa guarpamMa CH Ha ynaneHune u 3axopoHeHMe yIJIeKUcaoro raa ouHapaoi III'Y ¢ MDA
JIBIMOBBIX Ta30B.

PesynbraThl MogenupoBanus TpuHapHoil ITT'Y ¢ MDA yxonsiuux ra3oB NOMOIJIM YCTAHOBUTD, YTO
HaJIMuMe pa3BUTOM CUCTEMBI pereHepalny MO3BOJISIET YMEHBIINTh MoTepu B KoHAaeHcaTope IITY Ha
30,6 MBT, To ectb Ha 7,07% ot Bceit moaseaeHHo# B [1I'Y TermtoBoit MolHOCTH. B uTore 3T1o nmpuBo-
Ut K Tomy, yto KII/I mapoBoagHoro kourypa I1I'Y yBenmnuuBaercs Ha 3,09% u cocrasnser 39,10%.
OnHaKo U3-3a HAJIMYUS PA3BUTOM CUCTEMbI pereHepaluy IMOTePHU ¢ YXOISIIUMU ra3aMU Ha BBIXOJE U3
KOTJIa-yTUJIM3aTopa NoBbIaTcs Ha 38,6 MBT otHocuTenbHO 61HapHOM [TT'Y ¢ MDA nbIMOBBIX Ta30B.
JaHHblii 3(pdeKT CBsI3aH ¢ MOBBILLIEHUEM TeMIIepaTyphbl MUTATeIbHOM BoAbl Ha 34°C, 113-3a Yero TemIie-
paTtypa yxomsIyX ra30B Ha BBIXOE 13 KOTJIa-yTuan3aropa nosbimaercs 10 205°C.

Jg yrunuzauyuy 97,2 MBT HU3KOIMOTEHIIUAILHON TETJIOTH B TPMHAPHBIX LIMKJIAX MCIOIb3YEeTCS
OLIP, B yrunu3almoHHOl TypOMHE KOTOPOTo BhipabaThiBaeTcs 15,5 MBT snekTpuyeckoit aHepruu. [1pu
yuere CH, koTopble 3aTpaunBaloTCsl Ha pabOTy YTUIM3ALMOHHOIO Hacoca, JaHHOe 3HaUYeHWe YMEHb-
mraercs 10 13,2 MBT. CtouT oTMETUTB, YTO TeMIIepaTypa pabodeii cpebl Ha BXOJE B YTHJIM3aLMOHHYIO
Typ6uny paBHa 190°C, u3-3a yero B HU3KOKUIISIILIEM LIMKJIe HAOJI0al0TCsl OOJIbIIIME TTIOTEPU B KOHJEH-
catope, paBHbie 54,7 MBT.

B xone TepMonrHaMuuecKoro aHaau3a ObLIO YCTAHOBJIEHO, YTO U3-3a 0oJiee MIyOOKON yTUIU3aluuu
pacrnonaraemoii TpuHapHoi I1I'Y TerioBoit 3Heprum TemriepaTtypa yXOAsIIUX ra30B MOHMXKAETCS 10
80°C, n3-3a 4ero CHMXKAITCS MOTEpU C YXOIAIIIMMU Ta3aMU Ha BBIXOJAE M3 Ta30BO3AYIIHOTO KOHTYpa
aHeprobsoka Ha 31,9 MBT otHocuTenbHo OuHapHoit [1I'Y. Ha puc. 7 npencraBieHa aHepreTuueckast
nuarpamma TpuHapHoi I1T'Y.

MomrHocTh OpyTTO HUKIA cocTaBisier 224,4 MBT. IIpu 3ToM pacxon MpOayKTOB CropaHuUsl paBeH
508,7 Kr/c, 4TO UAEHTUYHO pacxody MPOAYKTOB cropaHust B OuHapHoii [1TY, uz-3a yero sHepreTuue-
CKHe€ 3aTpaThl Ha yJajJeHle U 3aXOpOHEeHUE YIVIEKUCIIOro ra3a ocTaioTcs HemaMeHHbIMU. B utore KIT/I
HetTo TpuHapHoii [1I'Y paBen 40,35%. Ha puc. 8 npencrasiena nuarpamma CH Ha ynaneHue u 3axopo-
HeHMe yrieKucaoro raza rpuHapHoii [1I'Y ¢ MBOA yxoasiiux ra3os.
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Fig. 6. Energy diagram of a binary CCGT taking into account the costs of monoethanolamine cleaning of flue gases
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Puc. 7. DHepreTnueckast nuarpamma TpuHapHoit [TTIY
Fig. 7. Energy diagram of a trinary CCGT unit
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Fig. 8. Energy diagram of a trinary CCGT taking into account the costs of monoethanolamine cleaning of flue gases

C nomouibto uHTerpupoBaHHoi yctaHoBKU [TKM B GMHapHOM mapora3oBoM LukJje (puc. 9) mpo-
MU3BOJUTCS BOAOPOAHOE TOIUIMBO. J1JIs IpOTeKaHNSI SHAOTEPMUIECKON peakiuu pu(opMUHTa TPOAYK-
TBI CTOpPAaHUS Ha BBIXOJAE M3 ra3oBoii TypOuHBI HarpeBatoTcsa ¢ 535°C mo 875°C meubto pudopmepa, ¢
MoMoIIIbI0 KoTopoii B ki I1I'Y nmoasogutes 160 MBT nomoaHuTebHOM TEIUIOBOM sHeprun. s mo-
BBILIEHUS OIBOAMMON B LIMKJI TEIIJIOBOM MOILIHOCTU B dHepreTudeckunii nuki 1Y yBennuuBaeTcsa u
pacxoj toruinBa Ha 3,19 kr/c otHocuTtebHO TITY ¢ MOA npIMOBBIX Ta30oB. B utore B Kamepy cropaHus
roaBoauTes 66,97% ot Bcero MoABOIMMOrO B LIMKJI TEIIa, a B eyb pudopmepa — 34,12%.

PesynbraThl MOaeIpoBaHUS MO3BOJIMIN YCTAHOBUTD, YTO B ycTaHOBKY ITKM cymMapHO mogBoauTcs
402,9 MBT TerioBoii aHeprumn, U3 KOTopoii Toibko 218,8 MBT HampaBisieTcst Ha HarpeB CMHTE3-Ta3a
1o temnepatypsl 850°C. I1pu aToM B npoliecce mapoBoro pudopmunra Tepsiercs 27,1 MBT Temna, Bce
ocTajbHOe Terio, paBHoe 191,7 M BT, nosie3HO yTUIM3UPYETCS B NApOTYyPOUHHOM LIMKJIE, YTO TPUBOJUT
K pOCTYy pacxojia Tapa B ImapoBoit TypouHe B 1,92 paza (61,05 kr/c).

ITocne nmepBoro oT60pa 13 MapoBoit TypOMHBI oTOMpaeTcs 51,99 kr/c mapa ajist MpoTeKaHus peakLuu
MMapoBOil KOHBEPCHU B YCTaHOBKe pudopMuHra. B konmeHcatop noasoautes 51,99 kr/c 1od6aBodHOI
BOJIBI, KOTOpasl MOCJje ITOJ0rpeBa B CUCTeMe pereHepauuu 10 Temieparypsl 107°C HampaBisieTcst 11
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Puc. 9. DHepretuueckas nuarpamma 6uHapHoit I1I'Y ¢ nuHTerpupoBaHHoli ycraHoBKoi [TKM

Fig. 9. Energy diagram of a binary CCGT with an integrated steam methane reforming unit

YTUJIU3ALUM U30BITOUHOM TeTIOTHI B ycTaHOBKY ITKM. TlepeuniciaeHHbIe Bbille (DaKTOpbl 00yCIaBIMBa-
IOT IIPMPOCT MOIITHOCTH B ITapoBoM Lukie Ha 11,38 MBT oTHocuTtenbHO OMHapHOI ycTaHOBKU ¢ MDA
YXOJSIIIMX Ta30B, MpU 3ToM it paboThl yctaHoBKU [TKM Tpebyetcst 3atrpatuth 2,8 MBT 31ekTpuue-
ckoii aHeprun Ha CH I1KM u 14,3 MBT Ha 3axopoHeHMe yIJIeKUCIOro ra3a. B urore a(peKTHBHOCTD
9HEProd10Ka OTHOCUTEILHO OMHAPHOTO Mapora3oBoro ukjiaa ¢ MOA IbIMOBBIX Fa30B YBEIMIMBACTCS
Ha 1,16% u cocraBnser 40,26%. DHepreTnueckas nuarpamma ouHapHoii [1I'Y ¢ yaetom 3aTpar Ha [TIKM
npexacrasiieHa Ha puc. 10.

TepmonmHamuyeckuii aHanu3 TpuHapHoit [1I'Y ¢ muHTerpupoBaHHOM YCTaHOBKOM MapOBOIi KOHBEP-
cuu (puc. 11) mokasas, 4To yTrIM3alus TeIIOThI CUHTE3-Ta3a, paBHoro 191 M BT, mo3BoJiseT yBeIUUNTD
pacroJjilaraeMyr MOIITHOCTb ITapoBoii TypOuHbI Ha 19,2 MBT otHocuTebHO OuHapHoit [1I'Y ¢ uHTerpu-
poBaHHOI1 ycraHoBKoM [TKM. JlaHHBII IPUPOCT CBSI3aH C TEM, UYTO M3-3a Pa3BUTOM CUCTEMbI pereHe-
palyvu MoTepyu B KOHJIEHCATOPE YMEHbIIATCd Ha 6,69 MBT, n3-3a yero a3 @eKTUBHOCTh TPUHAPHOM
IIT'Y ¢ unrerpuposanHoii ycranoBkoi [TKM yBennunBaercs Ha 0,16% otHocuTenbHO OuHapHoi [TV
C UHTerprupoBaHHOI ycTaHOoBKOM I[TKM.

MoiHocTb HetTo TpuHapHoit [1TY ¢ unTerpupoBaHHoii ycraHoBkoii [TKM pasHa 250,7 MBT. [Tpu
9TOM pacxoj MPOAYKTOB cropaHus paseH 505,6 Kr/c, 4TO MAEHTUYHO PACXOAY IMPOAYKTOB CrOPAaHUS B
ounapnoii IIT'Y ¢ unrerpupoBanHoii yctaHoBkoil [IKM, n3-3a 4ero sHepreTudeckue 3aTparhl Ha yaa-
JIEHVE Y 3aXOPOHEHMe YIJIEKMCIOro ra3a ocTaloTcs HemdaMeHHbIMU. CTOUT OTMETUTh, uTo rnotepu Ha CH
ITKM u 3axopoHeHHe YIJIEKHUCIOro ra3a He U3MEHSIIOTCSI OTHOCUTE/IbHO KOMOMHMPOBAHHOM OMHapHOM
III'Y ¢ TIKM. B utore a¢dpdexkrnBHOCTL 3HEProbdoka yBennuuBaetcs Ha 1,27% u cocrasnseT 41,62%
(puc. 12).

CpaBHeHME Pe3yJbTaTOB UCCAEAOBAaHUI YeThIpeX paccCMOTpeHHbIX TexHojornuyeckux cxem GUE ¢
MUHUMAaJIbHBIMU BBIOPOCAMU BPEIHBIX BEIIECTB B aTMOCchepy MO3BOJISIET MPUNATH K 3aKIIIOYEHUIO, UTO
nepexon ouHapHoii [1T'Y ¢ MDA yxonsimx ra3oB Ha BOIOPOJHOE CXKUTAaHUE C IIPOU3BOACTBOM TOILIMBA
¢ nomolibio ycraHoBku ITKM mno3BoisseT moBbICUTh 3P deKTUBHOCTL Ha 1,16%, a mepexoa TpuHapHOR
II'Y —na 1,27%. Pazuuua sHepretuyeckoii apdexruBHocTy B 0,11% cBsizaHa ¢ TeM, YTO MOABEAEHHAS
B LIMKJI TETJIOBAsl SHEPrHUsl yTUJIM3UPYETCs B 00Jiee SHepreTuuecKu 3(P(eKTUMBHOM MapOBOJISIHOM KOHTY-
pe ¢ pa3BUTOI CUCTEMOIl pereHepalnu, YTO MO3BOJISIET YMEHbBIIUTD MOTEPU TEIJIOBOM 9HEPIUU B KOH-
JIeHCATOpe TPUHAPHOrO LKK/Ia Ha 6,69 MBT otHocuTenbHO 6uHapHbIX [1IY. B utore 3a cuer ycTaHOBKU
ITKM B 6unapHoii [1T'Y gononHutenbHO BhipadbateiBacTcst 16,2 MBT. B TpuHapHOil ycTaHOBKE 3a CUET
CHIXKEHMs IOTEPh B KOHAEHCATOpe TaHHOE 3HayeHue moBbiiaercs Ha 0,6 MBT u paBasercsa 16,8 MBT.

PesynbraThl cpaBHEHMSI SHEPreTUUeCKoi 3(ppeKTMBHOCTU TpUHAPHBIX ¥ OuHapHbIX 1Y ¢ mHTerpu-
POBAaHHBIMU CHUCTeMaMU yJIaBJIMBaHUS YIJIEKMUCIIOTO T'a3a MpeacTaBiieHbl Ha puc. 13. Hanbomnee addex-
TUBHBIM LIMKJIOM siBiisieTcd TpuHapHag [1TY ¢ KITJl Herro, paBHbIM 41,62%. JlanHas 3¢ deKTUBHOCTD
JIOCTUTAeTCs 3a cueT cHkeHus 3arpaT Ha CH cucTeMbl yaBniuBaHMs YIJIEKMCIOTO ra3a Ha 5,67 MBt
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Puc. 10. Bueprernueckast nuarpamma ouHapHoii I1I'Y ¢ yuetom 3aTpat Ha [IKM
Fig. 10. Energy diagram of a binary CCGT taking into account the costs of steam methane reforming
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Fig. 11. Energy diagram of a trinary CCGT with an integrated steam methane reforming unit
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Fig. 12. Energy diagram of a trinary CCGT taking into account the costs of steam methane reforming

otHocuteJibHO TII'Y ¢ MDA nbpiMOBBIX Ta30B. CBSI3aHO 3TO C OTCYTCTBUEM JOITOJHUTEILHBIX 3aTpaT Ha
JIecopOIII0 MOHOATAaHOJaMIHA ¢ IIOMOIIBIO pedoiiyiepa, Ha KOTOphlil 3aTpaunBaeTcs 40 MBT anexkTpu-
YECKOU 2HEpruu.

BoiBoabI

B Hacroseii pabote paspadboTaHbl TEXHOJIOTMYECKHE CXeMbl U MaTeMaTUYeCKUe MOJEIU CIeIyro-
wux [TV ¢ TexHOMOTUSIMU yJIaBIMBaHMW YIJIEKMCIIOrO ra3a post- 1 pre-combustion capture:

1) ounapHas I1T'Y ¢ MDA yxonsiiux ra3os;

2) tpuHapHas [1I'Y ¢ MDA yxoasiiux ra3os;

3) ounapnas I1I'Y ¢ unrerpupoBaHHoii ycraHoBKo# [TKM;

4) tpuHapHas I1I'Y ¢ unrerpupoBaHHoi1 yctaHoBKoI ITKM.

ITo pe3synbrataM MaTeMaTUYECKOTO MOJEIUPOBAHUST TEXHOJOTMUECKUX CXEM TMapora3oBbIX 3HEPTo-
YCTAaHOBOK C TEMIIepaTypoil 1 TaBJieHHeM Ha BXOJe B ra3oByio TypouHy, pasHbiMu 1060°C 1 1,09 MIla,
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Fig. 13. Comparison of energy efficiency of trinary and binary CCGTs with integrated carbon dioxide capture systems

COCTaBJIEHbI BHEPTreTUYECKHE AUarpaMMbl, UCXOAS1 U3 KOTOPBIX ObLIO YCTAHOBJIEHO, UTO MPU TMepexoae
¢ ounapHoii [1TY ¢ MDA yxonsiux razoB Ha OuHapHyto [1I'Y ¢ unterpupoBaHHoii yctaHoBKoi [TKM
KII, nerro yBenmumBaercst Ha 1,16%. D10 00yCI0BIEHO CIEAYIOIMMU TPUIUHAMMU:

1. B npouecce oxyiaxkaeHUs CUHTEe3-Ta3a B YCTAHOBKE ITapoBOTo pudOpMHUHTa MeTaHa B OXJIaJuTe-
Je-cemnapatope Tepsercsa 27,1 MBT TemioBoii aHepruu, ogHako mpu MDA yxomsiinx ra3oB TpeOyeTcs
3aTpaTtuth 40 MBT as1ekTpruecKoii a3Heprum Ha MoJorpeB aMuHa B pedoiiiepe.

2. Ilpu nepexoae ¢ ouHapHoit [1TY ¢ MDA yxoasiux razoB Ha OuHapHyto I1I'Y ¢ uHTerpupoBaH-
Hoit ycranoBkoli [IKM sHepreTuueckue moTepy Ha 3aXOpOHEHME YIVIEKMCIIOTO ra3a yBeIMYMBAIOTCS Ha
4,7 MBT, 4TO CBSI3aHO C MOBBILIIEHNEM BBIOPOCOB YITIEKUCIIOrO raza Ha 33% B CBS3M C pOCTOM pacxoia
ToruBa Ha 3,19 kr/c.

3. Jlig mpoTeKaHUs peakIK MapoBOil KOHBEPCHH M3 TTapOBOM TYpOMHBI OTOMpaeTcs 52 KT/c, oi-
HaKO M3-3a TOTO, 4To Tipu yrum3anuu 191,7 MBT TermioBoii sHeprum BeIpabaTeiBaeTcs 61 Kr/c mapa,
koTopslii HarpasisteTcs B IITY, moiiHocts Herro I1TY yBennunBaercsd Ha 16,2 MBT.

CpaBHUTEIBLHbBIN aHATIA3 SHEPIreTUISCKUX U TEPMOAMHAMUUECKUX XapaKTepPUCTHK TTOKa3aJ, u4To Tie-
pexon ¢ ouHapHOIT Ha TpuHapHyio [1I'Y ¢ MDA yxopsux razoB npuBogut K pocty KIIJI Herro Ha
1,25%. D10 00GYCIOBICHO CIIEAYIOIIUMHU MPUYMHAMU:

* POCTOM CYMMapHbIX IToTepb B KoHaeHcaTopax [ITY u OLP na 24,2 MBT;

* poctom cymmapubix CH IITY u OLP na 1,4 MBrT;

* CHUXXEHMEM IOoTepb C YXOISIIMMU ra3aMy Ha BbIXOAE M3 ra3oBo3ayliHoro konrypa I1I'Y Ha
31,7 MBT;

* pOCTOM MOIIHOCTH HETTO ITapora3oBoii ctaHuuu Ha 5,4 MBT.

PesynbraThl MoaeaMpoOBaHUS MO3BOJUIN YCTAHOBUTH, UTO Tepexoa ouHapHoii IITY ¢ uHterpupo-
BaHHoI yctaHoBKoii IIKM Ha Tpunapnyiwo III'Y ¢ unTerpupoBanHoii ycraHoBkoii I1KM mo3BojsieT
yrunu3uponath 191,7 MBT TeruioBoii aHeprum, oTBOAUMOI OT prudopmepa, B 0ojiee 3PHeKTUBHOM IT1a-
POBOISIHOM KOHTYPE C Pa3BUTOM CHUCTEMOI pereHepannu, 3HeKTUBHOCTL KOTOporo Boiire Ha 0,16%
10 CPAaBHEHMIO € TTAPOBOASIHBIM KOHTYPOM 0€3 pa3BUTOI CUCTEMbI pereHepal. B utore poct pacxona
ITapa B ITapoBOii TypOuHe Ha 61 KT/c IPUBOAUT K TOMY, 4To B OmHapHoii [1I'Y ¢ mHTeTprpoBaHHOI ycTa-
HoBKoi1 ITKM pornosiHuTeIbHO BhipabatsiBaeTcs 15,2 MBT, a B Tpunapnoii I1T'Y ¢ nHTerpupoBaHHOMI
ycranoBkoit [TKM — 16,8 MBt orHocurensHo [1T'Y ¢ MDA yxoasmnx ra3os. [1pupocT aieKTpudecKkoi
MOIITHOCTH HeTTO B TpuHapHOoii [1I'Y ¢ mHTerpupoBanHoit yctaHoBkoit [1IKM nHa 1,6 MBT oGycimaBim-
BaeT noBbllIeHne apdekTuBHOCTH Ha 1,36% oTHOcUTenbHO OuHapHoM I1I'Y ¢ MHTerpupoBaHHOI ycTa-
HoBKoi1 [TKM.

Takum 006pa3oM, yCTaHOBJIEHO, YTO HAaMOOJIbIIAs SHepreTndeckast 3pGeKTUBHOCTh HAOIIOOACTCS Y
tpuHapHoii I1I'Y ¢ unrerpuposanHoii ycraHoskoi [1KM, KITJI Hetto koTopoii paBHsieTcst 41,62%.
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Aunnomayusa. B HacTosimieil craTbe TpeacTaBiieH 0a30Bblii 0OpaTHOXOMOBOI MpeoOpa3oBaTesb
(Flyback) ¢ nHBepTUPOBAHHOU TTOJISIPHOCTHIO HAIPsDKEHMUST Ha BbIXome. PaccMOTpeHBI BaxKHBIC
BOIPOCHI, BOZHUKAIOIINE MTPU TPOESKTUPOBAHUU TTOMOOHBIX YCTPOMCTB, Takue Kak 3¢ dexThl mna-
Pa3UTHBIX 3JIEMEHTOB, 3alllUTa OT HEMCIIPABHOCTEN M BKJIIOYEHME CHUJIOBOrO KJII0Ya IO CXeMe C
OOILIMM KOJIJIEKTOPOM, CTOKOM (3MUTTEPHBII, NCTOKOBBIIA IIOBTOPUTEL). KccaenoBaHo BIUSIHUE
TPAH3WCTOPHOTO KJTIOUA Ha TEIUTOBBIC PEXKUMBI ITEYaTHBIX Y3JIOB 3JIECKTPOHHBIX yeTpoiicTB. [Toka-
3aHO, 94TO, €CJIM HE YUYUTHIBATh TEIJIOBBIC ITPOLIECCHI B TICYATHBIX IIaTaX Ha 3Talle pa3paboTKH, 3TO
MOKET IMIPUBECTH K CHIDKCHUIO HAIEKHOCTH SJIEKTPOHHBIX YCTPOCTB. MoaennpoBaHue U aHAJIN3
BBITIOTHEHBI B cpene Matlab Simulink. OCHOBHO# 00JIaCTBIO TIPUJIOKEHUI paccMaTPUBAaEMOTO B
paboTe MHBEPTUPYIOLIET0 00PaTHOXOAOBOIO Mpeodpa3oBaTes sIBIsIeTcs ero pabora B ceTsx 0,4
KB B KauecTBe MCTOYHMKA BTOPUYHOIO ITUTAHUSI.

Karoueswvie croea: MMITyJIbCHBIN TIpeoOpa3oBaTeb, 0OpPaTHOXOAOBOM MpeoOdpa3zoBaTesib, OOLIUM
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Abstract. This paper presents a basic flyback converter with inverted polarity of the output voltage.
Important issues arising in the design of such devices are considered, such as the effects of parasitic
elements, protection against faults and inclusion of a power switch according to the scheme with
a common collector, drain (emitter, source follower). The effect of a transistor switch on thermal
conditions of printed circuit boards of electronic devices is investigated. It is shown that if thermal
processes in printed circuit boards are not considered at the development stage, this can lead to a
decrease in the reliability of electronic devices. Modeling and analysis are performed in the Matlab
Simulink environment. The main area of application of the inverting flyback converter considered in
the paper is its operation in 0.4 kV networks as a secondary power source.
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Bgenenue

PacTtymuii pplHOK MOTPEOUTENIBCKOM 3JIEKTPOHUKY rapaHTUPYET IIOCTOSIHHBIN ITPOMBIIIUICHHBIN MH-
Tepec K NMoTpeOUTENLCKUM UCTOUYHMKAM BropuuHoro nutanust (MBIT) nns agantepos, 3apsiioK HOYTOY-
KOB, MOOWJIbHBIX TeJe(OHOB 1 CBETOAMOIHBIX CBETUILHUKOB. CiienoBaTeibHO, YHUBEPCATIbHbIC afar-
TEpbl, COBMECTUMbIE C HECKOJbKHMMU YCTPOMCTBAMU Pa3HBIX BHIXOJHbBIX HAMPSKEHU, 00EIAIOT CTaTh
HOBBIM cTaHaapToM. Tornonorust Flyback siBnsieTcst OMNyJsipHbIM BIOOPOM M3-3a MaJIOTO KOJMYECTBA
JleTajeid U CTAHOBUTCSI Bce 0oJiee MPUBJIEKATEIbHBIM BAPUAHTOM [IJIs1 aIalliTEPOB CPEeIHEN MOILIHOCTU
50—100 Bt [1, 2].

Paspabotka u uccinenoBanue HoBbIX Torojoruit UBIT 1 ux mpeumMy1iecTs nepen CyuecTByOIUMU
SIBJIIIOTCS aKTyaJbHbIMU 3a/layaMu, TTOCKOJIbKY UX PEllIeHNE HAMPSIMYIO CBSI3aHO, MTPEXJIE BCEro, C I0-
BoIIeHHEeM 3ddekTuBHOCTU 1 HamexHocTu WMBII u cHMXeHueM Ipou3BOACTBEHHBIX 3aTpat. Cyiie-
CTBYET PsIll UBBECTHBIX PabOT, B KOTOPHIX MOBbILIeHUE 3(D(HEKTUBHOCTU OCYILIECTBIISIETCS TTOCPEACTBOM
HOBOM CTpaTeruy yrnpaJieHUsI KJII0OYOM OT IePBUYHOM yacTu npeodpazosatens [1, 3] u apyrumu cTpa-
TErusIMUA ONITUMU3ALNHU paboThI Tpeodpa3oBarelis [5, 6], 0CHOBaHHBIMU Ha (DYHKIIMOHMPOBAHUHU KITIOYA
B KBa3Mpe30HAaHCHOM pexume [2, 4]. OnHako B 3TUX paboTax paccCMaTpuBaeTCs KJIIOU C OOIIUM SMUT-
TEPOM, UCTOKOM.

