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Article history Abstract. The present study aims to conduct a comparative analysis of dispersion media used
Received: September 10, 2025 for the synthesis and storage of copper nanoparticles derived from copper formate, and to
Revised: November 10, 2025 evaluate their suitability for application in current collectors. Particle characteristics in two
Accepted: November 15,2025  media, namely ethyl alcohol and a mixture of alcohol and ethylene glycol, were investigated
using dynamic light scattering, rheological analysis, and refractometry. The results
demonstrate that the combined solvent system produces nanoparticles with a smaller average
diameter (56.7 nm compared to 107.1 nm in pure alcohol) and a narrower size distribution,
with 83.4% of particles falling within the 64—128 nm range. To visualise the data, particle
size histograms were constructed, and the distributions were approximated using normal and
Pearson distribution models. Experimental findings further indicate that the rate of particle
agglomeration in the alcohol — ethylene glycol medium is approximately two times lower
than in pure alcohol. On the basis of these results, the alcohol — ethylene glycol mixture can
be recommended as a stabilising dispersion medium for the long-term storage of copper
nanodispersions intended for use in current collector applications.
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HcTopust cratbu AnHoTtanus. Llens ncciaenoBaHusi — CpaBHUTENBHBIM aHAIU3 AUCIEPCHOH-
Ioctynuna B pexakimio: 10 centsiGps 2025 r.  HBIX CPE/L UL CHHTE3a M XPAHEHU HAHOYACTHLL MU, OTyHaeMbIX 13 ¢op-
Jlopa6oTana: 10 HosOps 2025 . MHUaTa MeJi, ¢ MOCIIeaAyIoIeil OLIEHKOI UX MPUTOAHOCTH JUIS UCIIOJIb30BaHHS
Ipunsita K my6mmkaun: 15 HosOps 2025 T. B TOKOCheMHHUKax. [locpeicTBOM NpUMEHEHUS METOA0B IMHAMUYECKOTO CBe-
TOpaccesHusl, PeoJIoTMd U pepPaKTOMETPUN HU3YyYEHbl XapaKTEPUCTUKU Ya-
CTHIIl B Cpelax «3THWJIOBBIM CIIUPT» M «CIUPT + ITUJIEHIIUKOIb». [loka3aHo,
YTO UCIIOJIb30BaHHE KOMOMHUPOBAHHOW CpEJIbI TO3BOJISET IIOJIy4aTh YaCTHIIbI
C MEHBILIUM cpeHUM pazmepoM (56,7 uM npotuB 107,1 HM) u Oonee y3KUM
pacnipenenenueM (83,4 % uactun B quanazone 64—128 um). [lns Busyanusa-
UM JTAHHBIX TOCTPOEHBI TUCTOrPAaMMbl U alIPOKCUMHUPOBAHBI 3aKOHBI pac-
npenenenus (HopManbHoe U Ilupcona). DKcnepUMEHTaIBHO YCTaHOBJIEHO,
YTO CKOPOCTH arjioMepaliH YacTHIl B Cpelle «CHHPT + STHICHIIIUKOJIb
B 2 pa3a HMXe, 4eM B yucTOM cnupre. Ha ocHOBaHUM pe3ynbTaToOB CleNaH
BBIBOJI O 1IEJIECO00Pa3HOCTH MPUMEHEHHUSI CMECH CITUPTA C STHJICHIJIUKOJIEM B
KavyecTBe CTAOWIM3UPYIOIEH cpembl Ul JOJITOBPEMEHHOTO XPaHEHUS] Mea-
HOM HaHOIUCIIEPCHHU.
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Introduction of available energy resources largely depends

on the advancement of efficient energy storage

The rapid pace of industrial development
necessitates accelerated growth in the energy sector.
Modern information technologies are associated
with substantial electricity consumption. Advanced
approaches are therefore being employed to design
highly efficient energy devices [1; 2]. At the same
time, in addition to achieving high efficiency, it is
essential to ensure the reliability of power systems
and electrical equipment [3; 4]. The future utilization
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systems. Currently, conventional methods for storing
electricity generated by stationary power plants
are complemented by a range of emerging techno-
logies [5].

Ensuring the mobility of individual electric
transport requires the development of batteries
capable of storing sufficient energy for extended
travel distances [6]. Existing market solutions can
largely be regarded as interim measures. From a
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contemporary standpoint, lithium-ion batteries rep-
resent the most promising technology for electrical
energy storage. Numerous approaches focus on
improving battery performance by modifying the
electrochemical properties of the cathode material.
In contrast, considerably less attention has been
devoted to current collectors, which provide contact
with the electrical network. A substantial portion
of energy losses occurs during current collection,
making this issue particularly significant in the
operation of energy storage devices. One potential
approach to reducing such losses is the use of
highly dispersed copper in the manufacture of
current collectors. Copper is characterized by
high electrical conductivity, stable performance
over a wide temperature range, and diamagnetic
properties, which help minimize interference from
electromagnetic fields during current collection.
However, the properties of copper nanoparticles
largely depend on the synthesis method employed.
Akey challenge in selecting an appropriate method
lies in the limited understanding of the feasibility
of obtaining particles of different sizes through
dispersion-based synthesis techniques. This study
seeks to predict the formation of particles of
specific sizes produced via the synthesis of nano-
dispersions from copper formate and to visualize
their agglomeration over time during storage.