B aT0ii cTaTthe IpeacTaBicHa HOBas CTpaTerus ycTpoiicTBa Ha 0ase Flyback. B orauume ot craH-
JIapTHOTO TO/IX0/1a, TaKasli KOHUEMIMS MpeiaraeT U3BMeHUTh CXeMY BKJIIOUEHUST KJIIOUeBOTO 3JIeMEHTa.
DTo yBeIM4YMBaeT BpeMsi HapabOTKKU YCTPONCTBA Ha OTKa3 — 0oJjiee MPOCTOe BKIIOUEHHUE, BHIKIIOUEHNE
YCTPOIMCTBA U €ro TIaBHBIN MyCK, a TaKXe uMeeT psii mpeumyuiects nepen remu MBI, koTopble B Ha-
cTosIIIee BpeMsl BbIITYCKAIOTCSI TPOMBIIIEHHOCTHIO.

© Bystrov A.V., Zverev S.G., 2025. Published by Peter the Great St. Petersburg Polytechnic University
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Lenb maHHOI CcTaTbM — MCCIENOBATh OCYIIECTBUMOCTD MPENI0KEHHON KOHUEIIIMU MOCPENCTBOM
mateMaTuueckoit monenu MBII B cpene Matlab Simulink, o6ocHOBaTh €€ MpeUMYyILIeCTBa IIepe Tpaau-
LIMOHHOM cTparteruei mocrpoeHusi MBI, yctaHOBUTH BO3/eiicTBHE ObICTPO U3MEHSIIOLIIEICS HArpy3KU
Ha BEJIMYMHY BBIXOIHOTO HATPSIKEHUSI.

MeTtoapl u MarepuaJibl

TpaauLIMOHHO B Mpeo0pa3oBaTeIsiX KIOUM padboTaloT Mo cxeMme ¢ 001uM amuttepom (09), nnm 06-
muM uctokoMm (OM), HO Ipu TpeBBIIEHUU AOIYCTUMOM TeMIepaTypbl Hapa3uTHBIC COMPOTUBICHUS
TIEPEBOIST €T0 B IIPUOTKPHITOE COocTOsSTHME. HoBast KOHIIEIIIINS MpeuraracT 3aMeHUTh KJTI0Y TI0 CXeMe C
03 (ON) Ha kiro4 110 cxeme ¢ o01uM KosutekropoM (OK), nnm o6mrm crokom (OC), mpu 3TOM 10MO0JI-
HUTEJbHO BBECTH MHIAYKTUBHYIO CBSI3b MEXIy (DOPMUPOBATEIEM MMITYJILCOB YIIPABICHUS W 3aTBOPOM
KJII04a, a KOHTPOJUIep ypaBiAeHUs ePeHeCTU Ha BTOPUUYHYIO YacThb IpeodpazoBaresisg. DTo odecreyuT
MPSIMOM AOCTYIT K BBIXOAHOMY HAIPsKEHUIO, TOIycKasi 0oJiee mpocToe, ObICTPOE U TOYHOE ero u3me-
peHue 06e3 HeOOXOAUMOCTH KaKOW-TM00 MOMOJHUTEILHON ONTUYECKO 00paTHOU CBS3U, a TAKXKe He
TTO3BOJINT KJTIOUY HaXOOUTKLCST B TIPUOTKPBITOM COCTOSTHUM. 71T mMOKa3aTeIbCTBa OCYIIECTBUMOCTH 13-
JIOKEHHOI KOHUEMIMU ObLIM pa3paboTaHbl U MCCIeI0BaHbI UMUTALIMOHHBIE Moaeau B cpene Matlab
Simulink. Bpi10 00HapyXeHO, YTO MpemioKeHHbIe KoHlenuuu noctpoeHus MBI yaydinaroT cBoiicTBa
pa3paboraHHoro ycrpoiictBa. dddexkTuBHocts MBI npu nosHoit Harpy3ke Oblja u3MepeHa Ha ypOBHE
90,77%, d4To nenaet MpeajaraeMyto KOHIIEITLIMIO XOPOIIIO MOATOTOBIEHHOM 1711 KOHKYPEHLIVY C IPYTUMU
coBpeMeHHBbIMU pemreHusiMu UBIT [6, 7]. [ToaToMy cienyeT 0Xuaarh, YTO YHUBEPCAIbHbIE UCTOUHUKU
MMUTaHUS OYIyT COBMECTUMBI CO MHOTMIMU YCTPOMCTBAMHU U PA3TMIHBIMU BBIXOAHBIMU HATIPSDKEHUSIMI.

XapakTepucTrka TepMocToiikocTu revatHoii miathl (ITI1) — temneparypa crekinoBanust 1¢g, npu
KOTOPOI BEIlIeCTBO, U3 KOTOPOTO OHA ClieJlaHa, TIEPEXOAUT U3 TBEPAOTO COCTOSTHUS B MsITKoe. OOBIYHO
st PCBwu3 CTO® Tg = 130 °C [8, 9]. Apyrumu cnoBamu, ecnu [1I1 HarpeBaercs Boime 130 °C, ona
OBICTPO YXYALIAET CBOU BJIEKTPO(PU3NUYECKHNE CBOMCTBA: BBl HE TOJBKO MOJIYYUTE HECTAOUIbHYIO MeXa-
HUYECKYIO CTPYKTYPY, 3T0 puBeneT K nectpykiuu 111 u cokpaleHrIo cpoka cayK0bl 31eKTPOHHOTO
ycrpoiicTBa B 1esiom [8, 10]. st olleHKU TEIJIOBbIAEIeHUSI MOTYT ObITh MCTIOJb30BaHbl MTPUHIIUIIHI,
obcyxnaembie B [11, 12].

[axe B ipaBUJIbHO cripoekTupoBaHHBIX [1I1 ¢ yueToM MX TeTUIONPOBOIHOCTH, TETIJIOBBIACICHUS 1
OXJIAXIEHUsI MOTYT OBITh 30HBI TeperpeBa, CrocoOHbIe mpuBecTu K Tporapy [1I1 n maske mx Bo3ropa-
Huto. Yaille Bcero 30HbI MeperpeBa HaxXoAsTcsl B 00aCTH OOJIBIION PAa3HOCTU MOTEHIIMATIOB U OKOJIO
BBIBOZOB MOIIHBIX TPaH3UCTOPOB, BriasHHBIX B I1I1 (puc. 1) [12, 13].

3oubl R1 u R2 — mapasuTHBIE PE3UCTOPHI, M UX BEJIMUUHBI OIPENEIISIIOTCS 00BEMHBIM YIETbHBIM
comnporusieHeM CTO®D. 3ona R1 — conporusnenne CTOD Mexy KOJIJIEKTOPOM U SMUATTEPOM. 30Ha
R2 — comporusnenne CTOD® Mexay KomIeKTopoM 1 3aTBopoM. Bemmmunnsl R1 1 R2 onpenensiorcs B
Owm cooTtHowmeHueM |14, 15]:

R=L2, (n

rae p, — yAeiabHOe 00beMHOE COMTPOTUBICHUE CTDO®, OM*MM; [ — JUIMHA yYaCTKA 30HbI [IEPETPEBA, MM;
S — ImIomanme ceyeHnst 30HEI TIEPETPeBa, MM,

[Tpu ronmuue CTOD 1,5 MM U IIMPpUHE MeTaIM3allMU OTBEPCTUI MTOCAJOYHOTO MecTa ISl TpaH-
sucropa 4 Mm S = 6 mm?, a [ = 1,5 mm. [1py HOpMATLHOM TEIUIOBOM PEXUME TEYaTHOM IIathl [14]
p, = 10° OM*mm, Toraa us cootHomenus (1) R1 = R2 =25 MOwm.

B ciyvae HapylieHUsI OTBoAa Terjla B 2JIEKTPOHHOM YCTPONMCTBE, HETOYHOTO TEIJIOBOTO pacuera
ITIT u HenmpaBWJILHOW KOMIIOHOBKHM Ha HEU 3JIEKTPOHHBIX KOMIIOHEHTOB (POPMUPYIOTCS 30HBI MEepe-
rpesa (puc. 1). Ecau cpaBuuth 30061 R1 1 R2, To TermootBon ot 30HbI R 1 3HaynTenbHO 3 dEKTUBHEE,
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Puc. 1. ®parmenr I1I1 ¢ BnasHHBIM MOIIIHBIM TPAH3HMCTOPOM

Fig. 1. Fragment of the printed circuit board with a soldered-in powerful transistor

IMMOTOMY YTO MMEETCSI XOPOIIMI TeMI0BOM KOHTAKT ¢ 00Ileid MeIHOM IIIMHOM, Yyepe3 KOTOPYIO U OTBO-
ouTC Teruto. B 3oHe R2 TeIio oTBOAMTCS Yepe3 KOHTAKT 3TOM 30HBI ¢ OKpYXKaloIleil cpenoii. Takoit
TEIUTOBOM KOHTAKT MMeeT Hea((eKTUBHBIN OTBOJ Teruia. BBox Teria B TaHHYIO 30HY OCYIIIECTBIISICTCS
yepes KOJIJIEKTOPHBIA BbIBOI TpaHsucTopa. Ilpu reperpese TpaHsucropa B 30He R2 dhopMupyercst 00-
JIacTh C TEMITEPaTypoil, 3HAUYUTEIbHO MPEBBILIAIONIE TeMIIepaTypy cTekioBaHust 7g. B pesynbrare ne-
perpesa 30HbI R2 p, nazaer 10 10° Om*mwMm [14]. CornacHo BeipaxkeHuio (1), conporusiieHne 30H6I R2 =
= 25 KOM, UYTO CYIIECTBEHHO BJIMSIET Ha PEXUM PabOThl TPAH3UCTOpa MPHU YIPABISIONIEM CUTHAJIEe
LIIMM 3aTBOpa Ug =0 B. B aToMm ciryuae B cxeMe 3aMelineHus (puc. 2a) conporusienns R2 u R pa-
00TalOT KakK AeUTeNb HatipskeHust +600 B.

TakuMm oOpa3om, Ha pe3ucTope Rmmg co3jaeTcs pa3HOCTb MOTEHIKaJI0B 0KoJio 2,4 B, KoTopas npu-
KJIaIbIBACTCSI IUTFOCOM K 3aTBOPY Y MUHYCOM K MCTOKY, YTO IPEBHIIIACT ITOPOTOBOE HATIPSDKEHUE TPaH-
3ucropa. Y tpansucropa SPP20N60C3 moporoBoe HamnpsKeHue 3aTBOpa VGS(M) = 2,1 B [4, 7], npu Ha-
npskeHuu 2,4 B TpaH3uCTOp HAXOAUTCSI B IPUOTKPHITOM COCTOSIHUU.

PaccMoTperHble 3(DGEKTH TPUBOIAT K IOMOIHUTEILHOMY Pa3orpeBy TPaH3MCTOpa M 30HBI R2.
Tonbko B 30He R2 Boimenserca B Buae termna P = U?/R2 = 6002/25000 = 14,4 Br. B nanHoM cityyae
TeMIIEpaTypa reperpesa 30HbI R2 HaxoauTca U3 cooTHoweHus [13, 14]:

3ame

AT =R, *P, (2)

roe R ,, — 3HaueHue adektuBHOrO TeroBoro conporusaeHust as I1I1, 0,9 °C/Br; P — nononHutenn-
Hasl MOIITHOCTE 30HEI R2, BT.

Torma neperpes 30HbI R2 coctaBut AT = 14,4*%0,9 = 12,96 °C, 4TO NMPUBEAET K AaJbHEHILIEMY YXYI-
meHuto mapametpos [1I1, pazorpeBy 30HBI IleperpeBa U 0TKa3y 3JIEKTPOHHOIO YCTPOICTBA.

Jns cHUXKeHUS BIUSTHUS 9TUX 9 (HEKTOB U yBEJIMUYEHUSI BpeMeHU HapaOOTKU 3JIEKTPOHHOTO YCTPOIi-
CTBa Ha OTKa3 MpeularaeTcsl BKIOUATh 3JIEKTPOHHBIN KItou mpeodpa3osaress no cxeme ¢ OC (OK)
(AMUTTEPHBIN, UCTOKOBBIN MOBTOPUTENb) (puc. 20). Korma TpaH3UCTOPHBIN KJII0OY OTKPHIT U DHEPTHUs
U3 CETH TEPENaeTCs B HarPy3Ky, JeIUTENb U3 CONPOTUBIeHNH 30H R1 1 R2 MIyHTUPYETCSI MaJbIM CO-
[poTUBJIeHNeM Kirtoya. TakuM obpaszoM, B 30Hax R1 u R2 He BblaeseTcs TEIIO M HE ITPOUCXOINUT UX
pa3orpeB, UTO U YBEIMYMBAET BpeMsI HApabOTKU 3JIEKTPOHHOTO YCTPOMCTBA HA OTKA3.

C npyroii CTOpOHBI, Ha 3aTBOPE TPAH3UCTOPA MTPUCYTCTBYET IJIaBarollee HAMPsSIKeHUE C aMIUTUTYI0M,
pPaBHOIi BXOJHOMY HaIpsLKeHUo mpeodpaszosatessi. OTcloaa clieayeT, YTO MeXXAy 3aTBOPOM U (hOpMUPO-
BaTeJieM UMITYJIbCOB YITpaBJIeHUsI HEOOXOAMMa TaJlbBaHMYeCKasl pa3Bsi3Ka B BUIEC UMITYJIbCHOTO TPaHC-
dopmatopa (puc. 3).
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Fig. 2. Equivalent circuit of the printed circuit board fragment with a soldered-in high-power transistor

when the glass transition temperature 7g is exceeded: a) a switch a common emitter, source circuit;
b) a switch a common collector, drain (emitter, source follower) circuit
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Puc. 3. YnpoiueHHas tononorusi Flyback mpeodpasoBatesisi ¢ ”HBEPTUPOBAHHOM MOJISIPHOCTBIO HANTPSIKEHMS Ha BBIXOJE
Fig. 3. Simplified Flyback converter topology with inverted output voltage polarity

[Ipu HaTMYMK raJbBaHUYECKON pa3BsA3KU MEXIy 3aTBOPOM U (hopMuUpoBaTeseM UMITYILCOB YIIpaB-
JIEHUST MOXXHO OTKa3aThCs OT ONMTOM3OJISITOPOB M PAa3MECTUTh KOHTPOJIIEP YIIpaBIeHUS Ha BTOPMYHOMN
CTOpOHE TMpeobpazoBaTesisi. DTO JaeT MPEUMYLIECTBO Mepe TPAIUIIMOHHOKN TOMOJIOrMel, CHUXaeT KO-
JINYECTBO BJIEKTPOHHBIX KOMIIOHEHTOB U YJIy4YlIaeT CTAaOMJIBHOCTb BBIXOAHOTO HampsixkeHus. CTaHmaapT-
HbIE BBICOKOBOJIBTHBIE ONTOM3O0JISATOPHI 100aBisa0T 100 HC KO BpeMEHM paclpOCTpaHEHUSI CUTHAIOB
M3MEPEHUST OT BTOPUYHON YaCcTH, YTO CHUKAET MaKCHUMAaJIbHYIO 4acToTy npeoopa3oBanus [1, 3]. Eme
OJIHO MPEUMYIIECTBO TaHHOI TOIOJOTMU — He TPeOyeTCsl TOMOJHUTEIbHBIX KOMIIOHEHTOB ISl TIj1aB-
HOTO TTyCKa 1 BbIKITtouaTeneid. [1pu mogkimouyeHHOM TTpeodpa3oBaresie K CeTH 1 BRIKITIOUYSHHOM TPaH3H-
CTOpE Ha BCEX BJIEKTPUUYECKUX LIETSIX, Mapa3uTHBIX eMKOCTSIX Cnap 1 COMPOTUBJIEHUSIX Rnap (puc. 3) or-
CYTCTBYeT pa3HoOCTb noteHuuanoB. [1naBHblil myck MBIT ocyliecTBisieTcss KOHTPOISPOM YITpaBiIeHUSI.

MmuraninonHass Monelb cunoBoii yactu Flyback ipeoOpa3oBatesis (puc. 4) UCIBIThIBAJIACh B Cpeae
Matlab Simulink |7, 16]. B KauecTBe CONPOTUBIIEHNI 30H MeperpeBa B JIIEKTPUYECKYIO 1IEITh BKIIFOYa-
jmck pesuctopsl R1 u R2 ¢ xapakrepucrukoit matepuaia II1 us CTOD.
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Kontponnep

== Efficiency
= ynpasnexus LWAM

Puc. 4. UmutaiimoHHasi Moaenb cuoBoit yactu Flyback mpeoGpasoBatest

Fig. 4. Simulation model of the power section of the Flyback converter

Pe3ynbrarbl 1 00cyKIeHue

B xone ucnbiTaHUs UMUTALMOHHON MOJIEIM BBIXOJHOE HAMpsSKeHUE CTaOUIM3UPOBAIOCh, a MOIII-
HOCTb B Harpy3ke JUHEHO HapacTaja. [1py1 3TOM BBIUMCISIIMCH MOIITHOCTD, BBIIEIsIeMasl B 30HE Tie-
perpesa R2, u oommit KITI. MomenpoBaHue IPOBOIIOCH KaK ISt Kiroda ¢ OW, Tak M IS KJTio4a ¢
OC npu onMHAKOBBIX YCIOBUSIX. B pedynbrate MomeaupoBaHUs MOJyYeHbI rpadukKu U3MEHEHUS 3TUX
BEJIMYMH BO BPEMEHH, KOTOPBIE TIPENCTaBICHBI Ha puC. 3.

U3 rpadrika MOLITHOCTH, BhIIeasAeMoil B 30He R2 g kimovya ¢ OU (puc. 5a), BUIHO, 4TO ¢j1abo 3a-
BUCHUT OT yBeJIWYeHUsT HArpy3ku. C y4eTOM MOJTOXUTEIbHONH 00paTHOM CBSI3U MEXXAY COMTPOTUBICHU -
€M 30HBI R2 ¥ BBIIEISIEMOI MOIIHOCTBIO, C Y4ETOM COOTHOIIEHHUSI (1) 3TO IMpUBEET K HaTbHENIIEMY
pa3orpeBy 30HbI, TpUUEM 00AaBUTCS JAeHCTBUE MPUOTKPHITOrO COCTOSIHUS Kitoda. Jlust kimoua ¢ OC

a) Hanpswerue na narpyixe 0) Harmstacerme Ha HarpyIKe
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Puc. 5. Ipaduku xapakTepuctuk: a) st Kiaoda ¢ OU; 6) nis kiroua ¢ OC
Fig. 5. Characteristic graphs: a) for a switch common-source circuit; b) for a switch common drain circuit
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Ha rpaguke (puc. 50) 3aMETHO CHUKEHUE BbIIEISIEMOI MOIIIHOCTU, KOTOPOE 0OYCIOBJIEHO IJIaBHBIM
00pa30oM 3aKpHITHEM ITPUOTKPHITOTO KJII0Ya, TaK KaK U3BECTHO, YTO YBEJIMUEHUE TTOTCHIIMAJIA HA UCTOKE
MPUBOAUT K CHVXXKEHMIO TTOTEHIIMAIa Ha 3aTBOpe (0OpaTHas OTpULIATENIbHAsSI CBSI3b). JLOMOIHUTEIHLHO
30Ha R2 myHTUpyeTcs KiIo4oM. TakuM 00pa3oM, U3JI0XKEeHHbIE (DAKTHI MPUBEAYT K CHUKEHUIO TEMITE-
patypsl 30HbI R2. Tak:ke 13 rpad®yUKOB CJIELYET, YTO MTPU MPUOIVIKEHNHA K MAKCUMAJIBLHOM Harpy3ke JUIst
kimoua ¢ OU HanpsockeHUe Ha Harpy3ke MMeeT KoJieOaTeIbHBIM XapaKTep ¢ YBeJIMYEeHUEeM aMILIUTYIHI.
I ximoya ¢ OC 310 sIBjIeHUE OTCYTCTBYET. DTO 03HAYAET, YTO OTCYTCTBUE ONTOM3O0ISITOPOB B LIeN 00-
PATHOM CBS3M CHIKAET BpeMsl OTKJIMKA Ha U3MEHEHUE HAPSDKEHUsI Ha Harpys3Ke.

3aKkimoyenne

B craTbe npencTaBieHbl pe3yabTaThl UCCISA0BaHUS pa3pab0TaHHBIX UMUTAIIMOHHBIX MOJIEeJIei CTaH-
JapTHOM W TIpeMIOKEHHOW KOHUEMIMMU TornoJioruii. ITokazaHo, 4To MpeaiokKeHHble KOHLIETIIMU 0=
CTPOECHMUSI UCTOYHUKA BTOPUYHOTO TTUTAHUS YIYYIIAIOT CBOKCTBA pa3pabOTaHHOTO YyCTPOMCTBA:

* CHIDKAIOT BBIIEJICHWS MOIIIHOCTU B 30HE TIeperpeBa, YTO MPUBOIUT K YBETUISHUIO CPOKA CITYKOBI
3JIEKTPOHHOTO YCTPOMCTBA, a TAKXKE YMEHbILIAIOT KOJIUYECTBO 3JIEKTPOHHBIX KOMITOHEHTOB U MPOMU3BO/I -
CTBEHHbIE 3aTPAThl;

+ o0ecIeyrBaroT OBICTPBIM OTKIMK Ha M3MEHEHME HAIIPsSDKeHUST Ha Harpy3Ke, U4To TO3BOJISIET YBe-
JIMUMBATDh YaCTOTY MpeoOpa3oBaHUsI U, KaK CJIEACTBUE, YIyUlllaTh XapaKTePUCTUKN NCTOYHUKA BTOPUYI-
HOTO MUTaHUSI.

[MpumeHeHune B pa3pabaThIBAEMOI TOITOJIOTMH KJTIoYa C OOIINM KOJUIEKTOPOM, CTOKOM YBEJITNIMBAET
BpeMsI HapaOOTKM Ha OTKa3 M MO3BOJISIET OTKA3aThCsl OT BBIKJIIOUATEIeH U MYyCKOBBIX TOKOOTPaHUUMBa-
IOIIMX BJIEKTPOHHBIX KOMITOHEHTOB.
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noaAAEPXAHUE YACTOTbl SHEPTOCUCTEMDI
HA OCHOBE YNPABJIEHUAl BETPOOHEPTETUYECKOW
YCTAHOBKOW U HAKOMNUTEJNIEM 3JIEKTPOSHEPIUU

Annomayus. B cratbhe TNpencTaBieHBl Ba METOAa, HalpaBJIeHHbIE Ha IMOJIepKaHUE YaCTOTHI
SHEPrOCUCTEMBI C BO30OHOBJISIEMBIMHU NCTOYHUKAMU SHepruu. [1epBeIit METON BKIIIOYACT B CEOS
peanu3aiio KOHICIIINN BUPTYaJbHOW WHEPIUMHU, 00ECIIeYrMBaeMON BETPOIHEPTETHUICCKOM
yctaHoBKo# (BDY) Tperbero tuma. DTOT MOAXOJ OCHOBAH Ha aHaJAM3€ BapuUallMii 4aCTOTHOI
xapakTepucTuku BOY, uTo no3BojisieT onTUMMU3UPOBATh PeaklMI0 CUCTEeMbl Ha KoJieOaHUs Ya-
CTOTHI ¥ TTOBBICUTH YCTOMYMBOCTh 9HEPTOCUCTEMBI. BTOpOIT MeTo I mpearoaracT NCIIOJb30Ba-
HUe cucTteMbl HakorieHus1 aHepruu (CHD), yto cnocoOCTBYeT MoAAEPKaHUIO YCTOMUYMBOCTU B
YCIIOBUSIX Ae(PUIINTAa aKTUBHOM MOIITHOCTHU. Pe3ynbTaThl TOKa3bIBaloT, uTo BOY ¢ ynpaBieHeM
BUPTYaJbHOI MHepIneil n mHTerpamueit CHB, a Takke ¢ UCITOIb30BaHNEM KOMOMHUPOBAHHOTO
MOIX0a MOAAEPKMUBAET CTAOMILHOCTD YAaCTOTHI 1 YJIy4UIllaeT TMHAMMYECKYI0 PeaKIInio S3HEePTo-
CHUCTEMBI.

Karuegoie crosa: BeTposHepreTUIecKasi yCTaHOBKA, HAKOIIMTEIb SHEPTUM, BUPTyaIbHasT UHEP-
UsI, ACHHXPOHHBIN TeHepaTop TBOMHOIO ITUTaHUSI.
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Abstract. The article presents two methods aimed at maintaining the frequency of the power system.
The first method involves calculation and implementation of virtual inertia control (VIC) provided
by a Doubly-Fed Induction Generator (DFIG). This approach is based on analyzing variations
in the frequency response of DFIG, enabling the optimization of system's reaction to frequency
fluctuations and enhancing stability of the power system. The second method uses an energy storage
system (ESS) to release energy, thereby supporting frequency stability during overload conditions.
The results demonstrate that the DFIG, when supported by the additional VIC method and with the
integration of ESS, or even with the combined approach supports frequency stability and improves
the dynamic response of the overall energy system.
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BBenenue

M3MeHeHre 9acTOTHl B 9HEPTOCHCTEME MOXKET OBITh BBI3BAHO HEeOATaHCOM MEXIY IMPOU3BOICTBOM
U oTpebeHueM 2JIeKTpuueckoit aHepruu [1]. OCHOBHBIM UCTOUYHUKOM DHEPTUU B 3JIEKTPOIHEPreTH -
yeckux cucreMax (39C) ABISIOTCS TPaAULMOHHBIE TeTJIOBbIE CTAHIIMM ¢ CUHXPOHHBIMU I'eHepaTopa-
MU 00JbIIONM MOIIHOCTHU [2]. OmHAKO M3-3a OrpaHUYCHMS 3aI1aCOB TOILUIMBA M HOBBIX 9KOJOTMYECKMX
KpUTEpUEB MPOBOJAMMbBIC B JaHHBIK MOMEHT MCCJIeIOBaHUS B OOJbIIEH CTENIEHU OPUEHTUPOBAHbI Ha
MHTETPaLMI0 BO30OHOBIISIEMBIX UICTOYHUKOB dHepruu B DDC [3].

Pacrtymee npoHMKHOBeHUE BeTporeHepaTopoB B DD C IOCTaBUIO HOBBIE 3a/1auM, TaK1e KaK YIIpaB-
JieHre 0ajJaHCOM MOIIHOCTH, YaCTOTOU 1 YCTOMYMBOCTBIO B MEPEXOIHBIX Mpolieccax [4], 1 3To, B CBOIO
ouepeib, MPUBOAUT K CO3IaHUI0 MHOXECTBA METO/I0B, UCCJIEIOBAHHBIX B JINTEPATYPE U Ha NPAKTUKE,
KOTOpBIE IEJISITCS Ha TPU OCHOBHBIE KATETOPUH: YIIPABJICHNE CKOPOCTBIO POTOPA, YITpaBIeHUE YIJIOM Ha-
KJIOHA W yIIpaBJIeHUe WHepIme [5, 6]. MHepImoHHas crcTeMa UTpaeT Ype3BhIYaifHO BaskHYIO POJIb, TT0-
CKOJIbKY OHa OTpeesisieT YyBCTBUTEIbHOCTh K KOJIEOaHUSIM YaCTOThI ITPU HeCOATaHCUPOBAHHOM CITPO-
ce [7]. ITIpu HebanaHcax MOITHOCTY U3MEHEHHUE YaCTOThHI TPaAULIMOHHO HOCUT MHEPLIMOHHBIN XapaKTep
[8]. AcuHxpoHHBII TeHepaTop ¢ ABOMHBIM NTnTanueM (AILIIT) saBasieTcs omHUM M3 HanboJIee YacTo UC-
MOJIb3YeMBIX B BETPO3JIEKTpUUECKUX YcTaHOBKax (BAY), ¢ yueToM ero BO3MOXHOCTEM MPU UHTErpaluu
TIPEPBIBUCTOM SHEPTUU BeTpa, HO pa3Bsi3ka MEXaHMIECKOM YaCTH OT SJIEKTPUIECKOI, BEI3BAHHAS TUTIOM
yrpaBJieHusl mpeodpa3oBaTesieM, He TTIO3BOJIMT eMy pearnpoBaTh Ha U3MEHEHUsT 4acToThl cetu [9]. BODY
AKKYMYJIUPYIOT 3HAUMTEJIbHYIO KHUHETUUECKYI0 HEPIUIO Oy1arogapsl BpallleHUIO CBOMX jionacteit. OnHa-
KO B cJTy9ae TypOMH C PEeTYIMPyeMOl CKOPOCTBIO 3Ta SHEPTHS He MOXKET OBITh PABHOMEPHO MCTIOIb30Ba-
Ha B ceTH [10], moaToMy TpeOyeTcs 1OMOJHUTEIBLHOE YIIpaBIeHUE ISl €€ BBICBOOOXKIECHUSI.
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C apyroii CTOpoHBI, cucTeMa HakoruieHust aHeprun (CHD) Ha cerogHsIIHMIA 1eHb CTAHOBUTCS KJTIO-
YEBBIM 2JIEMEHTOM ISl ONTUMU3ALUKU paboThl ceT. OHa BBIMOIHSET (DYyHKIIMKA BPEMEHHOTO SHEPreTH -
yeckoro Oydepa, odecrieunBasi XpaHeHE SHEPTUU, MOCTYIAIIENH OT UICTOYHUKOB reHepalliu, ¢ Imoc-
Jleaytouleit nepeaayeii ee K Harpy3ke Wiv o0paTHO B CeTh. DTO CTpATEeTMYECKOE PellieHUe HampaBJIeHO
Ha JOCTMKEHME psija 1Lesieit, TaKUX KaK BbIpaBHUBAHUE CIIPOCca U MPEJI0XKEeHUs, MOoJIep>KaHue YPOBHS
HAaIPsDKeHUS, peryJMpoBaHue YacTOThI, U APYTUX 3a[a4, CTTIOCOOCTBYIOIIUX YCTOMUMBOCTU U 3(h(HEeKTUB-
HOCTHU padoThl 3HEprocuctemsl [11].

Ha uetsipexmaiiimuHoi moaenu KyHmaypa ¢ AByMsI 30HaMM, OJHA U3 KOTOPBIX coaepkuT BOY, mpose-
JIEHO MCCJleloBaHKe yITpaB/ieHuUsl Ha YPOBHE peryjsiTopa akTUBHOM MOIIIHOCTU B POTOPHOI YacTH C 1ie-
JIbIO BBICBOOOXIEHUSI KWHETUUECKOI S9HEPIUU BETPSIHOM TYpOMHBI M MOIASPXKAHUSI YaCTOThl Ha OCHOBE
MeTtozaa BupTyanbHoii nHepuuu (BM), a Takxke ¢ ncronas3oBanueM CHD B mporpamme Matlab/Simulink.

Moaemmposanue ATJIIT B BDY Tperbero Tuna

ITpemnoxeHHast B JaHHOM paboTe METOAMKA BbIIEJIEHUSI CKPBITON MHepLiuu BOY Ttperbero tuma siB-
JISIETCSI pa3BUTHMEM METO/Ia OTCEKMBAHUSI TOUKA MaKCUMaJIbHOU MOIIHOCTU — aHm1. Maximum Power
Point Tracking (MPPT) [4]. [ToaToMy onullieM AMHAMUYECKYO MoJeib 1 yrpasieHue MPPT Berpore-
HepaTtopa TPEeThero TUMa.

Cormacho [12, 13], ypaBHeHHUsT BeTpOTeHEPATOPa TPETHETO TUIIA B CHHXPOHHOIA cUCTeMe oTcuera dg
MOKET OBITh BBIPAXXEHO CJIEIYIOIIAM 00pa3oM.

HuddepeHunanbHble ypaBHEHUS JISI TOTOKOCLUEIUIEHUI CTATOPHBIX U POTOPHBIX KOHTYPOB:

s qs dt c
(1)
d¥
Va’r = Rr]dr +—dr_((’oc _(Dr)Lqu;
dv,
V,=RI, + = +(o,—,)¥,;
YpaBHECHUA CBA3U MOTOKOCLIETIEHUN C TOKAMU:
Y o=—LI +L]1,;
W, =—Ll, +L1,;
2)
\Pdr = _Lr]dr +Lm[ds;
¥, =L, +L,1,;
ypaBHEHWS IBVKEHUS pOTOpA:
do, 3 C
o TeZENDLm (lqsldr—ldslqr). 3)
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r1e ® — yrIoBasi CKOPOCTb POTOPa, O, — CMHXPOHHAs YIJIOBask CKOPOCTb CETH, ‘PS u'¥ — moroku cra-
TOpa u poropa, V' u V — BeKTOpbI HAaNpsKEHUs CTaTOpa U poTopa, / u [ — BEKTOPBI TOKA CTatopa 1
poropa, L v L — VHIYKTUBHOCTM CTaTopa u potopa, R 1 R — aKTMBHbIE CONPOTUBJIEHHUS CTATOPA 1
poropa, L — B3auMHas MHIYKTUBHOCTb, I’ — 2JIEKTPOMArHUTHbIA MOMEHT, 7 — MEXaHU4EeCKUit MO-
MEHT, J — MOMEHT MHEPLIMHU.

[IpeHeOperast COMPOTUBICHUSIMU CTaTOPa 1 YUUTHIBASI, YTO MOTOK CTATOPA MOCTOSIHHBIM, MOXKHO T10-
JIYYUTDb YPaBHEHUS DJICKTPUUECKOTO MOMEHTA, aKTUBHOW U PEaKTMBHON MOIITHOCTE B COOTBETCTBUM C
[14] cnenytonium o6pazom:

3L
T =—"0_NVI:
e ZO)CLS D" s™dr
3w L
F, YA Vil s 4)
3 V
=V |=+L]1
Qs 2LS s O)C m” qr

CornacHo dopmyJiie (4), MOXKXHO 3aMETUTh Pa3BsI3Ky 2JEKTPOMAarHUTHOIO MOMEHTAa U PEaKTUBHOM
MOITHOCTH CTaTOPa, ITO3TOMY MX YITpaBJIeHUEe OyIeT OCYIIEeCTBIATHCS TOJBKO Yepe3 TOK pOTopa IO OCSIM
d v g cootBeTcTBEHHO [4].

BekTtopHoe ynpasiienue BODY Tperbero Tuna

Cucrema ynpasnenus AIJITT, ucrioab3yemasi B JaHHOM MCCJIeIOBaHUM, OCHOBaHa Ha peryjiupoBa-
HUU Mpeodpa3oBaTesis co CTOPOHbI poTopa. C ero MoMOUIbIO MOJIEPKUBAETCS HANIPSXKEHUE cTaTopa Ha
JKeJlaeMOM OITOPHOM YPOBHE, PETYJIMPYETCSl aKTUBHAsI MOLLIHOCTb, TT0/laBaeMasi B 9HEprocucTeMy U pea-
Jn3yeTcst QYHKIIMS OTCeKMBAHUS TOYKU MaKCUMaJIbHOM MOIIIHOCTU. CxeMa BEKTOPHOTO YIpaBIeHMS
npeobpa3zoBatesisi Co CTOPOHBI poTopa BOY mzobpaxeHa Ha puc. 1. B riepByio ouepeab BEKTOp JIMHEH-
HOTO HaMpPsDKeHUS UCTIONb3yeTCsl s YIIpaBieH!s1 0J10KOM (ha30BOro IeTeKTOpa, KOTOPbI BbIIAET €TO
YToJI, HEOOXOMUMBIiA [UTs1 BBIMOJHEHUS MPSIMBIX U 0OpaTHBIX MpeobpasoBaHuii abc/dg TokoB nuHUH,
CETEBBIX HAIPSIKEHUI M YIPaBJISIONIMX CUTHAIOB. B dg-cucremMe KoopauHatT peryimpyeMbie TOKA U
HaIpsKeHUs MPeICTaBIISIIOT CO00i MOCTOSIHHbIE BEJIMUMHBL. [109TOMY MOXHO MCITOJIB30BaTh MPOCThHIE
[T -perynsiTopbl, 4YTO 0OecrneunBaeT HyJIeBble ycTaHOBUBIIMecs ollnOKU. HakoHell, yrpab/sioliye Ha-
MPSDKeHMS, BbIIAHHbIE KOHTpOJLIepoM, Tiepenatorcs B 0ok IIIMM, KoTophlit co3naeT yrpaBIsioLLyio
MOCJIeI0BATEIbHOCTD JJIS1 PeTrYJIMPOBaHMS MOIIHBIMU TPAaH3UCTOPaAMU Tpex(a3zHOro MHBEpTOpA.

AKTHUBHAsI U1 peaKTUBHAsl MOITHOCTU KOHTPOJUPYIOTCSI OTAEIBHO C TTOMOIIbIO BHEIIHETO KOHTYpa,
KOTOPBIil TeHePUpPYeT OMOPHbIE CUTHAIBI ToKa [rd* u Irg* nis ynpapieHus Ha YPOBHE BHYTPEHHETO
KoHTypa. ONOPHBIN CUTHAJI aKTUBHOUW MOIITHOCTU ONpeaessieTcs: B cooTBeTcTBUU ¢ KpuBoii MPPT, no-
KazaHHOI Ha puc. 2 (KpacHasl KpuBasi).

B TpaguiiMoHHoI crucTemMe yrpaBlieHUs] aKTUBHOM MOIITHOCTBIO €€ 3aJJaHHOE 3HAaUEHUE, TTOTydaeMoe
n3 kpuBoii MPPT, onpenensierca cienyrommm oopazom [15]:

ko0 (0 <, <)

(Prase =k}

= ((0 —® ) (O‘)r _mmakc)+PmaKc ((Dl < 0‘)r < ('OmaKc)a (5)
Makc 1

P ((’Or > (’OMaKc)

Makc

onT
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e @y, ® , ®  — YIJIOBblE CKOPOCTH POTOPA, Pall/C, COOTBETCTBYIOIIME TOUKaM B, CuD puc. 2.

[ns onpeneneHus: KoaduiimeHTa ONTUMaIbHON KpUBOI konT KCITIOJIb3YeM MeXaHUYECKYIO XapaKTe-
PUCTUKY BeTporeHepaTopa 1 MojydyaeM 3HaueHUe MOIIHOCTU, COOTBETCTBYIOIIEE HEKOTOPOH CKOPOCTH
BpallleHHsT poTopa. 3aTeM MOCTPOMM 3aBUCUMOCTH P(m) = komco3 B JAMana3oHe CKOpOCTell MeXxaHuJe-
CKOW XapaKTepUCTUKU TIPU pa3HbIX KoaddUuliMeHTax npu Kyde ckopoctu (puc. 3).

[To KpUBBIM MOXHO OTIPEAEINUTh, UTO KOI(PPUIIMEHT ONTUMAIbHON MEXaHUYECKOMN XapaKTepUCTH -
KM HaxoauTces B ripegenax ot 0,5 mo 0,6. [IpumeM B JaHHOM HMcCaeAOBaHUN KOI(MDODULMEHT, PaBHBII
0,53.

1]
]

CeTb

| @a3opbIil
1 r_abe Anp AeTeKTop Is_abc

1M r b Wl 1o
x
wc (Ir’Is)abc
6, A
abe < » abce
dq | ': r > dq

. 4 I 9f.:
Vo ag (@1 ) g,

PeryasTop Toka
* 1‘ *

QS PS

PIIIﬂX r

L

Puc. 1. Cxema BeKTOpHOTO yIpaBjieHUsI IpeodopasoBaTeisi BOY TpeTbero Tuma co cTopoHbl poTopa

Fig. 1. Vector control diagram of DFIG-wind turbine converter from rotor side

p (o.e.)

16 ' ! " ) ’ "16.2 mis

Wr (e.e.)

Puc. 2. XapakrepucTrka MOIIIHOCTU TYpOMHBI Mpu BBeaeHun BU
Fig. 2. Power characteristic of DFIG with virtual inertia control (VIC)

92



4 Energetics. Electrical engineering >

1,1

1,0

0,9

08

o.e.

0,7
0,6
0,5
0,4

0,3
0,85 0,9 0,95 1 1,05 11 115 12 125

W, 0.€.
—&— MexaHuu. xap-ka —e—Kont=0,5 Kont=0,6

Puc. 3. MexaHnueckast xapakKTepUCTUKA U KPUBbIE KyOMUYECKUX 3aBUCUMOCTEI OT CKOPOCTH TPU pa3HbIX KOG (ULIMEHTaX

Fig. 3. DFIG’s mechanical characteristic and cubic dependency curves on speed at different coefficients

Peanu3anus konnenuuu BU 3a cuet AJIrOPpUTMA MHBEPTOPHOIO PEryiMmpoBaHusd

B MPPT perynvpoBaHue OCYIIECTBIISIETCSI UCKITIOUUTEIHHO 32 CUET U3MEHEHUSI CKOPOCTU POTOpa,
KOTOPBII OTIEIEH OT YaCTOTHI CETHU € ITOMOIIBIO ITpeobpasosaTess [16]. OnHako 3TOT IMoaxon He obe-
cneynBaeT 3POEKTUBHOTO U3BICYSHMSI CKPBITOM SHEPTUN TypOMHBI B YCIOBUSIX HeOalaHCa MOIITHOCTH
B cucteme. [ToaTomy TpeOyeTcsl ycoBeplleHCTBOBaTh CUCTEMY YMpaBieHUs, 100aBUB KOHTYP U3MEHe-
HUST YaCTOTHI, YTOOBI MMETh BO3MOXKHOCTh BhICBOOOIUTH MHepluio BOY. Ilpu HopMmanbHOII paboTe
U ¢ ONpeleIeHHON YacToToil cucteMbl BOY TpeThero tuma paboraer B Touke A MO yIpaBiIeHUEM
MPPT (puc. 2). [Ipu1 U3MeHEHUN YACTOThI CUCTEMBI PEXXUM pabOThI IIEPEMEILAETCS B TOUKY B, 1 BOY
nepexoaut B pexxuM BU. B pesynbrate cKopocTh poTopa HauMHAET CHMXKAThCS, KMHETUYeCcKasl 9Hep-
rvsl, HAaKOIUIEHHAasI B IPOLIeCCe BpallleHNs, BEICBOOOXKIAETCS IS IMTOAAEPKAHMS YaCTOTHI M IIPOMCXOIUT
nepexo B Touky C. PerynmnpoBaHne akKTUBHOM MOIIHOCTY TYPOUHBI JOCTUTAETCS 3a CYET U3MEHEHMS
KoadpuireHTa ko]1T kpuBoii MPPT Ha koadppunment BU kB“p. IIpuHIUN pa®oThl AOIOJHUTEIHHOMN
LICTIM YIIpaBJIeHUs TI0Ka3aH Ha puc. 4.

CornacHo [4], npM YCJIIOBUU MOCTOSIHCTBA MEXaHUYECKOW MOIIHOCTU TYpOMHBI U CKOPOCTHU BeTpa
COOTHOLIEHME MEXIY MOLIHOCTBIO B TOUKe A 1 Touke C MOXHO BBIPA3UTh CJEIYIOLIIMM 00pa3oM:

k, o) ~k, o, (0)

Bup 7l onr

I1e O, MOXET ObITh BBIPAXXEHO Yepe3 YITOBYIO CKOPOCTb CHHXPOHHYIO C CEThIO B hopmyIte (5):
0, =0,+A0, =0 ,+AAO, =0, +A2TAf, (7)

rae A — yrioBoil Ko3hOUUMEHT UHEPLIMY, PABHBIIA OTHOILIEHUIO Aoar /Amc.
IMonacrasnsis (7) B (6), monyunm popmyity pacueta KoadduireHTa yrpasieHuss BU kwp:

3
O‘)rO

k, = k.. . 8
BHD (Cor0+}\,27'cAf)3 onr ( )

ITpumenenue metoauku BU B TecTOBOI MOIEIM HEPTOCHCTEMBI

Jlist mpoBepKM peakiuu BeTporeHeparopa ¢ BU Ha BbICBOOOXKIEHME OOIOJHUTEIHLHON aKTUBHOM
MOIIIHOCTH B CETH BBITTOJIHUM pacueThl MepexoAHbIX npoieccoB B Matlab/Simulink moaenu Kynaypa c
JIByMSI 30HaMU, TTOKa3aHHBIMU Ha pUC. 5.
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kmax J/ ) Pmax
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f wr A

Puc. 4. [Tpuniun padotsl uenu BU
Fig. 4. Principal diagram of VIC

G2 G3

Puc. 5. Cxema paccmaTprBaeMOii YeThIpeXMallMHHOM 9HEPrOCUCTEMbI

Fig. 5. Diagram of four-machines Kundur power system

IepBast 30Ha cCOmepKUT ABa CUHXpOHHBIX reHeparopa G1 u G2. MoliHoCTh TIepBOil 30HBI COCTaB-
nsiet 4,709 u 8,750 MBT cooTBeTcTBeHHO, ITpu 3TOM Harpy3ka (Load 1) pasna 12,9 MBT. Bropas 30Ha
BKJTIOYAET CUHXPOHHEIN reHepatop G3 u Betporeneparop G4 MormHocTso 7,19 MBT 1 9 MBT coor-
BeTCTBeHHO, ¢ Harpyskoi (Load 2) 12,87 MBr. [IBe Garapeu cratuueckux Konmgercatopos C1 u C2
yCTaHOBJIEHBI NapajiiebHo Harpy3kam Load 1 1 Load 2 cooTBeTCTBEHHO, IJ11 KOMIIEHCALIMM PEaKTHUB-
HOM MOITHOCTHY Y TIOIepKaHUS HATIPSDKEHUST TTO KOHIIAM MPOTSDKeHHOM (220 KM) IMHUM CBSI3U MEXIY
30HaMU. Mx o011ast peakTUBHAsI MOIIHOCTD cocTaBiisieT 4,5 MBap. bazucHble MOIIHOCTH 1 HAIIpsSIKEHNE
cuctembl paBHbl 9 MBT 1 25 kB cooTBeTCTBEHHO.

CKOpOCTb BeTpa CUMTaeTCsl MOCTOSTHHOM U paBHOI 10 M/c. [IpuMeM, UTO aKTUBHast MOLIIHOCTD T'e-
Heparopa G3 ymenbinmiaach Ha 15% Ha 40-ii cexynne. BOY nepexiouaercs us pexxuma MPPT B pe-
xuM BU mocie ymenbmeHus actotsl Ha 0,1 Ti1. Ha puc. 64 mokazaHa pa3HuUIIa B ”BMEHEHUH 9aCTOTHI
¢ yuetom BU u 6e3 Hee. W3 rpaduka BuaHO, 4TO yripaBiieHue BU moMorio cucteme, yBeJIMIUB MU-
HUMaJbHOE 3HaUeHue 4acToThl ¢ 59,831 10 59,971 I11, u 1axxe B yCTAaHOBUBILIEMCS peXXUMe KpUBasi ya-
cTOThI Ipu ynpasieHun B npubauxaercs kK 59,987 Ii1, a KpuBasi mpy MCMOJIb30BaHWUM yIIpaBJIeHUS
MPPT npaktuuecku ctabunuszupyercs Ha 59,893 [i1. AHaTOTMYHO HaMpPsKEHUE BO BTOPOl ob1acTu
(puc. 66) nagaet no 0,992 o.e. npu ynpasieiur MPPT u ocraercs paBabiM 1,001 o.e. ¢ McmoJib30Ba-
Huem BU. Kpusbie ynpasnenuss BU Oyanyt pacnionaraTbces Boillle, yeM KpuBbie yrpasieHuss MPPT, B
TeYeHME 5 CeKyH/I.

CpaBHeHME IMHAMUYECKUX XapaKTepUCTUK aKTHUBHOI MOIIHOCTHU ¢ peryisitopoM BU u 6e3 Hero 1o-
KazaHo Ha puc. 7. [1pu pe3KoM CHIDKeHUHU BEIPaOOTKM aKTUBHOM MOIITHOCTH B 9HeprocucTeme Ha 15% y
reHepatopa G3 BeTpoTypOMHa yBeIMYMIIA CBOIO BHIXOAHYIO MOIIIHOCTb Ha 0,104 o.e. (T.e. Ha 1,248 MBT)
npu yrpasieHur BU, 9To mpuBeso K 3aMeIJIEHUIO poTopa, T.e. MeXaHMUecKasi MOITHOCTb CHU3MIACh
1o 0,677 o.e. [1pu yrpaBnennu xxe MPPT anexkrprdeckast 1 MexaHMUeCcKast MOITHOCTU OCTAIOTCS HEM3-
MEHHBIMU.

OT1oT 3¢hheKT NoAaep:KMBAET CUCTEMY B T€UEHME IIEPBbIX 5 CEKYHI OTKJIOHEHMSI YacTOThI, OJHAKO
IIpY OTCYTCTBUM HaKoTUTe st BDY He MoXeT caMocToATeTbHO 00ecTieunBaTh OIS PKKY CUCTEMBI Ha
OoJiee MIUTEJIbHBIN MTPOMEXYTOK BpEMEHU.
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Puc. 6. iameHenue yactoThl B [i1 (@) 1 HampsbKeHMsI Ha IMHaX reHepaTopa G3 B o.e.
(6) (cuHue kpuBble — peryasitop MPPT, kpacHbie — peryisitop BA)

Fig. 6. Frequency variation in Hz (a) and bus voltage of generator No. 3 in p.u.
(b) (blue curves — MPPT controller, red curves — VIC)
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Puc. 7. BoinaBaemast aktuBHast MoiHOCTh BOY B o.e.
(cunsig kpubasi — peryasatop MPPT, kpacHas — peryasitop BU)

Fig. 7. Active power output of DFIG in p.u.
(red curves — VIC, blue curves — MPPT controller)

Nurerpamua CHD B DOC ¢ BOY

Haxkonutenb MonenupyeTcs MICTOUHMKOM TOKa, TTOAKIIOUYEHHBIM K mrnHaM BOY (Ha puc. 5 0603Ha-
yeH kak BESS — Battery Energy Storage System). CHO ynpapnsiercs 3a cueT U3MEHEHMST YaCTOThI IS
BBICBOOOXXIEHUSI DHEPTUU B CIIydasix Meperpy3kKu CeTH WIU CHUXKEHUS TTPOM3BOACTBA 3JEKTPUUYECKON
sHepruu. OTKJIOHEHWE YaCTOThI SIBJISIETCSI BXOIAHBIM CUTHAJIOM CUCTEMBbI PETyJIMpPOBaHUsI HAaKOIMUTES.
BxonmHoi1 curHa ornpenenseT HeOOXOIUMbIe YPOBHM BhIIAYM MU TIOTPEOICHNS B 3aBUCHMOCTH OT pe-
>XMMa paboThl HakonuTesaei. Korma BXOJHOM cUTHaI TTONIOXKUTENbHBIN, crucTeMa (PyHKIIMOHUPYET Kak
MOTpeOUTE b MOLITHOCTH, HAKaIlJIMBas ee B aKKyMYJISITOpHOil 6aTtapee. [Ipu oTpuuateibHOM BXOTHOM
CHUTHAJIE CHCTEeMa BBIIaeT aKTUBHYIO MOIITHOCTD, M HAKOTIUTEIM HAUMHAIOT pa3pskaThCsl.
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Puc. 8. iameHeHue yacToThl B 11 (@) 1 HampsEKeHWe Ha IHaX reHepatopa G3 B o.e.
(KpacHble KpuBble — Mpu ucnoib3oBaHuu CHO u cunue — 6e3 CHD) (6)

Fig. 8. Frequency variation in Hz (@) and bus voltage of generator No. 3
in p.u. (b) (red curves — with ESS, blue curves — without ESS)

PaccMoTprM aHAJIOTMYHBIN CITyJaii, KOTIa MOITHOCTE TeHepaTopa G3 mamaer Ha 15% Ha 40-11 ceKyH-
ne. [TosyyeHHBIE pe3yJibTaThl MOKa3aHbl HA pUC. 8.

Ha puc. 8 BunHo, yto nocie uHrerpauuu CHD uacrora, nsMepeHHas Ha muHax reHepatopa G3,
BEpHYJIACh K HOMUHAJILHOMY 3HAa4eHUIO B TeueHue 13 cexyHn mmociie cHmkeHus no 59,88 Ii1. I1o cpaBHe-
HUIO C TIepBOHAaYaJIbHBIM ONIbITOM (0e3 BU 1 6e3 HakomuTest), Tae 4acToTa IpoaorKala CHUXKATHCS 10
59,83 Ii1, ucnoyib30BaHNE CUCTEMbl HAKOILICHUST 0Ka3aJloch BecbMa 3(P(PeKTUBHBIM, ITOCKOJIbKY CTa0M-
JIN3UPOBAJIO YaCTOTY Ha ypoBHe 60 IiI.

AHaJIOrMyHas CUTyaLys HaOII0IAeTCs ¢ HATIPSDKEHNEM, U3MEPEHHBIM Ha mmHax G3, KOTOpoe TaKke
3 (HEeKTUBHO MOIAEPKUBAETCSI CUCTEMON HAKOIJIEHUSI. AKTUBHAS MOIIIHOCTb, MOJaBaeMasi CUCTeMOM
HaKOIIeHN Ha IMHBI Ne 4, Havama yBenmmauBaThes 10 0,124 o.e. cpa3y mocie CHIDKeHUS 9acTOThl Ha
0,01 Iix (puc. 9).

CpaBHe}me peaKkiu SHEProCUCTEMbI NPU NPUMEHEHUH PA3JIUYHBIX METOA0B PEryJIMupOBaHUA

151 TOTO YTOOBI HATJISMHO TTOKA3aTh Pa3HUILy MEXIY MPEIbIIYITAMK CITIOCO0AMHM MOIIepKaHUS Ja-
CTOTBI 9HEPIrOCUCTEMbI, HUXXE MPEACTaBIeHbI pe3yJIbTaThl, MOJyYeHHbIE MPU TECTUPOBAHUU C yIIpaBJie-
HueM BU, CHB, a takxxe BU u CHBD onHoBpemeHHO (puc. 10).

Kpusbie Ha prc. 10a oKa3bIBAIOT pa3IMYHbIe M3MEHEHUST YaCTOTHI HAPSDKEHUs Ha IMMHAX TeHe-
paropa G3. ITpu ynpasnennn BU yactora cHmkaercs a0 59,979 Tii, 3atem nosbiiaercs 10 59,987 Tix
B T€UEHNE TIePBbIX 5 CEKyHJ MOCJe CHVXKEHUS TeHepalu, HO 3aTeM cHoBa manmaeT a0 59,820 Iii. Ipu
ucrnojbp3oBanun CHD yactora cHmkaercs 1o 59,88 i1, 3aTeM ITOBBIIIACTCSI M CTA0MIM3UPYETCS Ha HO-
MUWHaJIbHOM ypoBHe 4epe3 13 cekyHa. TpeTbsl KpuBasi, MojydeHHas MPU OJHOBPEMEHHOM HMCIOJIb30-
BaHUM 00oux MeTonoB (yrpasienue BU u CHD), mokasbiBaet, 4To 4acToTa cHUXaercd 1o 59,982 Iix
rocjie okoH4YaHusT 3 dekta BM, 3aTeM MOBBIIIIaeTCST M JOCTUTaeT HOMUHAJIBLHOTO 3HaYeHUs yepe3 30
CEeKYH/I, UTO OTpakaeT KOMOMHUPOBAHHBIN U KOMIIEHCUPYIOIIN 3 heKT IBYX MEXaHU3MOB PeTyJI-
pOBaHUSI YaCTOTHI.

Ha puc. 106 nmokasaHo, yto npu ynpasiennu BW Hanpstokenne cHkaercs 1o 1,001 o.e. u nmpubian-
JKaeTcss K HOMMHAJIbHOMY 3HadeHuio B TeueHne 60 cekyHa. [1pu ncnonb3oBannun CHD HanpskeHue
cHukaetrcs 10 0,995 o.e. u gocturaeT HoOMMHaIbHOTO 3HaYeHMs 3a 30 cexkyHa. [Ipy ogHOBpeMEHHOM
MIPUMEHEHNN 000MX METOJOB HaIlpsKeHne cHKaeTcs 10 1,001 o.e. ¥ Bo3BpaliaeTcs K ICXOTHOMY CO-
CTOSIHUIO uepe3 45 CeKyH/I.
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Fig. 9. Active power output of the energy storage system in p.u.
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Puc. 10. U3MeHeHUe 4acTOThI CETH (@) U HampsiKeHWe Ha IIIMHaX BTOpoii 06acTu (6)
(kpacHast kpuBas — peryastop BU, ¢puonerosas — ¢ CHD u cunsisi — BU + CHD)

Fig. 10. Power system frequency variation (a) and voltage at bus of second area (b)
(red curve — VIC controller, purple — with ESS, and blue — VIC + ESS)

Ha puc. 11 moka3zaHo, 4To MOIITHOCTb, IipenoctanisieMass CHO 1 BeTpoycTaHOBKOM, KOMOMHUPYETCS
JIJIST TIOBBILIEHUS YaCTOTHI O €€ HOMUHAaNIbHOTO 3HaueHust. [Ipu atom CHD neMoHCTpupyeT TMOKOCTh U
paboTaeT B KOOPJAMHALIMU C BETPOYCTAHOBKOIA.

BriBoapl

[TpennoxeHa MeToarMka BbICBOOOXIeHUsT U pacueTa BU, BblnaBaeMoil BeTpoasieKTpocTaHLIMel Ha
6aze BOY tpetbero tumna anis nonaepxanust yactotel 39C. B mporpamme Matlab/Simulink co3nana te-
CTOBas YeThIpeXMalllMHHAsI MOJeJIb (pa3paboTaHHasI Ha OCHOBE cxeMbl KyHaypa) miist mpoBepKu HaIexX-
HOCTU TIpeaJIoXKeHHOro MeTona B ceTu. [TokazaHo, yto BOY He MoXeT caMOCTOsITeIbHO MOIepKUBaTh
1 KOMIIEHCUPOBAaTh pe3Kue 1 BHe3allHble u3MeHeHus1 0ayaHca MoiHocTy B DDC. BbIOpoc KuHeTH4Ye-
CKOI1 Hepruu, 3a0JIOKUPOBAHHOI B pOTOpe, B CeTh Oj1aromapsi merony ynpasieHus BU obecrnieunBaet
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Puc. 11. Beigaua akTMBHOI MOIITHOCTH HakonuTesneM (@) u BOY (6) npu onHoBpeMeHHOM peryaupoBaHun CHD u BU
Fig. 11. Active power output of battery (a) and DFIG () while using VIC and ESS

nojJiepXXaHue 4acTOThl CETU BO BpeMsI BHE3aITHOI'O YBEJIMYEHUST HAarpy3KUW UKW CHUKEHMSI TeHepalluu.
IMockonbky ynpapienre B umeer orpaHMYeHHBIN IO BPEMEHM pecypc, MPeIIOXKEeHO MUCIOIb30Ba-
HUE CUCTeMbl HAaKOTUIEHUS 3JEKTPUUECKO SHEPTUHM, KOTOpasi KOMIEHCHUPYeT TTOTEPU MTPOU3BOICTBA
B ceTu. YacTtoTa MoaHsIach 10 UCXOAHOIO 3HaYeHUs Oyiarogapsi MOIIHOCTH, OTJAaBaeMO aKKyMYJIsI-
TOpPHOI1 OaTapeeii.

Takum oOpaszom, HanbosIee 1ejIecO00pa3HBIM SIBIISIETCSI COBMECTHOE NpuMeHeHue Metoga B msa
peryImpoBaHusl B IepBble HECKOIBKO CEKYHI TTepexoaHoro npoiecca 1 CHD nisg noaaepxaHus 4acTo-
TBI 1 HAIIPsKeHUS U Bo3BpaTa DD C K HOMUHATBHOMY PEXXKMMY.
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CTPYKTYPA U CBONCTBA MATHUTHOTO
BbICOKOSHTPOMUNHOIO CMJIABA FE,.CO_AL,NI,MN

Annomayusa. B nannoit pabote mojydeH BbICOKOIHTponuiiHbIi crutaB Fe,Co Al,Ni,Mn meTomom
MEXaHWUYECKOTO JIETUPOBaHUS. M3ydeHbI MUKPOCTPYKTYpPa, (ha30BBIN U TPpaHYJIOMETPUICCKUIA CO-
CTaBbl IOpOLIKAa. MeTOIOM MCKPOBOIO IUIA3MEHHOIO CIIEKAHUSI C IOCJEAYIOIIeil TepMUUECKOi
00paboTKOI1 IMOJyYeHbI 00pa3Ibl BHIOPaHHOTO CITIaBa ¢ mopuctoctbio MeHee 0,04%. Ma3oBblii co-
cTaB 00pa31oB nocie orxkura npu Temneparypax 900, 950 u 1000°C cocrout u3 nByx OLIK-das ¢
OJIM3KHMM TTapaMeTPOM pEIIeTKN. YCTaHOBJICHO BIIMSTHUE TeMIIEPaTyphl OTKUTa Ha MEXaHWIECKIe
(TBepIOCTh U TIPOYHOCTH Ha CXKATHE) M MAaTHUTHBIC CBOMCTBA MaTepraaoB. [IpoyHOCTh Ha cXKaTue
00pa3uoB cocTaBuia ot 2163 go 2677 MIla, MuKpoTBepaocTh — OT 646 1o 718 HV.

Knrouegole croa: BBICOKOIHTPOMNUMHBIN CIIaB, MEXaHUYECKOE JIeTUPOBaHUE, NCKPOBOE T1Ia3-
MmeHHoe criekaHue, CALPHAD.
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STRUCTURE AND PROPERTIES OF MAGNETIC
HIGH-ENTROPY ALLOY FE_,CO_AL,NI,MN

Abstract. In this work, high-entropy Fe,CoAl,Ni,Mn alloy was obtained by mechanical alloying.
The microstructure, phase and granulometric compositions of the powder were studied. Samples of
the selected alloy with a porosity of less than 0.04% were obtained by spark plasma sintering followed
by heat treatment. The phase composition of the samples after annealing at temperatures of 900,
950 and 1000°C consists of two body-centered cubic phases with a close lattice parameter. The effect
of annealing temperature on the mechanical (hardness and compressive strength) and magnetic
properties of the materials was established. The compressive strength of the samples ranged from
2163 to 2677 MPa, microhardness — from 646 to 718 HV.
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Beenenne. CeromHst oCTpoO OLIYIIAETCS MOTPEOHOCTD B MPOMYKIIMU 3JEKTPOTEXHUUESCKOM MPOMBbIII -
JICHHOCTH: 3JIEKTPOABUTATENISIX, TpaHchopMaTopax, TeHeparopax, 3JIeKTPOMAarHUTax, JaTIMKax Mar-
HUTHOTO T0J151 U T.J. [ToCKOIbKY 3JIeKTPOIBUTATEIN TTOTPEOJISIIOT OFPOMHOE KOJUUYECTBO IHEPTUHU, Jaxe
HE3HAUUTEIbHOE YBEIWYEHUE XapaKTEPUCTUK BHOCHUT CYILIECTBEHHBIN BKJIAd B CHUXKEHHE BBHIOPOCOB
CO, u cHuxeHure ce6eCTOMMOCTH MpoayKUK. CBOICTBA UCIIOIL3YEMbIX MATEPUAIOB CYLIECTBEHHO
BJIMSIIOT Ha 9HEProadPEeKTUBHOCTh Y SKOHOMUYECKYIO 3(PDeKTUBHOCTS [1].

OnHo#t U3 Cepbe3HBIX MPOOJEM OTPACIM SBJSETCS HeXBaTKa MAarHUTOMSITKHUX MaTepUaloB C XOPO-
IUMUA MEXaHWYECKUMU U XUMUUYECKUMU CBOMCTBAMU. TpalUlIMOHHbIE CIIJIaBbl UMEIOT ONpeIeIeHHbIE
orpaHuueHus [2]. Mcrosib3yeMble 3JIeKTPOTEeXHUUECKME CTaIM ITOKa3bIBalOT BHICOKME MAaTHUTHbBIE CBOI -
CTBa, HO UMEIOT HU3KYIO MJIACTUYHOCTb U3-3a BBHICOKOI CTeTNEeHU CTPYKTYPHON yrmopsimoueHHOCTH |[3].
DTO 00CTOATENHLCTBO OTPAHUYMBAET CPOK CIIYKOBI M YCIIOBUS 3KCIUTyaTauuuy usnenuii. Kpome toro, ot
COBPEMEHHBIX MAarHUTOMSITKUX CTUIABOB TpeOyeTcsl padoTa Mpy BHICOKMX TeMIIepaTypax, B arpeCCUBHBIX
cpenax u T.n. Hanmpumep, MarHuTHbIE MaTEPUAJIbl, UCIIOJIb3YEMbIE B A3POKOCMUYECKOM MPOMBIIILIEHHO-
CTH, JOJKHBI 00J1aJaTh XOPOIIEH XKapoIIpOYHOCThI0. AMOp(hHbBIE MATHUTOMSITKIE MaTepHUaibl 00JI1anaioT
OTJIMYHOW KOPPO3MOHHOM CTOMKOCTBIO M BHICOKUM Y/IEJbHBIM 3JIEKTPUYECKUM COMPOTUBJICHUEM [4].
OpnHako yca0BUS MPOU3BOICTBA HE TTO3BOJISIIOT MOJIyyaTh 00beMHbIE aMOpdHBIe criaBbl. Kpome Toro,
HEBBICOKAs TeMIlepaTypa KpUCTAIN3AMN 3HAYMTEILHO CyKaeT 00JacT MPUMEeHEHUs aMOPMOHBIX
BEIIECTB.

© Kim A.E., Mazeeva A.K., Razumov N.G., et al., 2025. Published by Peter the Great St. Petersburg Polytechnic University
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PaszHooOpa3ue BbIcCOKOAHTpoINUiiHbIX cruiaBoB (BOC) nmo3BossieT mojaydyaTh psl yHUKaJIbHBIX MeXa-
HUYECKHUX, XMMUUYECKUX U (DyHKIIMOHAJIbHBIX CBOUCTB. MarHutHbele BOC MoryT couetaTth B cebe mpe-
MMyIIIecTBa aMOP(MHBIX M TPATUIIMOHHBIX MAaTHUTOMSTKHX CTUTaBOB. Pa30BBIN cOCTaB, MUKPOCTPYK-
Typa U MakKpOoCTPYKTypa MaTepuaaoB CUJIbHO 3aBUCST OT YCJIOBUI cuHTe3a. BOC gaBasioTcs onHUMU
M3 CaMBbIX MEPCIEKTUBHBIX MAarHUTOMITKUX MaTepuaoB Ojaromapss BO3MOXHOCTA (DOPMUPOBAHUS
KOMTIAKTHBIX U3EJUii, OTIUYHON AePOPMUPYEMOCTU, KOPPOZUOHHON U TEPMUUYECKOUW CTOMKOCTU U
XOpOoUIMM (YHKIIMOHATbHBIM CBOMCTBAM.

Tpoitnoii cinaB FeCoNi o6pa3yetr ogHoda3HbIi TBepablid pacTBop 3aMmelneHus ¢ I'LIK-cTpykry-
poii. 'lIK-cmiaBel UMEIOT BRICOKYIO HAMAarHMYeHHOCTh HachileHus B oTmmure ot OLIK-crmiaBoB, uyto
00ycJI0BJIeHO 60J1€€ BLICOKO MJIOTHOCTHIO YITAKOBKU aTOMOB M BICOKMM COfepKaHUeM (heppoOMarHuT-
HbIX 371eMeHTOB [5]. B pabote [4] moka3zaHo, 4yTo Cr CyIIeCTBEHHO YJIy4llaeT KOPPO3MOHHOCTOMKNE
CBOICTBa 3a cueT oOpa3oBaHUsI OKCUAHON TieHKU. M3yueHo BaussHue Mn, Al u Ti Ha CTpyKTypHbIe
cpoiictBa crutaBa NiCoCrFe [5—7]. Pe3ynbraThl moka3aju, 4To 100aBIeHEe 3TUX 3JIEMEHTOB IIPUBEJIO K
3HAYUTEJIbHOMY YBEJIMYECHUIO Mpeaeia TeKYy4eCTU M YMEHBIIIEHHUIO IiacTudeckon aeopmannu [9—12].

JlerupoBanue Si u Cu yiaydiaer MexaHuuyeckue cBolicTBa MarHuToMsrkux BOC 3a cuet usmesb-
uenus 3epHa. B [13] monyuen criaB FeCoNiCu,,Si , ¢ coueTaHMeM XOPOIUMX MarHUTHBIX U MPOY-
HOCTHBIX cBOIMCTB. CIuIaB ¢ mo6aBeHNneM Zr IOKa3bIBaeT BEICOKYIO TBEPIOCTh M N3HOCOCTOMKOCTD, HO
MAarHMTHOE HAaChILIEHNE YMeHbInaeTcs Ha 15%, a KoapuuTuBHAasI cujia yBeanuuBaeTcst Ha 133% [2]. Tak-
JKe CYLIECTBYIOT McciienoBaHus 1o jerupoBanuio BOC peakoszemenbHbiMU 21eMeHTamMu Nd, Pr, Y, Ho
C LENIBIO yNyYIleHUs MEXaHUYECKUX CBOMCTB. [lobasnenue 5 at. % Ho B FeCoNi(CuAl), , ymeHbIIaeT
pasmep 3epHa, yBeauuusaeT noato OLIK-dassl 1 yayuiiaeT marHuTHbIe cBoiicTBa [14, 15].

Lenbio 1aHHOI pabOThl OBLIO CO3AaHKE HOBBIX BHICOKOIHTPOMUMHBIX MaTepUaloOB C COYeTaHUEM
BBICOKMX MEXaHUUYECKNX M MAaTHUTOMSTKHMX CBOMCTB METOIAMM MEXaHWIECKOTO JIETUPOBAHUS M ICKPO-
BOTO IJIa3MEHHOTO CMeKaHUs, U3yuyeHne (PU3NKO-XUMUIYECKUX OCOOeHHOCTe (hOPMUPOBAHUST CTPYK-
TYPHI CILJIAaBOB B 3aBUCHMOCTU OT TEXHOJOTUYECKUX PEKUMOB U BIMSHUS MOJYy4aeMOro CTPYKTYPHOIO
COCTOSTHMS Ha (DyHKIIMOHAJIbHBIE CBOMICTBA MaTepUAaJIOB.

Marepualibl 1 METO/IbI MCCIIEA0BAHUS

®asopas nuarpamma craBa Fe,Co ALLNi,Mn nonyyena ¢ ucnosnb3osanuem merona CALPHAD
(CALculation of PHAse Diagrams). [J1s1 rmojrydeHusI cIijiaBa ObUI IPUMEHEH METOA MEXaHNYECKOTO Jie-
rupoBaHust (MJI), koTopoe mpoBoAWIOCH B TIaHeTapHOI MenbHUlle Fritsch Pulverisette 4 u3 aneMeH-
tapHbIx opoinkoB Fe, Co, Al, Ni, Mn (uuctota 99,9%) pazmepom 40—100 Mmxm. [TpoaomkuTeIbHOCTD
npoliecca cocraBuia 25 yacon. Kaxabsie 20 MUHYT 000pynoBaHWe OCTaHaBIMBaJIOCh Ha 10 MUHYT 151
MpeaoTBpallleHus TieperpeBa CTakaHOB, MEJIIOIIMX TeJl U MopoliKa. BHelIHMii paauyc Kaxkaoro u3 cra-
KaHOB ObLI paBeH 37,5 MM, a ruiaHeTapHoro aucka — 130 mMm. Macca pa3MoOJIbHBIX IIapOB IIpeBhILIaIa
Maccy nopoiiika B 20 pas. [lepen nmposeaeHrnem MJI crakaHbl TpoAyBaldCh ApTOHOM B T€YEHUE 7 MUHYT.

Muxpoctpykrypa nopoumkos Fe,Co Al,Ni,Mn aHan1supoBaiach ¢ UCMOJIb30BaHUEM CKaHUPYIOILE-
ro 3JeKTpoHHOro Mukpockomna Mira Tescan, ocHallIEeHHOTO 9HEPTrOAMCIIEPCUOHHBIM AeTekTopoM EDX
Oxford Instruments X-Max 80 17151 peHTTe HOCIEKTPaJIbHOTO aHAM3a.

PentreHodasoBblit aHanu3 poBoAunics Ha audpakromerpe (pupmbl Bruker D8 Advance ¢ MeaHbIM
usnyueHueM (A = 1,5443 A). AHanu3 pazmepa yacTull oopasioB mocie MJI mpoBoauIn Ha Ja3epHOM
rpanymometpe Fritsch Analysette 22 NanoTec plus ¢ uconb3oBanuem Moaenu @payHrodepa.

[Topouiku nociae MJI KOHCOIUAUPOBAIU METOAOM UCKPOBOro TiasmeHHoro criekanusi (UI1C) B
ycranoBke HPD 25 FCT Systeme GmbH SPS npu temmnepatype 1200°C ¢ BbIAEpPXKKOIi B TEUSHUE 5 MU-
HyT. JlaBinenue cocranisuio 50 MIla. AunameTp mmimHApuYecKoil TpacdUTOBOI IIpecc-(POopMBI COCTaBUIT
20 MMm. JI1st UBMepeHUsI MUKPOTBEPAOCTU Mo Bukkepcy ObLIM M3rOTOBAEHBI MOJUPOBaHHbBIC 00Opa3LIbI.
Hcnbitanus npoBoauinch Ha iudpoBoM MukpoTsepaoMepe BUEHLER MicroMet. TecTtoBast Harpy3ka
cocraBuia 300 . MccnenoBaHue MpOYHOCTU Ha CKaTve MPOBOJAMIOCH Ha YHUBEPCAIbHON pa3pbIBHOM
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MaimmHe Zwick/Roell Z050. JInst ucciegoBaHUsT MATHUTHBIX CBOMCTB MOJIyUeHHbBIX 00pa3li0B UCITOIb-
3oBaJjicsl BUOpalmoHHblit MmarHuToMeTp Lake Shore 7410. TemnepaTtypa uamepenusi cocranisiia 293 K,
JIHMaIta30H HaINpsKeHHOCTU MarHUTHOro nosist — ot —10000 mo 10000 D.

Pe3le])TaTl>l n 06cy)|<11e1me

Ha puc. la mpencraBieHbl u300paxkeHUsI C PacTPOBOIO B3JEKTPOHHOTO MUKPOCKOIA TMOPOII-
ka Fe,Co,Al,Ni,Mn mocne 25 yacoB MJI. B nopoimike HabmogaeTcss TOMOTEHHass MUKPOCTPYKTYpa,
pe3y/abTaThl 9HEProJMCIEPCMOHHOIO aHajlu3a FoOBOPSIT O PaBHOMEPHOM pacHpee/ieHUN 3JeMEHTOB
[16]. XuMudecknit cocTaB TOpOIIKa TpencTaBieH B Tabu. 1. [paHyloMeTprUYecKHii cocTaB MOpoOIIKa
coctaBui d10 = 7 mxm, d50 = 19 mxm, d90 = 37 MKM.

Ha nudpakrorpamme nopouika nocie MJI (puc. 16) BuaHbl nuku eauHcTBeHHON OLIK-da3sbl. [Tapa-
MeTp perueTky coctaBit 2,867 A. Pasmep o61acTeil KOTePeHTHOTO PAcCesTHUsT COCTABI 15 HM, a BeTidi-
Ha MUKpoOHanpspkeHui ¢, = 0,009.

Tabnuna 1
XAMHYeCKHii COCTAB MeXaHMYECKH JIETHPOBAHHOTO MOPOIIKA
Table 1
Chemical composition of mechanically alloyed powder
Fe, at. % Co, at. % Al at. % Ni, at. % Mn, at. %
30,340,6 28,14+0,8 22,3+0,4 14,340,3 5,0+0,2

ITopuctocTs 06pasLoB mocie KoHcomupaunuu MmetogoM MUITC obna MeHee 0,04%. [ocne ciekaHust
o06pa3ubl oTkuraau npu teMmmneparypax 900, 950 u 1000°C.

Ha puc. 2a npezcrasinena pasopas nuarpamma cruiasa Fe Co AILNi,Mn, mojiydeHHast B pe3yjbrare
TepmoanHaMudeckoro pacuera merogoM CALPHAD. Ilpu temmeparypax Boire 1050 K BeIOpaHHBII
cruiaB obopasyet ogHodaszHblii OLIK — TBepablii pactBop. ITpu Temrieparypax Hrke 1050 K OLIK-da3za
pacmanaetcs Ha nBe coctapisiomne: OLIK#2 u OLIK#3. PaccuutanHbie cocTaBhl (pa3 MpeJacTaBlIeHbI B
TabI. 2.

Tabnuua 2
PacueTnblii ha3oBblii cocTas
Table 2
Calculated phase composition
XuMHYeCKHii cocTas, at. %
®a3za - O0bemHuas gons, %
Fe Co Al Ni Mn
OLK#2 18,9 28,9 25,6 19,9 6,7 71,1
OLIK#3 58,1 32,8 5,8 2,7 0,6 28,9

Ha puc. 26 npencrasiaeHbl pe3yabTaThl (pa30BOTo aHajlr3a 00pa3lioB I10CIe TEPMUIYECKOM 00pabOTKH.
B cBg3u ¢ mepekpbuiTeM MMUKOB (a3 ¢ OJIM3KUMU HapaMeTpaMM pelIeTKH Ha IUdpakTorpaMmMax BCeX
0o0pa3LoB HabomaeTcs HajmoxkeHre MuKoB aByx OLIK-das.

MukpocTpyKTypa 00pa3ioB (puc. 3) mocjie oTXura MoATBepXIaeT Hainyue aAByX (a3. CBeTibie 00-
Jacti cooTBeTcTBYIOT hasze OLIK#3, cocTosleii B OCHOBHOM U3 3kKejle3a U KobabTa, a TeMHbIe 00J1a-
ctu — ¢aze OLIK#2. U3 pe3ynbraToB, MOJTYYEHHBIX Ha CKAHUPYIOIIEM 2JIEKTPOHHOM MUKPOCKOTE U
(a30BOTO aHaNM3a MOXHO ClIeJIaTh BBIBOM, UTO CTPYKTypa Matepuaja coctout u3 asyx OLIK-da3, yTto
cornacyercs ¢ pesyasratamu CALPHAD pacueros.
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Puc. 1. DnementHoe pacnpenenenue (a) u paszosbiii cocras (6) Fe,CoALNi,Mn

Fig. 1. EDS map of element distribution (a) and phase composition (b) of Fe,Co,Al,Ni,Mn
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Fig. 2. Phase diagram (a) of the Fe ,Co,Al,Ni,Mn alloy and XRD patterns (b) of the samples after annealing

Puc. 3. MukpoctpykTypa o6pasioB nocie orxura mpu 900 (a), 950 (6) u 1000°C (B)
Fig. 3. Microstructure of samples after annealing at 900 (a), 950 (b) and 1000°C (c)

HcnbiTaHust MeXaHUIECKUX CBOMCTB (pUC. 4) ITOKa3aJId BEICOKME 3HAYEHMS TBEPIOCTU U IIPOYHOCTH
Ha cxkaTue o0pasioB. TBepaoctb 00pa3uos nocie orkura nmpu 900, 950 u 1000°C coctaBuna 718, 707 u
646 HV, a mpouHoCTh Ha cxxatue — 2677, 2334 n 2163 MI1a. Beinenenue tBepmoii dhaszer OLIK#3 mo rpa-
HMIIAM TIPUBOIMT K HU3KOM IJIACTUYHOCTU MaTepuasia. I1oBbIllIeHHe TeMIIepaTyphbl OTXKUTa MPUBOIUT
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Fig. 4. Mechanical tests of samples after annealing: microhardness (a) and compressive strength (b)
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Fig. 5. Magnetic hysteresis loops of samples

K yBeJIMYeHU1o pazmepa 3epHa (aspl OLIK#3 (puc. 3), 4to conpoBoxaaeTcs MagecHUEM MeXaHUYeCKUX
cBoiicTB. PocT 3epen dazp OLIK#2 3arpynmHeH 13-3a ee CJI0XXHOTO COCTaBa U BIUSAHUS 3 deKTa 3aMe -
JieHHo auddysun B BOC.

Ha puc. 5 nmoka3aHo MccienoBaHUe MarHUTHBIX CBOMCTB 00Opa3ioB. OOpa3sel] mocje OTXKura mnpu
temmepatype 1000°C rmoxasan HaMMEHBIIYIO KOSPLUUTUBHYIO CUITY (HC = 14,8 D), 4TO, BEpOSITHO, CBSI3a-
HO ¢ pocTtoM IoMeHOoB da3bl OLIK#3. Hanbonbiyto HaMarHUu4eHHOCTDb HachileHus 159 ame/r mokasain
obOpa3sell nociie oTkura rpu tremnepatype 900°C.

[IpencraBneHHbIE pe3yabTaThl CBUAETEILCTBYIOT O TOM, YTO MOBBIIICHUE TEMIIEPATYPHI CITIEKAHUS 10
1000°C pe3ko cHUXaeT MeXaHM4YeCcKre CBOMCTBA 1 YBeJIMUMBAeT MarHUTOMSITKME CBOMCTBA.

BoiBoabI

B nannoii padore moayyen HoBeiii BOC Fe Co AlLNi,Mn meTomom MJI. Msy4ensr dha3oBblid, rpa-
HYJIOMETPUYECKUIN COCTaB U MUKPOCTPYKTypa Topolika. M3 jerupoBaHHBIX MOPOLIKOB MOJYyYeHbI
o6pasnbsl MmetogoMm MIIC. IIpoaHann3upoBaHO BAMSIHUE TeMIlepaTypbl OTXKUIA Ha MEXaHUYECKUE U
MarHUTHbIE CBOMCTBA IMOJIydYeHHbIX MaTepuasioB. McciaenoBaHbl (pa3oBbiii COCTaB 1 MUKPOCTPYKTYpa
CMEeYeHHbIX 00pa310B. YCTAHOBIEHO, YTO HAaMMEHbIIasi KO3pLuTUBHas cuia BOC gocturaeTcst npu oT-
xure ipu 1000°C 3a cyeT pocta 0-(pasbl, COCTOSIIIEH B OCHOBHOM M3 Xeye3a U kobasbra. [1o aToil e
MpUYKMHE 00pa3ell, OTOXKEHHBII MPU caMOii BHICOKOI TeMIepaType, MMeeT HAaMMEHbIIYIO TBEPIOCTD 1
MPOYHOCTh Ha CXKaTHeE.
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OCOBEHHOCTU NPUMEHEHUA NOJIUMEPHbIX
KOMMNO3ULIMOHHbIX MATEPUAJIOB NMPU OBYCTPOUCTBE
HE®TEIFA30BbIX MECTOPOXXAEHUN APKTUYECKOIO NMOACA

Annomauus. TlocterieHHOe cMelleHUe HedTera3omo0bIBaloIIUX MPEeanpUsiTUil B ceBepo-BOC-
TOYHBIC PETMOHBI CTPaHbI, OTJIMYAIOIINECS KpaliHe HU3KUMH TeMIlepaTypaMu, MOBBIIICHHBIMU
YPOBHSIMU BJIZXXHOCTH M CEHUCMMYHOCTH, TPEOYET NOTIOJIHUTEIBLHOTO aHain3a BO3MOXHOCTHU
MPUMEHEHMS MOTMMEPHBIX KOMITO3UILIMOHHBIX MaTepuanoB (ITKM) B cTpouTeIbHBIX KOHCTPYK-
LUsIX, Ipubopax M ammnaparax, MCIOJb3yeMbIX MPU OOYCTPOICTBE MecTOpOXAeHUt. OOBIYHO
WCITOJIb3yeMbI€ B YCIIOBUSIX CTATUYECKOTO HATPY:KEHUS MaTepUaibl MOTYT P BOZHUKHOBECHUN
CeiCMMYECKNX BO3ICHCTBUI UCTTBITEIBATh JOTIOTHUTEIbHBIC ITMHAMUUECKIEe Harpy3Ku. B padore
MIPUBEICHBI PE3YIbTaThl MCCIICIOBAHNS BIUSHUS BHEITHUX BO3ICUCTBHUIT Cpelbl 3TOTO peTHOHA
Ha Tpu HamboJiee pacrpoctpaHeHHbIX [IKM Ha ocHoBe moiubyTuieHTepedTanara, nojiuamMuaa
u rionimkapooHara. [IpoBeaeHb! ucnbiTaHus yaapHoii Ba3kocTu [TKM B nnana3oHe TemIiiepaTyp
ot +20 10 —60°C u nocJjie UHTEHCUBHOT'O BOAOMOTJIOIICHNS.

Karuegole crosa: mommMepHbIe KOMITO3UIIMOHHEBIE MAaTepHAaIbl, SKCTPEMaIbHO HU3KME KIMMa-
THUYECKHE TeMIIepaTypbl, IJUTEIbHOE 3axoJaXKMBaHHE 00pa3lloB, BOAOIOIJIONMICHNE, yaapHas
BSI3KOCTb.
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Abstract. The gradual shift of oil and gas production enterprises to the north-eastern regions of
the country, characterized by extremely low temperatures, high humidity and seismicity, requires
additional analysis of the possibility of using polymer composite materials (PCM) in building
structures, devices and apparatus used in field development. Materials, usually used in conditions of
static loading, can experience additional dynamic loads in case of seismic effects. In this work, the
results of the research of the influence of external environmental impacts in this region on three most
common PCMs based on polybutylene terephthalate, polyamide and polycarbonate are presented.
Tests of impact toughness of PCMs in the temperature range from +20 to —60°C and after intensive
water absorption were carried out.
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BBenenune. OcBoeHMEe HOBBIX IEPCIIEKTUBHBIX MECTOPOXKICHUI HeTU U Traza B BOCTOYHOW YacTU
apKTUYECKOro pernoHa P® mocTaBmiao NMPUHIUNMAIBHO HOBBHIC 3aa4M Iiepel MPOESKTUPOBIIMKAMU
U CTPOUTEIbHBIMU OPraHU3ALMSIMU, CIIeLIMATU3UPYIOLIMMUCS Ha BOMPOcax 00yCTpOKCTBA HOBBIX Me-
CTOPOXKASCHUM U TIOIIAJ0K J00BIUM U TTIepepadboTKU chipbsl. K 3agayaM, KOTOpble HEOOXOIUMO PELIUTh
IIPY BO3BEJACHUN HOBBIX O0OBEKTOB, OTHOCUTCSI KpaifHe CJIOXKHAS JJOTUCTUKA: IMPAKTUYECKU ITOJTHOCThIO
OTCYTCTBYIOT XeJIe3HbIe 1 aBTOMOOUIbHBIEC JOPOTH, M € IMHCTBEHHBIM CIIOCOOOM J00OpaThCs A0 MepCIieK-
TUBHBIX TEPPUTOPHUIA B JIETHHUE MECSILIbI OCTAETCS BO3MYIIHbIN TPAHCIIOPT, @ B 3MMHUE — MTPOJIOKEHHbIE
10 pycliaM peK aBTOMOOUJIbHBIE 3UMHUKU. Bce 3TO 3HAUMTENIBHO yI0POXKAaeT JOCTaBKY MaTepUaIoB U
000pYyI0BaHUS HAa CTPOUTEbHBIE TIIOIIAAKY U JeaeT KpaiiHe MpuBIeKaTeIbHbIM ITPOLIECC 3aMelleHUs
METATMYECKUX KOHCTPYKUMI KOHCTPYKLIMSIMU U3 TTOTMMEPHBIX KOMITO3UTHBIX MaTepuanoB (ITKM),
ILUIOTHOCTh KOTOPBIX B MSTh-CEMb Pa3 HUXKE TUIOTHOCTU CTPOUTENIBHBIX CTaJIei.

Hapsiny ¢ aTuM ceBepo-BOCTOUHBIE PETMOHBI CTPaHbl OTHOCSITCSI K BHICOKOAKTUBHBIM ceiicMuye-
cKuM 30HaM. Tak, Mo JaHHBIM psiia aBTOPOB, €XXeToAHO Ha Tepputopuu Pecriyonuku Caxa (Axkytus)
MIPOUCXOIUT 10 MSATUCOT MOA3EMHBIX TOTYKOB pa3nnuHoi nHTeHcuBHOCTHU [ 1—3]. [ToaTOoMy mipu mipo-
eKTUPOBaHUU OOBEKTOB, BHIOOPE MAaTEPUAIOB I O0YCTPONCTBA MECTOPOXKACHUI TPUXOAUTCS YU~
ThIBaTh KaK OCHOBHBIE TeOKJIUMaThuueckue TpedoBaHus K KoHcTpykuusaim (TOCT P 57955-2017), tak
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U IOMOJHUTEeIbHbIe TpeboBaHUs u orpaHndyeHust (CIT 14.13330.2018), BbiaBUracMble K BO3BEACHUIO
3IaHUI U COOPYKEHUIA, BEIOOPY TEXHOJIOTUI CTPOUTEIBLHBIX PA00T, OLIEHKE IMPUMEHUMOCTH UCTIOIb3Yye-
MbIX MaTepUaJIOB B YCJIOBUSIX CEMCMUYECKU OTMACHbBIX 30H.

3HauYUTEIbHASI YACTh CTPOUTEIbHBIX KOHCTPYKIIMIA B XO/¢ SKCIUTyaTallMi UCIBbITHIBAET TOJbKO CTa-
tnueckue Harpy3ku. CormacHo CIT 16.13330.2017, K TaKUM KOHCTPYKLMSIM OTHOCSTCSI TTPAKTHUYECKU
BCE OCHOBHbIE CTPOUTEIbHbBIE 37IEMEHTbI — (hepMbl, KOJIOHHbI, TIEPEKPHITHUSI, OTIOPHbBIE TIJIUTHI, OOIIMBKA
3IaHUI U COOPYKEHUI U T.I1. B 3aBUCMMOCTHU OT rpyIITbl KOHCTPYKIU 3TO MOTYT OBITh JINOO pacTsIruBa-
IolIMe ¥ U3rnoaroime, Moo cxXumMalolre Harpy3ku. OTCyTCTBUE B CTPOUTEIbHBIX KOHCTPYKIIUSIX AU~
HaMMUYECKOro U IUKJINUYECKOTO HArPYKeHUsI yKe B psiie CIydyaeB MO3BOJIUII0 3aMEHUTh TPaAULIMOHHbIE
MeTaJlinyeckue 6anku, Tpyosl u aucthl Ha [TKM-koHceTpykuuu [4—9], oqHako Takue pelieHus: Obuiu
peanu30BaHbl B LIEHTPAJIbHBIX PErMOHAX CTPAaHbI, OTIWYAIOIINXCI YMEPEHHO XOJOAHBIM KIMMAaTOM U
OTCYTCTBMEM TOBBILLIEHHOM celicMUUHOCTU. [ToaTOMY aBTOMaTUYECKW MepeHOC MOJ0OHbBIX pellieHui
0 3aMeHe CTaJibHbIX KOHCTpyKLMi Ha [TKM-KOHCTpYKLIMM B YCJIOBHUSIX CEBEPO-BOCTOKA CTpaHbI 0e3
MPOBEICHUS JOITOTHUTENBHBIX UCCICIOBAHUI TTOBEICHUS MaTepHalOB MPY HUBKUX KIMMATHUECKUX
TemIiepaTypax, MOBBIIIEHHBIX BJIaXKHOCTU U CEHCMUYHOCTU HEBO3MOXEH U TpeOyeT MOMOTHUTEIbHbIX
KUCCIIeIOBAHUI CTOMKOCTU MaTepraioB B YCIOBUSIX JMHAMUYECKOTO HATrpy>KeHUs TIpU TeMmIlepaTypax B
nuarnasoHe ot +20 10 —60°C 1 HacChIIIEHUSI MATEPUAJIOB BJIAarOi B JIETHUE MECSILIBL.

Ilenblo naHHON pabOTHI ABJSICS aHAJIU3 Aerpagallui MeXaHUUYeCKUX CBOMCTB CTEKJIOHAMOJIHEHHbIX
MOJIMMEPHBIX MaTepPUAJIOB, COAEPXKALIUX B KauecTBe HanoaHuTess 25—30% MelKkou3MeTbueHHOMR cTe-
KJISTHHOM HUTU Y IPUMEHSIEMBIX B CTPOUTEIbHBIX KOHCTPYKIIMSX U KOHTPOJIBHO-U3MEPUTEIBLHOM arnia-
patype, KOTOpble NCMOJIb3YIOTCSI Ha HE(TETa30BbIX MECTOPOXKIEHUSIX B YCIOBUSIX IJIUTEJIBHOTO BO3IEk -
CTBUSI HU3KUX KJIMMATUYECKUX TeMIIepaTyp U MOBBIIIEHHON BJaXKHOCTU — TO €CTh B YCAOBUSIX, TUTTAY-
HBIX JUISI CEBEPO-BOCTOUYHOI YaCTU apKTUUECKOro peruoHa P®D.

MeToapl ¥ MATEPUAJTbI

B xauecTBe MaTpUUYHBIX MaTepHAIOB OBLITM BRIOPAHBI CJEAYIONINE TEPMOILTACTUIHBIC TTOJTMMEPDI.

[Momuoytunenrepedranar (I1BT) — moamumep ¢ BEICOKOI CTeIIeHbIO KPUCTAUTMYHOCTH,, OTHOCSIIITT -
¢Sl K CJIOKHBIM HacChILEHHBIM TTonadupaM. B HacTosiiee BpeMst 3TOT CTeKJI0HAMOJHEHHBII TTouMep-
HBII MaTepuall IUPOKO MCIOJIb3YeTCs KaK KOHCTPYKIIMOHHBIHM TJIACTUK TPU U3TOTOBICHUM KOPITYCOB
M HECYLIMX KOHCTPYKIMM pa3jIMyYHOro TUIIA 3JIEKTPOMEXaHUUYECKUX U JIEKTPOHHBIX YCTPOUCTB, MPU-
MEHSIETCSI B UBMEPUTEBbHON TEXHUKE U PSIAIE CTPOUTENIbHBIX KOHCTpYKLMii. B mocnennue roast [TBT
VCIIeIITHO 3aMEeHSIeT MeTaJUIMuecKre MaTepraisl (IIMHK, OpOH3Y, aTIOMUHUIA) B MIPOM3BOMICTBE AeTalei
3JIEKTPOTEXHUYECKOTO U KOHCTPYKIIMOHHOTO Ha3HAaYeHMs1, IPUOOPOCTPOEHU U, DJIEKTPOTEXHUKE, DJIeK-
TPOHUKE, UCMOJIb3yeMbIX Ha HE(PTETa30BbIX MECTOPOXKIACHUSIX.

IMonukap6onar (I1K) — mmMpoko npuMeHsieMblii B TPOMbBIIIUIEHHOCTH T€PMOILIACT, OTHOCSIIUICS K
CJIOXHBIM TTOIMA(GUPaM ¢ MaJIbIM YPOBHEM KpucTauTnyHOoCTU. O01aaeT BEICOKOM KeCTKOCThIO B coUe-
TaHUM C BICOKOM CTOMKOCTBIO K YIAPHBIM BO3/ICICTBUSIM, B TOM YMCJIe TPU TOHUXXEHHON TeMIepaType,
a Take BBICOKON XMMHUUYECKON YCTOMUMBOCTHIO K OOJIBIITMHCTBY HEMHEPTHBIX BEIIECTB, YTO MAeT BO3-
MOXHOCTb MPUMEHSITh €r0 B arPECCUBHBIX cpefiax 0e3 U3BMEHEHUS ero XMMUUECKOTo COCTaBa i CBOMCTB.
K TakuMm BelliecTBaM OTHOCSITCSI MUHEpaIbHbIe KUCIOTHI 1aKe BBICOKUX KOHILICHTpALIUii, COJIM, HACHI-
IIIEHHBIE YTJIEBOAOPOBI M CIIMPTHI, BKITIOYAs MeTaHOJI. MICTIONBb3yeTcsl B CTPOUTENBHBIX KOHCTPYKIIUSIX,
Mpubdopax U armraparax, 3KCIIyaTUPYyeMbIX B YCJIOBUSIX arpeCcCMBHOIO BO3/I€UCTBUSI BHELIHUX Cpejl, B
YacTHOCTHU He(PTSIHOTO (JIounaa.

IMonuamun (ITA) — MaTepuan Ha OCHOBE JIMHEMHBIX CUHTETUUECKUX BEICOKOMOJIEKY/ISIPHBIX COSIM -
HeHuit. [TpuMeHsieTcsl B KauecTBe KOHCTPYKIIMOHHOI'O MaTepuajia B CTpPOUTENbHBIX KOHCTPYKLIMSIX, OT-
JINYAeTCsl MOBBIIEHHOM KeCTKOCTHIO, TPOYHOCTHIO, JOCTATOYHBIM YPOBHEM YAapHOM BSI3KOCTHU, CTOM-
KOCTBIO K BHEIIIHUM BO3JCHCTBUSIM.

Jns moBeneHUs uccieqoBaHUii ObUIM UCITOJb30BaHbI CAEAYIOLINEe MaTepUabl:
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* [ToaubyTuneHTepedTataT CTeKIOHAMOJHeHHBI Mapku TexHotep A-CB30-O4U (TY 2253-025-
11517367-2002);

* TMomukap6onat Mmapku Carbomix (TVY 2226-004-13619882-2009);

* Momuamun 610 mutkeBoit (FTOCT 10589-87).

WccnenoBanus BIMSHUS HU3KUX KJIIMMAaTUIECKUX TeMIlepaTyp Ha aerpagauuto [IKM Obuiy BhIION-
HEHBI B COOTBETCTBUM C TPeOOBAaHUSIMU HOPMATUBHO-TEXHUYECKON JOKYMEHTAIIUH, perJIaMEHTHPYIO-
1Iei MOATOTOBKY U MpoBeAeHre MexaHndyeckux ucrbitanuii: TOCT 26277-84, TOCT 14359-69, TOCT
4647-2015, TOCT 16782-92, TOCT 11262-80. TakXe mpoOBeIeHBI MCCIEI0BAHUS BOMOIOTIOIIEHUS
I[MKM B cootBerctBum ¢ TpeboBanusMu ['OCT 4650-80 (MeTom A). BausgHue HU3KOTEeMITepaTypHBIX
Bo3zaeiicTBuii Ha cBoiicTBa [1KM GbuIM poBeneHs! B 1uara3oHe temneparyp ot +20 10 —60°C B ucxon-
HOM COCTOSTHUM MaTEPHUAJIOB M ITOCTIE UX ITUTSIBHBIX HU3KOTEMIIEPAaTypPHBIX BBIIEPKEK B KaMepe XOJI0-
na npu —60°C B Teuenue 100, 250, 500 u 1000 yacoB. BausiHue ypoBHSI BOIOIOMIOILIEHUS HA YIAPHYIO
Bs13KocTh ITKM ObIJ10 ITpOBENEHO T10CJIe HAachlleHUs] yaapHblx oopa3uoB ITKM Bonoii B TeueHue 24, 48
u 96 yacos 110 TexHooruu, onucanHoi B F[OCT 4650-80. TopiieBbie yacT 06pa31ioB ObUTH 00padbOTaHbI
BOJOOTTAJIKUBAIOIINM KoMITayHIoM. KommaecTBO 06pa3iioB Ha KaXKIyI0 TOYKY N3MEPEHMS COCTABIISIIO
8 LITYK JUTSI UCTIBITAHUIA B UCXOJTHOM COCTOSIHUM U TI0CJIe TIPeObIBAaHUSI B KAMEPE X0JI0Ia M 6 IITYK T0CIe
BbIIEPXKEK B Bone Mpu Temrnepatype +23+2°C. Bce ucnbiTaHUsl ylapHOU BSI3KOCTH OBbLIM MPOBEACHbI
pu Temriiepatypax +20, —40 m —60°C. 151 TIpoBeIeHUS UCITBITAHWIA ObLT UCTIOb30BaH MassTHUKOBBIN
korep Zwick/Roell RKP 450, nonHocThio cooTBeTcTBYIOIMHI TpedoBaHusiM TOCT 10708-82.

Pe3ynbrarbl

B Ta6n. 1 moka3zaHbl CKOPOCTh U 00beM BoporomionieHus oopasuamu [TKM, onpeneneHHble Mpu
UX BBIIEPKKE B Boje MMpu TeMmitepatype +2312°C B teuenue 12, 24, 48 u 96 yacos. [TokazaHo, 4T0 MaK-
cUMaJibHas CKOPOCTb BOIOMOTJIOIIEHUST JOCTUTAETCS 3a MepBble 24 yaca UCTIbITAHUI, TIPY YBEJIMYEHUU
BPEMEHM BBIAEPXKKU CKOPOCTh BOAOMOTIOIICHMS TTOCTENeHHO cHUXaeTcs. Tak, eciu 3a epBble 24 yaca
npupocT Macchl T1A coctaBui 2,9% ot o611ieit Macchl 0Opasiia, To B majdbHEHIIeM 3a rociaenyomme 72
yaca 3TOT INPUPOCT OKa3ajicst MeHee TTOJ0BUHBI TTpolieHTa (3,26—2,91%). Takum Xe 06pa3oM, XOTs U ¢
MEHBIINM 00beMOM BojonoroieHus, BeayT ceost ITBT u ITK.

Tabnuua 1
Bononornomenue 06pa3ios crekionanoaHenHsix ITKM
Table 1
Water absorption of glass-filled PCM samples
KM Bononoriomenne (%) 3a mepuoz (4)
12 24 36 48 96
BT 0,04 0,05 0,05 0,06 0,07
K 0,21 0,24 0,26 0,27 0,28
A 1,93 2,61 2,96 3,17 3,26

TakuM 006pa3oM, ObLJT YCTAHOBIIEH (PAKT MHTEHCUBHOTO BOJOIMOTIOIICHMS MOJIMAMUIOB, KOTOPHIiA
MOXET HETaTUBHO CKa3aThCsl BO BpeMsI MX DKCILIyaTallMd Ha OTKPBLITOM BO3IyXe U B IOMEIIEHUSIX C TT0-
BBILIEHHO! BIaXXHOCTBIO. OTHAKO OCHOBHBIM IMOKa3aTeJeM TOAHOCTH MaTepurasa sl UCIOJb30BaHUS
B YCJIOBUSIX 30H TTOBBIIIEHHON CEICMUYHOCTHU SIBJISIETCS €T0 COMPOTUBIISIEMOCTh YAAPHBIM Harpy3KaM.
JIJ1st IpOBEpPKY JAaHHOTO MOKa3aTeIsl ObIJIM BHITIOJTHEHBI MCITBITAHMS Ha yaapHYIO BI3KOCTb [TKM.

B 1a6i1. 2 npuBeaeHbl CpeaHUE 3HAYCHUSI PE3YIbTaTOB MCIIBITAHUI 00pa3loB IOC/e IJIUTEILHOIO
peObIBaHUS B KaMepe XoJiofa npu temrieparype —60°C.
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Tab6nauua 2
Cpennue 3HaYeHNs YIAPHO# BA3KOCTH 00pa3uoB cTeKIoHanodHeHHbIXx ITKM
B MCXO/IHOM COCTOSIHUM Y MOCJIe IJTUTE/IbHbIX BbIIEP:KEK B Kamepe X0J101a

Table 2
Average values of impact toughness of glass-filled PCM samples
in the initial state and after prolonged exposures in the cold chamber
Bpems BblIepKKH B Kamepe X0J104a, 4
KM T eC 0 100 250 | 500 | 1000
Cpennss ynapHas BI3KOCTh KCcheu’ JIK/cm?
+20 6,9 6,2 5,7 4,6 -
BT —40 1,7 1,4 1,1 0,8 —
—60 1,3 1,1 0,8 — —
+20 36,7 36,6 36,4 36,0 35,9
MK —40 34,3 34,0 33,8 33,5 33,1
—60 32,8 32,7 32,3 32,0 31,7
+20 16,2 16,0 15,8 15,4 14,9
A —40 15,6 15,3 15,0 14,4 13,9
—60 14,4 14,1 13,7 13,2 12,7

Kak ciaemgyeT U3 gaHHBIX TaOIUIIBI, HAMXYIIIME pe3ysbraTthl mokasain I1bT — maTepuan, KOTopbli
MaKCUMAaJIbHO IIIMPOKO MCITOJb3YeTCs B KaueCTBE KOPITYCOB MPUOOPOB Pa3IMYHOIO Ha3HAYeHMUS] — OT
OBITOBBIX BJCKTPOBEHTUIISITOPOB 10 CJIOXHBIX U JOPOTOCTOSIIIUX MTPUOOPOB TreodU3nIecKux n3mMepe-
HUI, TPUMEHSIEMBIX TIPM KOHTPOJIE M CIAEXKEHUU 3a TEXHOJIOTMIECKMMU TPOIIeCCaMM Ha TUTOIIamKax
JIOOBIUM, a TaKKe B Psifie CTPOUTENbHBIX KOHCTpYK1Mii. Ha puc. 1 npuBeaeHbl uznombl 006pasiioB [16T
nocJie ucnbiTanuit mpu +20 u —60°C. IIpu KOMHATHOI TemIlepaType pa3BUTHE TPEIIMHBLI B 00paslax
ITBT npoucxoauT 1Mo NOJUMEPHOUN MaTpulle, TPAaKTUYECKU He 3aTparuBasi HarmoaHuTe N b. [Tpu moHmxe-
HUU TeMIIepaTypbl MEXaHU3M U3MEHSETCsI, U TPeLMHA pacIpoCTpaHsIeTCs MO MOJUMEPHOM MaTpulie U
BOJIOKHAM CTEKJIa — Ha TTOBEPXHOCTHU M3JI0Ma OTUETIMBO BUAHBI OCKOJKU HAMOJHUTENIS, a BU U3JI0Ma
MIpY TTIOHKEHUY TeMIIEpaTyphl M3MEHSIETCS OT BSI3KOTO M KBa3UXPYITKOTO K XPYITKOMY.

Haunyuiue pesynsraTbl ObUIM MoJydeHbl pu uctibiTaHusx 1K, ynapHast BSI3KoCTb KOTOPOTO Mocjie
1000 gacoB 3axoiaxuBanus rmpu —60°C cHusmiack Ha ~4% npu temmneparype +20°C u Ha ~9% tipu
ucnbITaHusIx mpu —60°C, ocTaBasich BO BCEM HMCCICI0BAHHOM JMalia30He TeMIIEpaTyp Ha TOCTATOYHO
BBICOKOM ypoBHe 0osiee 30 JIxx/cm?. TTA mokasai cpeaHee 3HauYeHME yaapa Ipy KOMHATHOM TeMIiepa-
Type Tiopsiaka 16 Ixx/cm? u 14 Ix/cm? ipu —60°C, mageHue yanapHoit Bsa3kocty nocie 1000 gacos 3a-
xoaxkuBaHus coctaBuio ~20%. Bun uznomos 1K u ITA — Bsi3kuii Bo BceM Auamna3oHe TeMIIepaTyp
WUCTIBITAHUSI, MAarMCTpaJibHas TPELIMHA pa3BUBAETCs TOJIbKO IO MOJMMEPHO MaTpulie, He 3aTparuBasi
BOJIOKOH CTeKJIa.

Bnusinue BomororiomieHus: Ha yaapHyto Bsa3kocTh [IKM mpuBeaeHo B Tabi1. 3. YUuThiBasl TO, YTO
yaapHble 0Opasiibl 3HAYUTEIbHO OTJIMYAIOTCS OT 00pa3lioB, MpeAHa3HAYeHHbBIX [IJIS1 UCTIBITAHW Ha BO-
JIOTIOMJIOIIEeHKE, B IEPBYIO 0Yepelb MEHbIIEH MIOLIAAb0 MOBEPXHOCTH, KOHTAKTUPYIOIIEeH C BOAOI, MO
CpaBHEHUIO CO CTaHAApPTHBIMU, nsrotabaruBaeMbiMu 1Mo 'OCT 4650-80, 10 npoBeAeHUS UCITBITAHUI
Ha yIlapHYIO BSI3KOCTb 00pas3iibl JOTOJHUTEIbHO B3BELIMBAIN, OoNpeaesss (akTuuecKruii o0beM TMorio-
LIEeHHOM xXuakocTu. Kak rmokasanu pe3yabTaThl B3BEILIMBaHUS, pacxoxaeHus B pe3yabrarax st [1BT u
MK ne npesbicuu 0,01 1 0,04%; mocie 96-4acoBoii BeIACPXKKHU B Bojie B ciiydae [1A pasHuila oKa3aaach

116



4 Metallurgy. Material Science >

Puc. 1. [ToepxHocTu paspyiieHus [1BT nmocie Hu3KoTeMnepatypHoii Bbinepkku B TeueHue 1000 yacoB: a) paspylieHue
o Marpuie (+20°C); 0, B) — pa3pylleHHe BOJOKOH CTeKJIa — OCKOJIKM Ha MOBEPXHOCTH u3jioma (a, 6 — x400; B — x2000)

Fig. 1. Fracture surfaces of PBT after low-temperature curing during 1000 h: a) fracture on matrix (+20°C);
b, c) fracture of glass fibers — splinters on the fracture surface (a, b — x400; ¢ — x2000)

Tabnuua 3
Bimsinne BogonoraomeHnst Ha yIapHyIo BA3KOCTh cTeKJIoHanoHenHbix ITKM
Table 3
Effect of water absorption on impact toughness of glass-filled PCMs
Bpems BbliepKKH B Bojie, 4
KM e 0 12 4 | 4 | 9%
Cpennsis ynapHas BI3KOCTh KCVCM, JIK/cm?
+20 6,9 6,7 6,4 6,3 6,1
BT
—60 1,3 1,1 0,9 0,6 0,4
K +20 36,7 36,7 36,6 36,5 36,5
—60 32,8 32,5 32,4 32,2 32,0
+20 16,2 16,0 15,7 15,5 15,3
A
—60 14,4 11,3 7,5 3,1 —

JIOCTATOYHO 3HAYUTEIbHON — 00'beM ITOIJIOIIEHHOM KUIKOCTH cocTaBm 2,89%, 4TO MEHbIIIC 3HAYCHUI,
nostydeHHbIX 110 TOCT 4650-80, Ha 0,37%.

JanHble TabJ1. 3 TOATBEPKIAIOT NTepBOHAYAIbHBIN BBIBOJ O HU3KOM YpOBHE yaapHoii Bsi3kocTu [TBT
BO BCEM JMana3oHe KJIMMaTUYeCKUX TeMIepaTtyp. Majasi CKIIOHHOCTb MaTtepyuaiia K BOJIOTIOMIOLIEHUIO
MPaKTUYECKN HE U3MEHSIET YPOBEHb yIapHOU BSI3KOCTU B XoAe UCIbITaHui Tpu +20°C 1 CHUKAET eTro
BaBoe rpu —60°C.

T1K okxa3zancst HaMMeHee YyBCTBUTEJIEH K BO3JICHCTBUIO BJIaru. MeXxaHu3M pa3pyllieHus: 00pa3lioB He-
M3MEHEH — BSI3KMI ¢ He3HAYNTEJILHO JI0JIei KBa3UXPYIIKOU cocTaBlIsiolleii. BookHa cTekia mo-rpex-
HeMy He BOBJIEUEHBI B MPOLIECC pa3pylleHus], a MarucTpalibHasl TpellrHa orubdaeT ux, pa3BUBasiCh 1o
noaumepHoii matpuiie. ITA npu KOMHaTHOU TemIiepaType He UYyBCTBUTEJIEH K OOBEMY MOMIOLIEHHON
BOJIbI, MEXaHU3M pa3pylieHus BI3kuil. [Ipyr HU3KKUX TeMIiepaTypax MpoMCXoaUT JaBUHOOOpa3Hoe Maje-
HUE YIapHOM BI3KOCTH. Tak, TIpH BBIIEPKKE B BojIe B TeueHMe 96 yacoB yaapHas BSI3KOCTb MaIaeT 10 Hy-
Ji1. CHIKeHue ynapHoi Bs3KocTu [TA nmpu MOHMXKEHHBIX TEMIIepaTypax COMPOBOXKIACTCS U3BMEHEHUEM
MeXaHM3Ma pa3pylIeHUs MaTepuaja — OT BSI3KOro (puc. 2a) K KBa3UXPYIKOMY U XPYIIKOMY, IIpAYEM
MPUYUHOM TaKOTO Tepexojia sIBJSIOTCS YacTUllbl 3aMep3lieil Bobl, 00pa3yolnuecs: BOKPYT BOJOKOH
crekia (puc. 20, B).
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Puc. 2. [ToBepxHocTu paspyiienus [1A: a) +20°C; 6, B) —60°C — ciieibl YaCTHII JIbIa
BOKPYT BOJIOKOH BOJIOTIOIJIONIEHUSI B TeueHue 96 yacos (a, B — x500; 6 — x150)

Fig. 2. PA fracture surfaces, a) +20°C; b, ¢) —60°C — traces of ice particles
around the water absorption fibers within 96 hours (a, ¢ — x500; b — x150)

O0cyxnenune

Ha ocHoBaHUM MpPOBENEHHbBIX UCCIEIOBAHUI MTPEACTABISIETCSI BO3MOXKHBIM ClIeJaTh HECKOJbKO BbI-
BOIIOB. McnibiTaHMsIMU yaapHOii BsizkocTu ITKM ObL10 IToKa3aHo, YTO B YCJIOBUSIX CEMICMOAKTUBHOTO Ce-
BepO-BOCTOUYHOTO pernoHa PD ciemyeT oTKa3aThes OT ITMPOKOTO MPUMEHEHMS B KOPITycaX OTBETCTBEH-
HOTO 00OPYAOBaHUS U CTPOUTEJIbHBIX KOHCTPYKIIUSAX KOMIIO3UTOB Ha ocHoBe I1BT, Tak kak ynapHas
BA3KOCTb 3TUX [TKM Inpu NOHUXKEHHBIX TEMIIepaTypax KpaiiHe MaJla, YTO MOXET MPUBECTU K XPYITKUM
pa3pylieHUsSIM 000pPYIOBaHUS U COOPYXKEHUI Ipu ceiicMuaeckoM Bo3aeiictBuu. [IKM Ha ocHoBe ITA
OTJIMYAIOTCSI TTOBBILLIEHHBIM YPOBHEM BOJOIOMIOLIECHHS Y pa3BUTUEM XPYITKOIO pa3pylieHus Mpy J1Ha-
MUWYECKOM BO3JEWCTBMU HA MaTeEpUasl PU MOHUXKEHHBIX TEMITEpaTypax.

[IpurumHa Takoro paspylieHus cBs3aHa ¢ ocobeHHOocTsIMU BogoromtomeHus: [TKM. Tak, B paborax
[10—15] Ha pumepe IIKM ¢ TepMopeakTUBHOI MaTpuIEil ObLIO MOKA3aHO, UTO MOIJIOLIEHUE BOIbI
ITKM npoucxoauT Mo rpaHuliaM pasiesia MaTpulla—HAIMOJHUTENb 3a CYET KAIMWJUISIPHOTO TPOHUKHO-
BEHMUS BOJbI B T€JIO KOMITO3MTa BIOJIb TOBEPXHOCTU BOJIOKOH, & MHTEHCUBHOCTD ITpoliecca BOIOIONIIO-
LLIEHUS OMpeaessieTcsl YpOBHEM CMayMBaHMS TOJMMEPHON MaTpullell cTeKioBoysiokHa. [ToaydyeHHbIe
PE3YJIBTAThI MTO3BOJISIOT YTBEPXKIATh, UTO TAKOMW e MEXaHW3M HaKOIJIEHUS BJIard CylIECTBYET U B Tep-
MoIIacTUYHBIX MaTpuuax [TKM.

Haxormuienue Biaaru B Tejie Komo3uTta Ha ocHoBe [TA okasbiBaeT BO3IECTBUE HA €ro CTPYKTYpy U
MeXaHUYeCcKue CBOMCTBa. B mepByto ouepenb 3TO BO3A€HCTBUE OYAET 3aMETHO NP IKCILIyaTallui MaTe-
pUaJIOB TIPY MOHMXXEHHBIX TeMIIepaTypax WiK MpU MX HUKIUnYeckoM udmeHeHuu Bokpyr 0°C. Huddy-
3U1sI MOJIEKYJT BOJIbl BAOJIb HUTEI HAMOJHUTESI OyIeT HarpaBjieHa K TUAPOMWIbLHBIM MTPUMECSIM MaTpu-
11bl, YTO TTPUBOJIUT K 00Pa30BaHMIO PA3IMYHOTO TUTIA 1e(EKTOB — TPEIIMH U MOp B OCHOBE MaTepuaia,
K PaccjaOeHUsIM U, KakK CIeICTBUE, K HAPYLIEHUSM LEeJTOCTHOCTU, 0COO0 MHTEHCUBHBIM MPU TOHUXKEH-
HBIX KJIMMaTu4Yeckux temrepatypax. [logooHsie moBpexaeHus cTpykrypbl [IKM Henz0exXHO TOJKHBI
MPUBOAUTD K JErpajaliiid X MEXaHUYECKHUX CBOMCTB, 0COOEHHO B HU3KOTEMITEpATypPHOU 00J1aCTH, YTO
MOATBEPKAACTCS JTaHHBIMU TaOJI. 3.

BoiBoab!

Takum obpazom, IIKM Ha ocHoBe ITA MoryT 6e3 orpaHMYeHUI TPUMEHSITHCS BO BlIaro3aliuineH-
HBIX TToMelleHusX. [1pyu ux ucrnoyib30BaHUU Ha OTKPBITOM BO3AyXe HEOOXOAUMO BBITTOJHUTH 3allUTY
MOBEPXHOCTU KOHCTPYKLIMY BOJOOTTAIKMBAIOIIMM KOMIIAyHI0M M 00€CII€UUTh KOHTPOJIb 11€JIOCTHOCTU
3aILMTHOTO ITOKPBITUS B XO[I€ SKCIUTyaTalluU.

Ananu3 pesynbraToB yaapHoit Bs3koctu [TKM Ha ocHoBe I1K mo3Bossier 6e3 orpaHMYEeHUI peKo-
MEHJIOBATh 3TOT MaTepuaJl il UCOJIb30BaHUS B CTPOUTEIbHBIX KOHCTPYKIIMSIX, KOpITycax MpudOpoB U
000pyI0BaHUH, UCIIOJB3YEMOM B YCIOBHUSIX CEBEPO-BOCTOKA CTPAaHbI, OTIMYAIOIIErOoCs KpaiiHe HU3KU-
MU KJIMMaTUYECKUMU TEMITEpaTypaMy 1 MOBBIIIEHHBIMU YPOBHIMM CEMICMUYHOCTHU U BIAXKHOCTH.
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SNNEKTPODPU3UYECKUE CBOUCTBA NMOJIMMMUAHDIX
MATEPUATIOB U KOMIMO3UTOB HA UX OCHOBE

Annomayus. B nanHoii paboTe McciaenoBaHbl 9J1eKTpoPU3UUeCKre CBOMCTBA TEPMOTLIACTUYHBIX U
TepMOpeaKTUBHBIX MOJUUMUIOB (ITH): 251eKTpOITPOBOIHOCTh, KpaTKOBPEMEHHAsI 2JIeKTpUIecKast
MMPOYHOCTh, TUHAMUYECKNE MEXaHUYeCKre XapakTepucTuku. C 11eblo TTOBBIIIEHUST KPaTKOBpe-
MEHHOM 3JIEKTPUIECKOI IMPOYHOCTH OBIIA CUHTE3MPOBAHBI KOMITO3UIIMOHHBIC MaTePUAIbI Ha OC-
HOBE MOJIMUMUIHBIX MaTpuil. OTipenesieHbl TeMITepaTyphl crekioBanus 7. I1M meTomoM nmHaMu-
YeCKOro MexaHuuyeckoro aHaiauza. [lokazaHo, 4To ¢ yBeJIMUYEHUEM T HaémouaeTca POCT MOIYJIS
YOPYTOCTY U CHMXKEHHE TaHTeHca yIjla MeXaHUYecKuX Irorepb. B I/IHTCpBaﬂe TeMrepaTyp HIxe
TeMITepaTypbl CTEKJIOBaHUs TIpoBoAMMOCTh [1M He 3aBUCUT OT TMOKOCTH IIeNTd MaKpOMOJIEKYJI.
OmpenesneHa KpaTKOBpeMeHHasl aJieKTpudeckas mpouHocTh [TU mipu mepeMeHHOM HampsiKeHU!
nipombitiieHHOU YacToThl (50 [ir). Y3 momyuyeHHBIX JaHHBIX CJIEAYET, YTO BEIMYMHA E oreye-
crBenHoi mienku P-CO/l sbimie £ mienku A-m® (ULTEM) na 24%. Ipu sTom BBC,Z[CHI/IC Ha-
nosHuTenei (Aspocul, (bToponJ1aCT) B P-CO/ u [IM-JAMDD He npuBeo K yBeJIMYEHUIO KpaT-
KOBPEMEHHOM BJIEKTPUYECKOM TTIPOYHOCTHU.

Knrouesvie croea: TIOIMUMUL, 3JIEKTpUYECKAsl IPOYHOCTh, IIPOBOJAMMOCTb, IMHAMWYECKUIA MeXa-
HUYECKUU aHaIU3.
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ELECTROPHYSICAL PROPERTIES OF POLYIMIDE
MATERIALS AND POLYIMIDE-BASED COMPOSITES

Abstract. This work investigates the electrophysical properties of thermoplastic and thermosetting
polyimides (PI): electrical conductivity, dielectric strength, dynamic mechanical characteristics.
In order to increase the dielectric strength, composite materials based on polyimide matrices are
synthesized. The glass transition temperatures Tg for PI are determined by the dynamic mechanical
analysis. With an increase in 7; , an increase in the modulus of elasticity and a decrease in the
tangent of the mechanical losses are observed. In the temperature range below the glass transition
temperature, the conductivity of PI does not depend on the flexibility of the macromolecule chain.
The dielectric strength of PI at alternating voltage of industrial frequency (50 Hz) is determined.
Compared to the Ultem film, the breakdown voltage of the domestic R-BAPS film is higher by 24%.
At the same time, the introduction of fillers (Aerosil, fluoroplast) into R-BAPS and PMDA-ODA
did not lead to an increase in the dielectric strength.
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BBenenue. PazBuTue a/1eKTPOTEXHUYECKOM MTPOMBILIJICHHOCTH TpeOyeT U3y4eHUsl U BHeIpEeHUs HO-
BBIX M30JISIIUOHHBIX MaTepuasioB. [t onmpeaeaeHUsI BO3MOXKHOCTEM MPUMEHEHUST HOBOTO MaTepuraja
HEoOXOMMO MCCeIOBaTh ero JIeKTpodu3nIecKkre CBOMCTBA: YASIbHYIO TTPOBOAMMOCTD, JIEKTpUYe-
CKYI0 M MEXaHUUECKYIO MpOoYHOCTh. CerofHs CyleCTBEHHOE BHUMaHUE yAeIs1eTCs TOJTMMMUIHBIM Ma-
TepHaiaM M KOMITO3ULIMOHHBIM CTPYKTYypaM Ha UX OCHOBE.

Hacrosiast paboTa mocpsiliieHa U3YYeHUIO BJEKTPUUECKUX CBONCTB TEPMOIUIACTUYHBIX U T€pMOpe-
akTUBHBIX ToJuuMuI0B (IT1). IT1 o61anaioT BBICOKMMU MEXaHUYECKUMU XapaKTePUCTUKAMU, HU3KOM
2JIEKTPUYECKON MPOBOAMMOCTDBIO, CTOMKOCTBIO K arpeCCUBHBIM CpelaM M IOBBIIIEHHBIM TeMIIEpaTy-
paM, 9TO MO3BOJISIET IPUMEHSITh MX B COCTABE M3OJISILUM 3JICKTPUUESCKUX MAllWH, IIeYaTHBIX IIJI1aT U B
KayecTBe 3allMTHBIX NOoKpbiTUil. K HegocTatkam [TM MOXHO OTHECTH BBICOKYIO CTOMMOCTb, KOTOpast
MOXET OBITh CHIDKEHA MPU IIepexoae K TepMoIriacTudHbiM [TH.

B pabote uccnenyorcst cBoiictBa TepmoriactuuHbix [TU: nmmoptHoro A-M® 1 0TeueCTBEHHOTO
P-CO/I c uesnbio OlieHK! BO3MOXHOCTH 3aMellieHus. /1)1 TOBBIIIEHUS 31eKTprudecKoi mpouHoctu ITU
OBbUIM MOJTyYeHBbI KOMITO3UIIMOHHBIE MaTepuajibl Ha ocHoBe [TU ¢ opraHM4ecKMMU 1 HEOpraHUYeCKUMU
HaIOJHUTEISIMU.

© Pavlov A.A., Borisova M.E., Kamalov A.M., Didenko A.L., 2025. Published by Peter the Great St. Petersburg Polytechnic University
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Puc. 1. O61as xumuyeckasi popmyina [11
Fig. 1. PI general chemical formula

00630p aumepamypot

[MonuuMumsl — 3TO KJ1acc TEPMOCTONKUX MOJMMEPOB, 00IaMaloMINX BEICOKMMU MEXaHUIECKUMU 1
JUAJIEKTPUUECKUMHU XapaKTepUCTUKAMU B IIIMPOKOM MHTepBaJie Temreparyp [1, 2].

Ha puc. 1 npuBeaeHa obias xumudeckast ¢popmyna mjist [TH.

B xauectBe TepmocToiikoii n3ossaunu B Poccuu u 3a pydoexkoM TpaauLIMOHHO IMPUMEHSIOTCS U3Ie-
Jmst uz noaunupomesuutuaa (ITM). K Hegoctatkam repmopeakTiBHOTO [TM MOXHO OTHECTU BbICOKYIO
CTOMMOCTb, CJIa0YI0 aAre3uio K MeTaiaM, BbICOKYIO TUTPOCKOITMYHOCTb.

Hns coznanus tepMoruiactuuHbix [T B 1ienb monuMepa BBOAST «apHUpHbIie» aToMbl (O, N, S u
Jip.) win hbyHKUMOHabHBIE rpyTiibl [3]. TakuM 06pazomM MOXHO yBEIUYUTh THOKOCTD MOJMMEPHOI 11e-
4 U CYILLECTBEHHO ITOHU3UTh TEMIIEPATYPY CTEKJIOBAHUSA T . IIU [4—6]. HecMoTps Ha TO, YTO TEPBHIE
TIOTTBITKY BHEIPEHUS TepMOIIacTUIHBIX [TM B KauecTBe 3IeKTPUICCKOM M3OJSLIMN YITOMUHAIOTCS B
koH1e 1990-x roaos [7], cBoe mprMMeHeHre OHM HaxoJsIT B HacTosiiee BpeMsi. B padore [8] mposeaeH
KOMILJIEKC OIBITOB, KOTOPBIii MoKa3biBaeT, 4To noausdupumua A-m® (ULTEM) cooTBeTcTBYET TpebO-
BaHUSM, TIPEIBABISIEMBIM K MEXXBUTKOBOM M30JISIIINN CUJTIOBBIX TpaHC(HOPMATOPOB.

B nocnenHee BpeMsi B 3apy0ekHO JuTepaType 0co00e BHUMaHUE YAESIETCS CO3MaHUI0 KOMITO3ULIU -
OHHBIX MOJUMEPHBIX MATEPUAJIOB C MOBBIILIEHHBIM 3HAYCHUEM Enp [9—12]. B pa6ote [13] onuchiBaeTcs
BIMSTHUE HATIOJIHUTEISI Ha 3JIeKTPUIECKYIO TIPOYHOCTh MaTepyaa. bputo BeICKa3aHO MPEaIoIoKeHNe,
YTO HECOOTBETCTBUE (PU3NUECKUX U XUMUYECKHX CBOMCTB MEXKIY HATIOJTHUTEIEM U IMOJUMEPHOI MaTpu-
1L1eif MOXEeT MPUBECTH K HaKOIJICHUIO 3apsiia Ha TpaHUIIe pasaesia MaTpulla—HaIroaHUTe b, B pe3yibra-
T€ HOCUTENIM 3apsIIOB MO ACHCTBUEM TIPUIOKEHHOTO 3JIEKTPUYECKOTO TOJISI MUTPUPYIOT B 3Ty 00JIaCTh
1 3aXBaTbhIBAIOTCSI HA JIOKAJIbHbIE SHEPIeTUUECKUE YPOBHU — «JIOBYIIIKW», UTO 3aIep>KHUBAET (POPMUPO-
BaHMe TIPOBOJISILIETO KaHala. DIEKTPUYECKOe MoJie ACTOISIPU3aLUY C YIeTOM 3aXBaYeHHbIX Ha FPaHULIe
paszena 3apsiioB IOHMXKAET BEJIMYMHY CPEIHEro mojis E B AU3JICKTPUKE M MPUBOAUT K MOBBIILIEHUIO
aJieKTpruueckoit mpouHocTu. BeeneHue HanmosHutensi ZnO B PVDF noBbicuiio aieKTpruyeckyo npod-
HOCTb 1TouTH Ha 50% 110 CpaBHEHMIO C YUCTHIM ITOJMMEPOM.

ITono6nbIe uccnenoBanus nposeaeHbl i1 [T mieHok. ABTopsl ctathu [14] BBeau iryopeH B MoJie-
KyJsipHyto uenb [TU, 3aTeM B MaTpully ObLIM BBeIeHbI HAHOKJIACTEPHI altoMuHus. B pabore ycraHOBIE-
HO, YTO 3HAUYeHMeE Enp KOMITO3UTHO# tuteHku Ha ocHoBe [T (MPI/1,0 06.% AOC) ysenuuniocs B 1,55
pasa o CpaBHEHUIO C UCXOAHOI TteHkom ITN.

B pab6ote [15] HaHoMIacTuHBI U3 HUTpUIa rpadura (CNN) noasepraivch yabTpa3ByKOBOMY OT-
CJaMBAHUIO U TOKPHIBAIMCH MOJIUAOTAMUHOM [JIs1 TIOJyYeHUsI MOAMMDUIIMPOBAHHBIX HAHOTLIACTUH
(DCNN). bputu nmonyyeHbl [T xoMImo3uTHBIE IUIEHKU ¢ pa3andHbIM comepxanrueM CNN u DCNN.
bnaronapst HaaMuMiO GOJIBIIOTO KOJIWYECTBA TMAPOKCHIJILHBIX TPYIMIl B COCTaBe MOJUAOINAaMUHA, B
komno3utax PI/DCNNS Oblj1a TOCTUTHYTA XOpOILlasi COBMECTUMOCTh HAITOJHUTEISI ¢ TIOJUMEPOM U
paBHOMEpHAsT TMCITePCHS HATIOJHUTENSI. YBEIMUeHNE JIEKTPUUECKON TTpoIHOCTH Komro3uTa [T ¢
0,5 mac.% DCNNS cocraBmiio 67,6% 1o cpaBHeHmIo ¢ yucthiM [1W, st PI/CNNS ¢ Tem Xe comep-
KaHueM HaroaauTens — 14,5%.
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Lenbio paboThl SIBJISIETCS ONMpeAeieHUe 3IeKTPODU3NUECKUX CBOMCTB TEPMOILIACTUYHBIX U TEPMO-
peakTuBHBIX [1M, 9TO MO3BOMMT YyTOYHUTH 00IACTh IPUMEHEHUS STUX MaTepHAIOB, OLIECHUTh BO3MOXK-
HoCTbh uMnopro3ameliteHusi. Ha ocHose matpuil [TM cuHTe3upoBaHbl KOMITO3ULIMOHHBIE MaTepUabl C
1LIeJIbIO YBEJTMUEHUS DJIEKTPUUECKON MPOYHOCTH.

[NonyyeHHbBIe MTaHHBIE TTPEIOCTABISIOT JOTIOJTHUTEIbHYIO MHMOPMAIINIO TTPOU3BOAUTEIISIM MaTepH -
anoB (MBC, HULI «KypyaToBCKMi1 MHCTUTYT»), MO3BOJISIOLIYIO ONTUMU3UPOBATh TEXHOJOTUIO MTPOU3-
BoacTBa [1U, yIydiinTh UX XapaKTePUCTUKMU.

Metoauka u3mMepeHuii

Obsexm uccaedosanus

IMnenku TN 6bun usrotosneHsbl B duanane @I'BY «IletepOyprckuit MHCTUTYT SIACPHOM (DU3NKU
uMm. B.I1. KoHcranTHOBa HalmoHaabHOro McciieqoBaTeIbCKOro HeHTpa ,, KypuaToBCKUt MHCTUTYT»
— MHcTtuTyTe BBICOKOMOJIEKYISIPHBIX coennHeHunit. PacTtBopsl nonmmamuakuciaorsl (ITAK) nonyyanuch
MOJIMKOHIEHCALIMe cMecu IMaHTUaApuaIa U fuaMuHa B pactBoputene JIIMAA (numetunaneramun). [TA
IUIEHKY TOJIIIMHOM ~60 MKM M3TOTOBJIEHBI ITOJIMBOM Ha cTeksio 10—20% pactBopa [TAK.

B manbHeliem o6pasiisl moaBepraynch cymke mpu 60°C B Tedenne 24 4. TepMHUUECKYIO [IUKIN3A-
uo rieHoK ITAK nmpoBoaunu Ha ctekie nipu temrieparypax 100, 200, 300°C B reueHue 1 4 u B TeueHue
15 muH ipm 360°C.

B Tabn. 1 mpuBeneHbl xumuuyeckue Gopmyibl U napameTpbl ucciaenyembix [TU. A-m®, P-CO/l u
ADPO-JAADD — tepmoruactuuHbie nonumepsl, [IM-JIAJI®D — tepmopeakTuBHbIii. CermeHT KyHa
— KOJIMYECTBEHHbIN KpUTEepUit TMOKOCTU MaKPOMOJIEKYJT; JUIMHA MOJIEKYJISIPHOI LIeTH, KOTOpasi MOXKET
CUYUTAThCSI CBOOOIHO-COUYJICHEHHOIA.

Ta6nuua 1
Caenenusi 00 uccjeayeMbIX MaTepuaIax
Table 1
Properties of the studied materials
nn ®opmyna T,°C Cermenr Kyna [16], A

(0] o]
IM-JAI®D (MTM-1) %Nm[%w@o@% 380 72
o] o [o]
100-IAND? ﬁ};@ w%@o_@% 250 38

P-COI ﬁ;@@/@%@@%@_@} 220 20

Am-® (ULTEM) ;j@ CQ@ 217 20

Ha ocnose matpuir P-COJl u [IM-JAI®D 66U CUHTE3MPOBAaHBI KOMITO3UIIMOHHBIE MaTePUaThI
C HU3KUM cojepxkaHueM HanoaHuTess (1 Mac.%). B kayecTBe HamorHUTENEH ObUTHA BEIOPaHBI A3POCHIT
U (bTOPOILIACT.
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Aspocun T30 — muporeHHblii auokcun kpeMHus (SiO,), DOCTYNHbBIA HETOKCUYHBIA HAIOIHM-
TeJIb, TIPUMEHSIIOIIUIACS Il yIpouHeHUs mojuMepoB. @roporutact ®4MJ1 — nonuterpacdTOpITUIICH
(IITD®D), monumep, 0OIATAIONINI CTONKOCTBIO K BBICOKMM TeMITepaTypaM M XUMUYECKUM CPEIaM.
[ITOD aBnsieTcs HEMOMSIPHBIM MaTePUAIOM, TIPUMEHSIETCS B POJIM HATIOJHUTEJIS TSI CHUXKEHUSI OTHO-
CUTETbHOM TUAJIEKTPUUECKO TPOHUIIAEMOCTH TTOJISIPHBIX MaTPHIL.

Junamuueckuii mexanuueckuii anaaus

Merton nuHaMHUYECKOTO MexaHudyeckoro aHanusza (JIMA) npuMeHsieTcsl 1Jisd MOJyYeHUs] JaHHBIX O
BSI3KOYIIPYTMX XapaKTePUCTUKAX MaTepHUaoB B ITMPOKOM TeMIIepaTypHOM JUaIta3oHe: O MOAYJIe YIIPpY-

>

roctn E', Baskoctu E” m 0 TaHTeHce yriia MeXxaHUuecKux rnorepb. JJMA npoBoamics ¢ MpUMEHEHUEM
npudopa DMA 242C (NETZSCH, Iepmanus) npu aedopmaliny pacTsKEHUsI CO CKOPOCThIO HarpeBa
5°C/muH. YacToTa MpuIoKeHUs IUHAMWYECKOM Harpy3ku coctasisia 1 I, ammuryna aeopmauuu
15 mxMm; cratmueckas cuia 0,1 H, nuHammyeckast cuna 2 H, uamepeHust IpoBOAMIMCH B BO3AYILIHOMK
atMocdepe.

[TpunoxeHHOEe MeXaHNYECKOE HATIPSKEHUE OMUCHIBACTCS CIIEAYIOIINM BhIPAXKEHUEM:

0 (1) =0 sin 1, (1)

rae Gmax — aMIUINTYAAa MEXaHUYCCKOI'O HAIIPSLKCHU, a (0 — YIJIOBAd YaCTOTAa MEXaHNMYECKUX OCUMJUISILIAN.

[TpuiioxeHre MEXaHNYECKOTO HAMPSKEHKsI IPUBOAMT K IeOPMALNK € , ONPEICIISIOLIEHCS ClIeaty-
IOIIIMM BBIPAXKEHUEM:

& =75 (2)

rie Al — ynnunenue, a [ — HavaibHas uTiHa o6pasia.
MoyJib YIIPYrOCTH TP 3TOM PACCYMTBHIBAETCS T10 CIIEAYIOLIEi (hopMyIIe:

_do

E=—-mo!
de,

)

H3mepenue 34exmponpoeooHOCHIU ROAUUMUOOG

s usMepeHus yaeJbHOro CONMPOTUBIIEHUS TIJIOCKUX TUIEKTPUUECKUX 00pa3lloB CleayeT mpuMe-
HSTB TpexayiekTpoanyto cucremy (TOCT 6433.2-71), vo, cormacHo OCT 6-05-423-76, 111 NOJTMMEPHBIX
IJIEHOK ToIIMHON MeHee 100 MKM JoTycKaeTcsl UCIOJIb30BaTh ABYX3JEKTPOIHYIO CXEMY.

VYcranoBka coctout u3 cyunibHoro mkada SNOL, nukoamnepmerpa MHUIIN A2-4 ¢ BcTpoeH-
HBIM UCTOYHUKOM HAIIPSKEHUS M U3MEPUTETBHOM TBYX3JIEKTPOIHOM sTueiiku. M3MepeHUsT TOKOB Ipo-
BOJIWJIMCh B M30TEPMUYECKOM pexume Ipu temrepatypax ot 25 no 200°C. ITorpemHocTb u3MepeHust
TemIiepaTyphl coctapisiia =1°C.

3HaueHMsT CKBO3HOTO TOKa (DMKCUPOBAIIHCH TTOCTIE BBIIEPIKKY 00pasliia IO/l HAaITpsDKEHMEM B TeUeHUE 4 J.

VnenbHas npoBoauMocTb oopasua [T paccuuThiBaeTcs Mo cieaylolieii popmyie:

y=-L, @
S-U
e [ — TommHa o6pasia, I — tok, U — pasHOCTb TOTEHIIMAIOB Ha JIEKTPOIAx, S — IUIOIIALL JJIEKTPOIA.
Ilepen usmepeHusaMu oopasiisl nmporpesaanch 10 200°C B reyeHue 60 MUH B 3aMKHYTOM COCTOSIHUU.
Ha o06pa31ibl HaK/IanbIBaanuCh aTIOMUHKAEBBIE (hOIBroBbIE 31eKTpoabl auaMeTpoM 20 MmM. OmopHOe Har-
psoxenne coctaisiio 10 B. [TorpemrHocTh M3MepeHMs ToKa cocTaBisieT 10 0,5%.
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Puc. 2. Cxema ycraHoBKM: 1 — ucciieayeMblii o0pa3sell; 2 — 3JIeKTpoaHasI siueiika;
3 — nukoamriepmetp A2-4; 4 — UICTOUHUK HATIPSKEHUST; 5 — CYLIMJIbHBIN 1Kad

Fig. 2. Current measuring installation: 1 — Test sample; 2 — Electrode cell;
3 — A2-4 picoammeter; 4 — Voltage source; 5 — Thermal cabinet

IIpoboii noauumudos

IIpo6oii o6pasuoB 1M mpoBoanics Ha BEICOKOBOJIBTHOM ucnbITaTeIbHOM anrapate CKAT-70.

DieKTpuyecKasi MPOYHOCTh ONpeesiach MpHU MoibeMe repeMeHHoro Hanpsokenus f = 50 Tt co
ckopocTthio 0,5 kB/c 1o npobost ausnexkrpuka. McnibiTaHus MpoOBOAMIMCH TP KOMHATHOHN TemIepa-
Type. Pazamep 006pa3iioB 1a00paTOPHOTO MPOMU3BOACTBA COCTABISLI 9%9 cm. C yuyeToM 3TOoro nmpoboii mpo-
BOAWICS B 3JICKTPOIHOM CHCTEMe TUIOCKOCThb—IIAp, TUaMeTp Iapa cocTaBisut 4 MMm. JIJIs ycTpaHeHUS
KpaeBbIX YACTUYHBIX Pa3psiIoB 00pasiibl MOMEIIAIUCH B TpaHC(HOPMATOpPHOE MaCJIo.

[1po6oii nuanekTprKa (GUKCUPOBAJICS MO MaAeHUIO HAIIpsKeHUs Ha oopasie. [TorpenHocTs nu3amepe-
HUST HAMTPsDKeHUS cocTaBiisieT 10 2,6%.

Ha puc. 3 npuseaeHa dororpacdus mecra mpoodost ruieHku P-CO/I, mojaydyeHHasi Ipy MOMOIIY OTITHU -
YeCKOTO MMKPOCKOTIA.

B npenerax KoHTypa KaHaia TTpo00sT OTCYTCTBYIOT CIIEABI CKOJIB3SIINX Pa3psiioB TTO IIOBEPXHOCTH.
MoHO mojiaratb, YTo UM MECTO JIeKTPUIeCKUil mpoOoii. [Ijisi MOATBEPKACHUSI 3TOTO MOJOXKEHUS
MIPOBOIMIINCH UCTTBITAHUS BJIEKTPUUIECKOM TPOYHOCTH TIeHOK [T Ha MOCTOSHHOM HATIPSKEHWH B IITH -
pOKOM mHTepBaJje Temiiepatyp [17]. beuto yctaHOBIEHO, UTO TeTIoBast (popma mpoOost UMEET MECTO P
temrnepatypax Bbile 200°C.

Puc. 3. ®ororpadus mecta nmpo6os rieHku P-CO/]
Fig. 3. Photo of the breakdown site of the R-BAPS film

127



4 Metannyprusa. MaTepuanosefeHune >

4000 -
3000 4

= INJlw /s

2000 4

E' MPa

1000 4

15 100 200 300 400

1.24
0.9 1
0.6 -
0.3
0.0-

tgd

4

100 200 300 400

T,°C
Puc. 4. 3aBUCUMOCTH JUHAMMYECKOTO MOJYJISI YIIPYTOCTU U MEXaHUUYECKUX NoTepb ruieHok [TU
ot temriepatypsl: 1 — A-m®, 2 — P-CO/1, 3 — APO-JALADD, 4 — [IM-AAIDD

Fig. 4. Thermal dependences of the dynamic modulus of elasticity and mechanical losses
of PI films: | — ULTEM, 2 — R-BAPS, 3 — ODPA-ODA, 4 — PMDA-ODA

SKCIIepl/lMeHTaJIbHI)le JAHHbIE

Jlunamuveckuii Mexanu4eckuli aHau3 NOAUUMUOOG

s oLieHKH TeMIiepaTyp pejiakcaimoHHbIX repexonoB [TU1 mienok A-M®@, P-COJ1, APO-JA1DPD
u [MM-JAI®D 6bTr U3MEepeHBI TeMIIepaTypHbIe 3aBUCUMOCTH TWHAMUYIECKOTO MOIYIST YIIPYTOCTH
(E') v TaHreHCa yriia MeXaHMYECKHX MoTepb (t20) (puc. 4).

B o6actu uccnenyembix temmneparyp kpusbie tg0(7) MeIOT aBa peakcalMOHHBIX rmpoiiecca. Boi-
COKOTEeMITepaTyPHBIN pellakCallMOHHBIN MakcuMyM Ha KpuBbix tgd(7) oTpaxkaer pasMopakMBaHUEe
CEerMEHTaJIbHOI TOABMXKHOCTU [T MakpoMOJeKynabl M OMpeaessieTcsl TeMIepaTypoil CTeKJI0BaHUsI
(tabu. 2). C yBenuueHuem xectkoctu I1M BrIcOKOTeMIepaTypHBIN MUK CMelIaeTcs B 00JacTh 00-
Jiee BBICOKHX TeMITepaTyp, YTO CBI3aHO C OTPAaHUICHHON MTOABIKHOCTHIO CETMEHTOB MaKPOMOJIEKYT.
HuskotemmnepaTypHblil 1mmpokuii MakcumyM B obsactu 100°C cBsI3aH ¢ peakCcalMOHHOM Tepexo-
JIOM, OOYCJIOBJICHHBIM HEKOOTIEPATUBHBIM IBMKEHUEM TMAMUHHOTO ¥ TMAHTUAPUIHOTO (DparMeHTOB
LIeTIN B CTPYKType paccMmaTpuBaeMbix [1U. C yBennueHNEM KecTKOCTH MakpomouteKysr [T BeruynHa
TaHTeHca yrja MeXaHU4YeCKHUX MOTephb B 00JaCTH TeMIIepaTypbl CTEKJIOBAHUS CYIIECTBEHHO YMEHbIIIa-
ercsi. Monyau ynpyroctu E nipu 25°C u TemnepaTypsl cTekioBaHus 1 . I1 nneHoK npeacTaBieHbI B
Tab. 2.

Tabnuua 2
Xapakrepuctuku [T, noayyennnie MmeTogom JIMA
Table 2
PI properties obtained by DMA
nn Moayns ynpyroctu, GPa Temneparypa crekioBanus, “C

A-MD 2,5 215
P-CO 2,9 215
APO-IALDPD 3,0 248
MMIM-JAODD 3,5 380
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5040/T

Puc. 5. 3aBucuMOCTH yaeabHOI MPOBOAMMOCTU MOJUUMUAOB OT TEMIIEPATYPbI:
1 —A-M®D, 2 — [IM-JAADD, 3 — APO-AAADI, 4 — P-COJ]
Fig. 5. Temperature dependences of the conductivity of polyimides:
1 — ULTEM, 2 — PMDA-ODA, 3 — ODPA-ODA, 4 — R-BAPS

Yoeavnasa nposodumocmo noauumudos

Ha puc. 5 mpuBeneHbI 3aBUCUMOCTH YAEJIBbHON ITPOBOAMMOCTH MOJIMMMUIOB OT TEMITEPATYPHI.

M3 rpacduka ciemyet, 9To TeMIIepaTypHbIE 3aBUCUMOCTH TipoBoauMocty [THW mMeroT KpuBOJIUHEH -
HBII XapakTep B nuarna3oHe temmeparyp oT 25 10 200°C, 4yTo oT/IM4aeTcs: OT TUTEPaTYPHbIX JaHHBIX JJIST
nonuMepoB. JJist KomrmdecTBeHHO! otieHKH 3aBucumocts Y = f{ 1)) KprBbie ObLIN MPEICTABICHBI B BUIE
COBOKYITHOCTH JIBYX MPSIMOJIMHEMHBIX OTPe3KOB ¢ udjomoM B objactu 100°C. [To HaKJIOHY 3TUX OTpe3-
KOB ObIJIM OIpee/IeHbl DHEPIMU aKTUBaLMK ITpoBoauMocT W (tadir. 3).

Taonumna 3
OHeprum akTuBanun 11U
Table 3
Activation energies of PI
Marepuan W, sB W,, 2B
IIM-JAIDD 0,16 0,67
P-CO/ 0,19 0,83
ADO-JAIDD 0,25 0,60
AM-O 0,15 0,39

B o6nactu Temmniepatyp Hmke 100°C 3HaueHus W1 coctapisgioT 0,15—0,25 3B. Beime 100°C uHTeH-
CMBHOCTh aKTMBALIMOHHBIX IIPOLIECCOB BO3paCTaeT, 3HAUCHMUSI W2 cocrasistior 0,39—0,83 3B.

Ha ocHOBaHMM MOJIy4eHHBIX JAHHBIX MOXHO CAEIaTh BBIBOM, YTO 3aBUCUMOCTh IpoBoaumoctu [T
OT JKeCTKOCTU MakpoMosieKkysl [TV maTepuaiia B obGiactu TemriepaTtyp Huxe 1 o He oOHapykeHa.

Kpamrxospemennas sanexkmpuueckas npouHocny

3aBUCHUMOCTH BEepPOSITHOCTU ITPOOOSI OT Erlp qst yncteix [TW nmpuBeaeHs! Ha puc. 6. [ToaydyeHHbIe 3Ha-
YEeHUS EH IJIST ICciemyeMoil BBIOOPKU 00pa31ioB OINMMCHIBAIOTCS pacnpeaeyieHueM BeiiOymna.

B 1abn. 4 mpuBeneHbl 3HaUYCHUS Enp, COOTBeTCTBYMOIIME BeposiTHocTH 0,63, M cpeaHeKBaapaTiy-
HbIe OTKJIOHeHUs. M3 TabauIIbl 1 pUCyHKa CIEAYeT, YTO 3HAUCHMS JICKTPUUECKOM TPOYHOCTH Enp hini it
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Fig. 6. Weibull distribution of breakdown strength for PT films

ncxonHbix [1U nexat B anamnazone ot 98 mo 220 kB/MM. Hanbosee BeIcokoe 3HaUEeHUE EHp Haoso1aeTcs

y rieHok [TM-JJA1D3D.

Ha anektpuyeckyio npouyHocTs [1M Bauser xumudeckasi CTpyKTypa MOJIEKYJIbI, B TOM YWCJIe AIMHA
CcBOOOIHO-COWIEHeHHOH 1iernu. B pabote [18] ObL10 MOKa3aHO, YTO OMHUM M3 (DAKTOPOB, BIMSIOIINX HA
Enp [TH, ssnstercst Hammure rpynbl SO, B Ka4ecTBe «IapHUpa» B Lenu MoJiekybl [TH. W3 nomyyeHHbIX
HaMu AaHHbIX (Tabi. 4) cienyet, yTo wieHku P-COJl obianaioT 6oJjiee BHICOKMM 3HAYEHUEM EH]D o
cpaBHeHUIO ¢ A-MD u IOO-AAIDD. I[Tpu 5TOM TeMrepaTypa CTEKIOBaHUS, ONpeAeIsonias THOKOCTh
roauMepHoi e, y mieHok JPO-JAIDD (248°C) Boimie, yem y ruieHoK P-COd n A-m® (215°C).
MoxHo nonarath, 4to Hanmuyue rpynmbl SO, B P-CO/I sBisieTcs CyIecTBEHHBIM (GaKTOPOM, BIUAIO-

LIIMM Ha 3JIeKTpUIeCKYIo mpoyHocTh ITH.

Daekrpuyeckas npounocts [T nieHok

Breakdown strength of P1I films

Ta6auna 4

Table 4

nn E, kB/Mm
A-M® (ULTEM) 119421
P-COJI 148+15
APO-IAADD 133424
IM-JALDS (MTM-1) 20020

BBeaenue 1% mac. Aspocuiia paKTUIECKH He OKa3bIBaeT BIMSIHUS Ha BEJIMUUHY Enp, B TO BpeMms
Kak BBeneHme 1% Mac. proporuracta CHUKAeT BETUINHY Enp Ha 24% 110 cpaBHEHMIO C MCXOTHBIM Ma-

TEPHUAIOM.

BBenenue namonnureneii (1% mac. Aspocuiia mim (pToporuiacta) CHUXaeT KpaTKOBPEMEHHYIO DJIeK-

TpUUECKYI0 TpouHOoCTh [TM-JJAID 3.
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Fig. 8. Weibull distribution of breakdown strength for PMDA-ODA films and PMDA-ODA composites

Ta6auna 5

DaexTpuyeckasi npoyHocTb ieHoK P-COJl u KoMno3uToB

Table 5

Breakdown strength of R-BAPS films and R-BAPS composites

Marepuan E, xB/Mm
P-CO 148%15
P-CO/1 + 1% Aspocun 140£12
P-COJ1 + 1% ®roporutact 113£15
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TabGuumua 6
DieKTpryecKas npoYHocTh mieHoK [IM-JIAJIPD u KOMIO3UTOB
Table 6
Breakdown strength of PMDA-ODA films and PMDA-ODA composites

Marepuan E, xB/Mm
IIM-JAODD 200£20
IIM-JAODPD + 1% Aspocun 154+18
IIM-JAODPD + 1% droporiact 139+21

BoiBoabI

B nanHoi1 paboTe ObLT M3yuyeH KOMILIEKC 31eKTPOPU3NUECKUX XapaKTePUCTHK Psia TepMOTLIaACTUY -
HbIX 1 TepMopeakTuBHbIX [IW: A-m® (ULTEM), P-COJ1, A®O-JAIDPSD u IM-JAIDPD (ITM-1).

OmnpefesieHbl TeMITEPaTyphl CTEKJIOBaHUS ' . IT1 metomom JIMA. TToka3aHo, YTO C yBeIMYEHHUEM Té
HabJ1t01aeTCsl POCT MOJYJISI YIIPYTOCTU U CHUXKEHME TaHTeHCca yTjla MeXaHUYECKUX MOTePb.

VcTaHOBJIEHO, YTO B MHTEPBAJIE TEMIIEPATyp HIKe 1 , TPOBOJIUMOCTH [TN He 3aBUCUT OT TUOKOCTH 1ie-
M1 MaKpOMOJIEKYII. YieabHas ITPOBOANMOCTE rccienoBaHHbix [TU miaeHok cocrasisier 10-°—10712 Cm/Mm
B TeMmIiepaTypHoM auarnaszone 25—200°C.

OnpeneneHa KpaTKOBpeMeHHasl 3JeKTpuyeckass pouyHocTh 1M mpu mepeMeHHOM HampsiKeHUU
nmpoMmblieHHO yacToThl (50 Ii1). 3HaueHUsT BeTMYMHBI EHp cocTaBistoT ot 98 mo 220 kB/mMm. M3 ony-
YEHHBIX JAHHBIX CJIEAYET, YTO BEJINUNHA EHp oteuecTBeHHON TuieHKU P-CO/I Bbiliie ErIlD wieHKH A-MP
(ULTEM) Ha 24%.

Benenue Hamonuuteneit (Aspocui, proporiact) B P-COA u [IM-JAI DD He mpuBeIIo K yBeande-
HUIO KPaTKOBPEMEHHO 31eKTpUUecKoil mpouyHocTH. LlenecoodpasHo MpoaoKUThL pa3paboTKy KOMITO-
3ULIMOHHBIX MaTepUaJIOB, BApbUPYsSl MPUPOLY HAITOJHUTENISI U €0 MPOLIEHTHOE COAePXKaHUE, UM TTPO-
BECTU XUMUYECKYIO MoaUdUKaLIO MoJieKyanl ITTH.
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OLEHKA JErPAAALUU CBAMHBIX MOJIUMEPHO-
KOMMO3UTHbIX TPYB6 NOJ, BO3AEMCTBUEM YD-U3JTYYEHUSA,
NOBbILLEHHOW TEMIMEPATYPbI U BJIA)XHOCTHU

Annomayusa. B HacTosieiln pabore ObLIO pacCMOTPEHO KOMIUIEKCHOE BIMSIHUE YyJbTpaduoseTa
(Y®), moBbIIICHHON TeMIIEpaTyphl U BIAXXHOCTH Ha MeXaHMYeCKHEe CBOMCTBA MaTepuajia cBaii-
HO¥1 TpyOBI U3 MOJUMEPHO-KOMITO3UTHEIX MaTepuraioB (ITKM) Ha ocHOBe TTOIMAGUPHONA CMOJIHI,
apMHpPOBaHHOM 0a3aJIbTOBBIM BOJIOKHOM M M3TOTOBJIEHHOI METOIOM MOKpOi1 HaMOTKM. [Toka3za-
HO, uyTo YD sBjIsIeTCS OAHUM U3 3HAYMMBbIX (DPAKTOPOB, BIUSIOIMX HAa padoTocrmocooHocTs [TKM-
cBaii. JInurenbHoe BosaeiicTBue YMD-M3IydeHUs] MPUBOIUT K CHUKEHUIO TTIPOYHOCTHBIX CBOMCTB
u aedopMmainmonHoi crocooHoctu ITKM. Tak, cHukeHue mpoyHocTHBIX cBoiicTB [TKM Ha 20%
Bo3HUKaeT nipu YD-skcno3umu B TedeHue 6100 yacos. [IpuunHoiil nerpagaiiui MexaHU4IeCKUX
cpoiictB ITKM mon neiictBueM Y-u3nydeHUs! SIBIISIETCS OOIIMPHAs TOBEPXHOCTHAS 3PO3MUS,
MPUBOISIIAS K MUKPOPACTPECKUBAHMIO TToJna(pupHoii ocHOBE [TKM ¢ mocnenyiommmM oopaso-
BaHMEM MOBEPXHOCTHBIX U MOANOBEPXHOCTHBIX N1e(PEKTOB.

Kawuesvie crosa: IIKM, YO-u3nydeHre, nerpagains MaTepualia, pecypc MaTepuaia, KIuMaT-
YeCcKHUe UCTBITaHUsI, IIPOTHO3HAS MOIIE]b, KIMMaTH4YeCKIe (haKTOPHI CTapeHUSI.
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JIerpagaluu CiayKeOHbIX CBOMCTB META/UIMYECKUX U KOMITO3ULIMOHHBIX MaTePUAIIOB [JIsI CTPOU-
TEJIbCTBA B YCIOBMSIX MHOTOJIETHeMEP3JbIX IpyHTOB» (FSEG-2024-0009).
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ASSESSMENT OF DEGRADATION OF PILE POLYMER
COMPOSITE PIPES UNDER THE INFLUENCE OF UV RADIATION,
ELEVATED TEMPERATURE AND HUMIDITY

Abstract. This article examines the combined effects of ultraviolet (UV) radiation, elevated
temperature and humidity on the mechanical properties of the pile pipe made of polymer-
composite materials (PCM) based on polyester resin reinforced with basalt fiber and manufactured
by the wet winding method. It is shown that UV radiation is one of the significant factors affecting
the performance of PCM piles. Long-term exposure to UV radiation leads to a decrease in the
strength properties and deformation capacity of PCM. Thus, a 20% decrease in strength properties
occurs with UV exposure for 6100 hours. The cause of degradation of the mechanical properties of
PCM under the influence of UV radiation is extensive surface erosion, leading to microcracking
of the polyester base of the PCM with the subsequent formation of surface and subsurface pores.

Keywords: PCM, UV radiation, material degradation, material resource, climatic tests, predictive
model, climatic factors of aging.
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BBenenue. Vcrioib3oBaHue MOJIMMEPHO-KOMITO3UTHBIX MaTtepuaoB (ITKM) B kauecTBe HeCyLIMX
KOHCTPYKIUI TIpU 00YCTPOICTBE 0OBEKTOB KAITMTAILHOTO CTPOUTEILCTBA, B TOM YKCJE B pailoHaX
Kpaiinero CeBepa, siBJsieTCsSI OU€Hb MepCIIeKTUBHBIM HallpaBeHeM, B IIEPBYIO ouepellb 3a CUeT HU3-
KOl Macchl 1 obsieryeHus Joructuku [1—3]. OgHako B HacTosiIee BpeMsl 5TU MaTepuaibl HE HalJIU
LIMPOKOTO PACIIPOCTPAHEHUSI, YTO CBSI3aHO KaK C HeIOCTaTOUHOM HOpMaTUBHON 0a30ii, KoTopas Obl
perjaMeHTUpoBaJia yCJIOBUS UX KCIUTyaTallMM, TaK U C HEIOCTaTOUHO TMOJHOM 6a30ii JaHHBIX O IJI1-
TeJIbHbIX XapakTepuctukax [IKM, nerpagaliuy ux CTpyKTypbl U CBOMCTB B YCJIOBMSIX JJIMTEIbHOM 9KC-
IUTyaTallMy B 9KCTPEeMaJIbHBIX T€OKJINMAaTUUEeCKNX YCIOBUIX [4].

Cpenu MHOXeCTBa BHEITHUX (DaKTOpoB, Biaustolux Ha cBolicTBa [TKM B yciioBUsIX 3KCILTyaTalvH,
OJIHUM U3 Haubosiee 3HAYMTEIbHBIMU SIBJSIETCSI COJIHEUHOE yiabTpaduoseroBoe (YD) usnyyeHue [5].
ITpu 3TOM HECTPYKIIMS MOBEPXHOCTH 0OPA3LIOB IIPY COBMECTHOM Bo3aeicTBun YD-usnydyeHus u Tep-
MOBJIZXKHOCTHBIX PEXXUMOB OKa3bIBAETCSI MHTEHCUBHEE, YeM TPU UX IOCJe10BaTeIbHOM BO3IEMCTBUMU
[6—11], uTO moaTBEpKAAETCS PE3YJIBTaTaMU Psia uccaenoBanuii. Hampumep, B padore [7] mpu ucmosiTa-
HUSIX YIJICIIACTHKA HA OCHOBE SITOKCUIHOM MATPUILIbI HA CTapeHUe MMoJ Bo3aeicTBrueM YD -u3inydeHus
pu Temriepatype 60 °C 1 B atMocdepe HAaCBIIIEHHOTO BOISHOTO TTapa MoKa3aHo, YTO TOTepsT MacChl
OIBITHOTO 00Opa3lia MpU MOC/ea0BaTeIbHOM BO3AEUCTBUM ABYX (haKTOpOB Ha npoTskeHuu 500 yacos
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4 Metannyprusa. MaTepuanosefeHune

cocrasuia 0,8%, a npu ogHOBpeMeHHOM — 1,2%. JlaHHBII pe3yabTaT OObICHIETCS CMHEPIETUYECKUM
5(hGeKTOM OOLINPHOI 3PO3UH, TTPUBOISIICH K MUKPOPACTPECKUBAHUIO MATPULILI M HAPYILIECHUIO Tpa-
HUII «<MaTPpULIa—BOJOKHO» C TTOCJIEIYIOIIMM o0pa3oBaHueM IycTOT. [1pu aTOM MakcruMalibHasi ierpaia-
LIS MEXaHUYeCKMX CBOMCTB MPU UCIBITAHUM Ha pacTsLKeHUe ObLia oOHapykeHa y 00pa3lioB, MoaBep-

>

THYTBIX CHHEPTETUYECKOMY BO3JIEMCTBUIO BJIary, TEMIIEpaTypsl 1 YD -usnydyeHus, u coctaBuia 29%.

AHaJIOTMYHBIN pe3yJbTaT nojiyuyeH B padote [8] npu ucciaeaoBaHUM ASCTPYKLUM O BO3AEHCTBUEM
Y®-uznyyeHus 1eCTU MapoK CTEKJIOIIACTUKOB Ha OCHOBE BUHMJIR(UPHBIX U STTOKCUIHBIX MATPUIL B
CYXOM M BJIa>KHOM BO3ayxe. BbbU10 1moka3aHo, 4To IpUIMHOM YCKOPEeHHOM AecTpyKunuu oopasuoB [TKM
BO BJIaXKHOM cpejie sIBJISICS MPoLece yaajleHusl MPOAYKTOB pa3pylleH!s] MaTpULIbl MO/l BO3/IeHCTBUEM
Y®-uznyyeHust BO BpeMsl BbIIEP>KKU OIMBbITHBIX 00pa3lioB BO BJIAXXHON cpele, U3-3a Yero ux MoBepx-
HOCTb CTAHOBUJIACH AOCTyIHee 1 YD -paguanuu. [1pu aToM aBTOpaMu paboThl [ 12] ycTaHOBIIEHO, UTO
TeMIiepaTypHOe BO3JEUCTBUE SIBJISIETCS] BAXKHBIM MapaMeTpoM KMHeTUKU paspyiieHust [TKM non Bo3-
neiicrBrueM Y®-u3nydyeHus. AHaJOIrMYHO aBTOpaMu paboThl [13] ycTaHOBJIEHO, YTO HaJlOXKEHME TeII0-
BOTO BO3JCUCTBUS SIBJISIETCS KIIFOUEBBIM (PAKTOPOM MPOTEKAHUS U YCKOPUTEIEM BhIIIETIEPEUMCIICHHBIX
XMMMYECKUX TTPOLIECCOB JAECTPYKIIMU MOJUMEPHOM MaTpUllbl. TakKuM 00pa3oM, pa3pylleHue MOBEPXHO-
CTU 00pa3LoB IPU COBMECTHOM Bo3aelicTBUM YD-u3aydeHus1, Teria 1 BjlIaru npoTekaeT MHTEHCUBHeeE,
YyeM IPU UX MOCJIeI0BaTeIbHOM MW OTIACIbHBIM BO3IECTBUN.

OnHako MHoroo6pasue BunoB [TKM ¢ pazinyHbIMM MEXaHUUYECKUMU 1 9KCTUTyaTallMOHHBIMU CBO-
CTBaMU SIBJISIETCSI CYLIECTBEHHBIM OJIOKMPATOPOM IPU pa3padoTKe METOAUK pacuyeTa paboToCIocoOHO-
CTU KOHCTPYKLIM{ U3 HUX, 00ECITEYNBAIOIINX ITPOTHO3UPYEMYIO JOJTOBEYHOCTS [9], UTO, B CBOIO OYepe/ib,
TOpMO3UT Tpoluecc BHeapeHusi [IKM Bo MHorue otpaciu rnpombliiuieHHOCTU. [Tpu 3TOM uU3BeCTHO, UTO
apdexktrBHOCTL [TKM omnpeaensieTcs MpOYHOCTHIO, 3KECTKOCTBIO, MJIaCTUYHOCTBIO U APYTMMU (PU3UKO-
MeXaHUYEeCKMMMU ITapaMeTpaMu, U3MEHEHNE OJHOTO M3 KOTOPBIX MOXKET BIIMSATh U Ha OCTAJIbHbIE MeXa-
HUYECKMe 1 SKCITyaTallMOHHBIE CBoiicTBa MaTepuana [4, 14]. CinegoBarelibHO, yUeT IIpoliecca Aerpaaa-
uuu [TKM Bo BpeMsI ero 3KCIUyaTalliy B Pa3IUUHBIX YCIOBUSIX JOJIKEH SIBJISIThCS UACThIO MHKEHEPHBIX
pacyeToB IO MPOECKTUPOBAHUIO 3JIEMEHTOB PA3IMUHBIX KOHCTPYKLMI KAlMTAIBHOTO CTPOUTEILCTBA
JUJIST OCYILIECTBICHUS TTPOTHO3a 10JTOBEYHOCTH MPUMEHSIEMOTO MaTepuara.

Llenbio HacTosILIEH PaOOTHI SIBJISIETCS OLIEHKA Aerpagallii U pa3paboTKa METOIMKU MPOrHO3MpPOBa-
HUSI CpOKa CIY>KObI Hecylnnx KOHCTpyKLuii u3 [IKM, obecneunBammnx nx HaaeXXHOCTb U paOOTOCIIO-
COOHOCTB C YUETOM BO3IeUCTBUSA YD-U3ITydeHUsI, TeMIIepaTyphl M BJIaTH.

MeToabl ¥ MaTepPUAJTBI

MarepuanoM HcClIefoBaHUS SABISUINCH BbIpe3aHHBIe Ha cTaHke YIIY craHmapTHBIE 0Opas3Ilbl 1O
I'OCT P 54924-2017 u3 cermenTa cBaiiHoii ITKM-TpyObl Ha ocHOBe MOJMA3(UPHON CMOJIBI, apMUPO-
BaHHOI 0a3aJbTOBBIM BOJIOKHOM M M3TOTOBJICHHOM METOIOM MOKpOi HaMOTKM. Ilepen McmbITaHeM
ONbITHBIE 00pa3iibl KoHAMIIMoHupoBaiuch nmo 'OCT 12423-2013 B cranaapTHoit atmocdepe 23/50,
kyacc 2. OueHKa BAUSHUS KJIMMaTU4YeCKOro Bo3aeiicTBus Ha MaTepuai nposoamiack o FOCT 9.708-
83 (meTon 2). MeTton BKJIIOUaeT B ce0si yCKOPEHHbBIE JJA0OPaTOPHBIE UCTIBITAHUS TTPU MOJETMPOBAHUU
HMCKYCCTBEHHBIX KIIMMATHYECKUX (haKTopoB. [1pu MpoBeIeHNN NCCIeI0BaHWI OB pealm30BaHbI 1Ba
THTIA BO3IEUCTBUS Ha onbITHBIE 06pa3ibl [IKM — 310 Bo3neiicTBre YD -u3nydeHUs U BO3IEHCTBHE TT0-
BhIIIEHHO# Temriepatyphl (+45 °C) u BnaxHoctu (90%).

Brliemka 00pa3iioB ocyuiecTBisuiach yepe3 24, 48, 96, 168, 1440, 4100 u 6100 yacoB. B xauectBe
KPUTEPHEB OLIEHKN BLICTYMAIM BHEIIHUIA BUI 00pa3lioB MOCIe UCIIBITAHUIA U TTafieHWe MeXaHMYeCKIX
CBOWCTB Ha pacTsSKeHHe 10 CpaBHEHUIO ¢ 00pa3liaMiy-CBUICTEISIMMU.

KimMatmaeckme NCTIBITaHUS TTPOBOIMINCH B KaMepe TeIlIa-BJIari-XoJiona, B KaueCTBe NCTOUYHNKA
Y®-uznyueHus npumeHsiuch Jammbsl UVA 340.

HcnbiTanus Ha omHOOCHOE pacTsikeHue rmpooauauck mo FOCT P 54924-2017 ¢ ucnonb3oBaHUEM
ucbITaTeTbHON MammHbl Zwick/Roell Z100 mpu temmepatype 25 °C, OTHOCHTEIbHOM BiIaxXHOCTH 61%
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U CKOPOCTU JBUXKEHUS TpaBEPChl, paBHOI 2 MM/MUH. [lepen npoBeaeHMEM UCIILITAHUI HA paCTSIKEHUE
00pa3Ibl MIOBTOPHO KOHINIIMOHUPOBAIIUCH.

OlieHKa Jierpaiaiyy OCyecTBIIsIIach MyTeM pacueTa COOTHOIIEHUsI 3HaYeHU I OLIeHMBaeMbIX MeXa-
HUYECKUX CBOMCTB 10 hopmyiie:

by =R /Ry,

e R, — N3MEHEHHBIE CPEHME 3HAYCHUS] MEXAHMYECKUX CBOMCTB MOC/IE 9KCIIOHUPOBaHust; R — nexon-
HOE CpeJHee 3HaueHNEe COOTBETCTBYIOIIETO MOKAa3aTe s ITPU UCITBITAHNHN Ha OCEBOE PACTSIKEHUE.
HccnenoBanue nerpagaliii TOBEPXHOCTHU MPOBOIMIOCH Ha MIPEABAPUTEIHHO OTIIIN(POBAHHBIX 00-
pasiax, BbIpe3aHHbBIX U3 paboueii 4acTH B ITOMEPEYHOM HaIlpaBIeHNN, C KCITOJIb30BAaHUEM OIITUYECKOTO
mukpockomna Reichert-Jung MeAF-3A, ocHaneHHOro aHanu3aTopoM n3oopaxenuit Thixomet Pro.

Pe3syabTarnt

HepeJ:[ IIPOBEACHUEM KIIMMATUYCCKUX WCHOBITAHUN OBLIM OLICHEHBI MEXaHWYEeCKUEe CBOMCTBA 06pa3—
HOB—CBHZ[CTCJ'[CVI, HE MOoJABEPraBIINXCd ACTpadalluOHHbIM BO3JECHCTBUSM (Ta6)'[. ])

Ta6nuua 1
Pesynbsrarhl uCbITAHUIT 00pa31I0B-CBUIETENEl HA OCEBOE PACTSIKEHIE
Table 1
Results of axial tension tests of witness samples
Ne obpasma Ipenen Moayns FOnra, I'Tla OrmsiocaTesstoe
npounoctu, MIla yaauHenue, %

1 218,6 19,9 1,3
2 220,6 19,4 1,4
3 218,3 18,7 1,6
4 206,5 19,6 1,5
5 230,6 19,5 1,4
CpenHee 3HaYeHHE 218.,9 19.4 1,5
JloBepuTeIbHBIA HHTEPBA 7,5 0,4 0,1

XapakTepHblii BHEITHUI BUI 00pa3llOB-CBUIETENIEl MOCe UCTIBITAHUI Ha pacTsKeHue MpUuBeAcH
Ha puc. 1.

[Mocne u3BnedyeHns: 0O6pa3lOB U3 KIMMATUIECKON KaMephbl IO 3aBEePIICHNI0 KaXKI0To 3Tara Bbl-
€MKU BBITTOJIHSIICS BU3YaJIbHO-U3MEPUTENbHbIN KOHTPOJIb (PaKTUUYECKOIo COCTOSTHUSI 00pa31ioB. [1o-
Ka3aHo, YTO BHE 3aBUCUMOCTU OT IJUTEJbHOCTHU IMpeObIBaHUSI 00pa3lioB B KIMMaTUUECKON Kamepe
KaKuX-JI100 MOBEPXHOCTHBIX 1e(EKTOB 00OHApykeHO He O0b10. Ha OTKPBITHIX TOpIIax 00pa31oB TaK-
JKe He Ha0JII0Aa710Ch BUAMMBIX HEBOOPYKEHHBIM B3IJISIAOM Ae(EKTOB, YKa3bIBAIOIIUX Ha erpagalinio
Marepuaa, Takux Kak, Hampumep, ooOpa3oBaHUe Maxpbl HAMOJHUTESI HA Topliax obpaslia, paccioe-
HUs, HA0yXaHUs U T.1T. XapaKTepHbI BHEITHUI BUI 00pa3lia 1o 3aBEPIISHUIO KaXKI0TO 3Tara BBIeMKHU
MIpUBEACH Ha pucC. 2.

Pe3yabratel BU3yallbHO-U3MEPUTEILHOIO KOHTPOJISI 00pa3loB IOCJE MUCIbITAHWM MoKa3alu OT-
CYTCTBHE€ BUIUMBIX HEBOOPYKEHHBIM IJ1a30M Ae(eKTOB. DTO MO3BOJSIET YTBEPXKIATh, UTO AeTpagallus
I[TKM ot Bo3neiicTBHs BiIaru, Tetuia 1 Y@O-n3aydeHrss HOCUT MUKPOCTPYKTYPHBII XapaKkTep.

O00011IeHHBIE pe3yIbTaThl UCIIBITAHUI Ha pacTSKEHME OMBITHBIX 00pa31ioB MOCIe Pa3JIMuHOro Bpe-
MEHU BBIIEPKKU 1 CpaBHEHUE UX C 00pa3liaMu-CBUACTEISIMU IIPUBEACHBI Ha PUC. 3.
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Puc. 1. XapaktepHblii BHEILIHUI BUJ 00pa31I0B MOC/e UCTIBITAHUI Ha pacTsSKEHME: a) CBEPXY; 0) COOKY
Fig. 1. Characteristic appearance of samples after tensile testing: a) top view; b) side view

Puc. 2. BHentHuii Bua o6pasiioB mocje KAMMaTHYeCKUX UCTIbITAaHUIA: a) BUA CBEPXY; 0) BUI COOKY

Fig. 2. Appearance of samples after climatic tests: a) top view; b) side view
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Fig. 3. Dependence of the change in the values of tensile strength (a); Young's modulus (b);
relative elongation (c¢) on the holding time in the test environment
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Puc. 4. Yuactku o6pa3oBaHMsI MONEPEUYHBIX TPEIIMH BO BHELIHEM CJ10€ 00pasiia B IPOLECCe ero pacTsKeHUsI

Fig. 4. Areas of formation of transverse cracks in the outer layer of the sample during its stretching

O0cyxnenune

XapakTep pa3pyllieHus 00pa3loB B UCXOAHOM COCTOSIHUM MOXKET OBbITh OMMCaH KaK XpYIKOoe paspy-
IIIeHNE TTOBEPXHOCTHOTO CJI0SI ¢ pacCI0eHMEM BHYTPEHHUX CI0€B. B mpoliecce pacTsskeHMsT OTMEYalloch
MOCTEeTNEHHOE PACTPECKMBAaHKE BHEIIIHETO CJI0sI, UTO MMPUBOIMIIO K KPATKOBPEMEHHOMY CHUXKEHUIO Ha-
MPsDKEHUST MaTepuaia v BbIpaxkaaoch B 00pa3oBaHMU MUKOB Ha rpaduke HanpskeHue,/BpeMs (puc. 4).

M3 0000111€HHBIX pe3yIbTaTOB MCIIBITAHUI Ha paCTsSKEHUE OIBITHBIX 00Pa3II0B ITOC/IE Pa3INUYHOIO
BpPEMEHHU BBIIEPXKKU U CPaBHEHHUSI UX C 00Opa3llaMu-CBUAETEIIMU BUIHO, YTO MPU MaJIOM BpeMeHU
BBIIEPKKH (10 168 yacoB) perpamalinii MeXaHUYECKUX CBOMCTB 1o neiicTBueM Y®-u3nydeHus1, Tel-
Jla ¥ Bjaru He nipoucxoaurt. I1pu yBeanuenun Bpemenu (a0 1440 yacoB) MpoUCXOAUT He3HAUUTEIbHAS
JIerpamauus Ipeaeaa IpoYHOCTH (kG = 0,96) U OTHOCHUTEJILHOTO YIUTMHECHUS (k5 = 0,94), npu 3TOM
M3MEHEHUE CBOMCTB MMeeT cJ1ab0oBbIpaKeHHbIN, MPUOIMKEHHBIN K JIMHEeHOMY XapakTep. Hapsay ¢
3TUM YIIPYTHe CBOWMCTBA OMBITHOTO MaTepuaja, ¢ YIeTOM JOBEPUTEIbHBIX MHTEPBAJIOB, HE N3MEHU-
JINCH (kE = 1). I1okaszaHo, 4TO KpaTKOBpeMeHHOe 00ydeHrne YD MpUBOIUT K YBETUUECHUIO MEXaHU-
YeCKMX CBOMCTB 3a cUeT JOMOJHUTEIbHOTO OTBEPXKIECHUSI TOTMMEPHON MaTpHUIlbl, YTO COIIACYeTCs C
pesyabraramu pabor [15, 16].

Ha ocHoBaHMM TOIyYeHHbBIX PErPECCUOHHBIX YpaBHEHUIA ObLIO YCTAHOBJEHO, UTO MaJicHUe mpenesa
npoyHocTy Ha 20% B BRIOpAHHBIX YCIOBMSIX 3KCITOHUPOBAHUS Tpou3oiineT yepe3 6103 vaca, a oTHO-
CUTEJIbHOTO Y/UIMHEHUST — uepe3 4125 yacoB. 151 MoaATBEepKASHUS JaHHBIX BBIBOAOB ObLIU MPOBEACHbI
KOHTPOJIbHBIE SKCIO3UIUU 00pa3oB ITUTeIbHOCTEIO 4100 1 6100 yacoB, MOJTHOCTHIO MTOATBEPANBIIIIE
pe3yabTaThl PErPECCUOHHOTO aHAIMU3A.

1 yCTaHOBKM MPUYMH Jierpaaaiu onbITHbIX 006pa3iioB [TKM 6bu10 mpoBeaeHo uccaenoBaHue Mo-
MEePevyHOTro ceueHrst 00pas3loB B MCXOJHOM COCTOSIHUU U TTOCJIE BbIIAEPXKEK Pa3TUIHON MPOTSKEHHOCTU
(mo 1440 yacoB) Ha ONTUYECKOM MUKPOCKOTIE (puc. 5).

Kak crneayer u3 npencraBieHHbIX dotorpacduit, B 00pasiie mocjiae 3KCIOHUPOBAHUS Ha MPOTSIKe-
Huu 1440 yacoB MOJHOCTHIO C(HOPMUPOBAHBI MUKPOTPELIUHBI B Ae(PEKTHOM-TTPUTTOBEPXHOCTHOM CJIO€,
KOTOpBIE SIBJISIIOTCS] KOHIIEHTpATOpaMy HAMpPsSIKEHU U YKOPSIIOT POCT U pa3BUTHE TPELIUH MO BCEMY
ceueHmto [IKM nipu pazpyuieHnn. DTOT BBIBOA COIIACYeTCs C JaHHBIMU paodoT [7, 8, 17, 18]. OtMmeueHo,
YTO C yBEJIMYEHUEM BPEMEHU DKCIIJIO3UM TOJIIMHA 1e(DEeKTHOTO CJI0S TIoce BbIIepKKY B TeueHue 1440
yacoB cocrapiigeT nopsaka 100—150 mxm, a 6100 yacoB — nopsinka 200—300 MKkM.

3ak/oueHue

B xozne mpoBeneHust paboThl OblJa OLICHEHA CTEMeHb JAerpajallii MPU COBMECTHOM BO3AeHCTBUU
Y®-uznyueHus, TOBBILLIEHHOM TeMIepaTyphl U BJIar Ha 00pa3libl MaTepuaja cBaiiHoii Tpyos! u3 ITKM
Ha OCHOBE TMOJM3(UPHON CMOJIbI, apMUPOBAHHOI 0a3abTOBBIM BOJOKHOM W M3TOTOBJIEHHO METO-
JIOM MOKpOI HAMOTKH. YCTaHOBJIEHO, UTO MPU MaJIOM BPEMEHU BBIACPXKKM Aerpagaliuid MeXaHUYeCKUX

141



4 MeTtannyprusa. MaTepvanosefeHune

Puc. 5. CtpyKTypa NoBepXHOCTHOTO CJ10s1 00pa3lia-cBUAETENs (&), TOcae SKCIIOHMPOBAHUS Ha MPOTSIKEHU U
1440 yacoB B miepuo 3apokaeHUst MUKpoTpeluH (6); 1 6100 yacoB B Tiepro1 pa3BUTHS M pOCTa MUKPOTPELTUH (B)

Fig. 5. Structure of the surface layer of the witness sample (a), after exposure for 1440 hours during the period
of microcrack initiation (b); and 6100 hours during the stage of microcrack development and growth (c)

CBOWCTB He poucxonut. [1pu yBeanyeHnr BpeMeH! MPOUCXOAUT He3HAUMTeIbHAs AeTpanalivs npeaesa
IMPOYHOCTH (kc =0,96) 1 OTHOCUTEJILHOI'O YIJIMHEHMS (k6 =0,94), uU3BMeHeHre CBOICTB UMEET CJTA00BbI-
pPaxXeHHBII, MPUOJIMKEHHBIN K JTUHEMHOMY XapakTep. bbliu paccuMTaHbl perpecCMOHHbIE YPaBHEHMS
MajeHUsI MeXaHMYECKMX CBOMCTB U OIpPEIe/IeHO, YTO NajleHHe Ipejeta mpoyHocTy Ha 20% B BbIOpaH-
HBIX YCJIOBMSIX S9KCIIOHMPOBAaHMSI IIpoM30iiaeT yepes 6103 yaca, a OTHOCUTEbHOIO YIUIMHEHUST — Yepe3
4125 yacosB. JlaHHbIe pe3yabTaThl ObLIM MPOBEPEHBI SKCIEPUMEHTaIbHO, M ObljIa oKa3aHa JIMHEeH -
HOCTb MaJeHMsI MEXaHWYECKUX CBOMCTB MPU COBMECTHOM BozneiicTBuu YP-00ydyeHuss 1 TepMOB-
JIAXXHOCTHBIX pexkXMMOB. [1pr 3TOM peabHBIe YCIOBUS 9KCITyaTalliy TaHHOTO MaTepraja B CEBEPHBIX
paiioHax, Jaxe B JIETHUI Mepuoj, MeHee MHTEeHCUBHbBIE, YTO JieJaeT ero MPUTOIHbIM JJIsl JajibHel1iIe-
ro MPUMEHEHUS TIPU CTPOUTETLCTBE PA3IUUHBIX KOHCTPYKIIMUI U COOPYKEHUIA.
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