1. Objective and Problem Statement

The objective of this study is to visualise the
processes involved in the synthesis of highly
dispersed copper particles from copper formate
and their subsequent agglomeration, as well as
to determine the theoretical size distribution of
particles formed in different media. Such visuali-
sation is necessary to assess the feasibility of using
particles produced by this method in the manu-
facture of current collectors for lithium-ion
batteries, based on their size characteristics.

To achieve this objective, the following tasks
were undertaken:

1. To synthesise copper nanoparticles from
copper formate in two media: ethyl alcohol and
a mixture of ethyl alcohol and ethylene glycol;

2. To measure and compare particle sizes and
their distributions in both media using dynamic
light scattering;

3. To visualise particle size distributions by
constructing histograms and fitting theoretical
models (normal and Pearson distributions) to the
experimental data;

4. To investigate the kinetics of copper par-
ticle agglomeration in both media over a 24-hour
period;

5. To evaluate the stability of the resulting
nanodispersions and assess the practical prospects
of each medium based on the obtained results.

2. Theoretical Analysis

Key Challenges Associated with Current
Collectors

The principal characteristics governing the
current collection process are reliability, cost-
effectiveness, and energy efficiency. Reliability
implies the absence of damage to both the current
collectors and the electrical network that could
lead to device failure. From the perspective of
cost-effectiveness, various manufacturing techno-
logies incorporating advanced materials may be
considered. The use of novel materials can extend
the service life of the device while reducing
production costs. The energy efficiency of current
collection is determined by the properties of the
current collector itself, particularly the material
composition and the contact surface area.

The primary losses in the current collection
process arise from incomplete contact with the
electrical network, which is largely determined by
the manufacturing characteristics of the current
collector. First, materials with high electrical
conductivity must be employed. Second, electrical
energy transmission should be uniform across
the entire contact surface. These requirements
necessitate the use of dispersed material compo-
sitions [7; 8]. The small particle size ensures a high
contact density, thereby reducing electrical losses
during current collection [8—10]. A distinctive
aspect of copper nanoparticle production is the
ability to obtain particles up to 200 nm in size from
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virtually any copper salt precursor. This flexibility
enables the selection of synthesis methods based
on the cost of source materials, resulting in
significant economic advantages for the overall
technological process. At the same time, challenges
remain in the storage and transportation of copper
nanoparticles due to their tendency to agglomerate
[11-13].

3. Experiment Procedure

3. 1. Method of Production

In this study, copper formate was employed
as the precursor for the synthesis of copper
nanoparticles [14]. One of the key reagents used
in the preparation of copper formate is copper
carbonate, which can be obtained by reacting
an aqueous solution of copper sulfate pentahydrate
(CuS04x5H20) with an aqueous solution of sodium
carbonate (Na2COs3). Equal volumes (50 ml) of the
prepared solutions were mixed and subsequently
placed in an ultrasonic bath to promote the
reaction. The reaction between these components
proceeds as follows:

CuSOs x 5SH20 + Na2COs >
> Na2S04 + CuCOs + 5H20. (1)

The reaction yields copper carbonate, sodium
sulfate, and water. To isolate the desired copper
carbonate, the reaction mixture is filtered to
remove sodium sulfate. Filtration is carried out
using a Biichner funnel. Following filtration,
concentrated formic acid is added portionwise to
the copper carbonate with continuous stirring. The
resulting mixture is then placed in an ultrasonic
bath to ensure thorough mixing of the components.
This reaction leads to the formation of blue copper
formate:

CuCOs3 +2HCOOH + H20 >
> Cu(HCOO)2 x 2H20 + CO2.  (2)

The resulting formate is added to various
media in order to prevent particle agglomeration.
In this work, ethyl alcohol and a mixture of ethyl
alcohol and ethylene glycol will be used as the
media.
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3.2. Method for Measuring Particle Size

Particle size measurements were carried out
using the dynamic light scattering method with
a Zetasizer Nano ZS spectrometer (Malvern
Instruments). Solvent viscosity was determined
by rotational rheometry using a Kinexus Pro rheo-
meter. The refractive index was measured with an
IRF-454B2M refractometer. The measured solvent
parameters are presented in Table.

Solvent indicators

Refractive Viscosity,
Solvent index MPa*s, at 25°C
Alcohol + ethylene 1.137 45
glycol (anhydrous)
Alcohol 1.360 1.096

Source:byD.O. Mityagin, A.A. Koronnov.

4. Results and Discussion

The prepared copper formate sample was
introduced into ethyl alcohol at a concentration of
0.25 g per 100 ml. Particle size measurements
were conducted in this solution at a temperature of
15°C using the dynamic light scattering method.
Each experiment was repeated at least five times
to verify the measured particle size and to confirm
the absence of agglomeration at the initial stage.
The results indicate that this synthesis method
predominantly produces copper particles with an
average size of 107.1 nm. However, the resulting
dispersion is not stable, as the presence of larger
particles is observed. In the second experiment, a
mixture of ethyl alcohol and ethylene glycol was
used as the dispersion medium. Following the
change of medium, the particle size remained
within a comparable range; however, repeated
measurements revealed no signs of agglomeration.
In this case, the predominant particle size was
56.7 nm, which makes these particles suitable for
potential application in the manufacture of current
collectors. On this basis, it can be concluded that
this medium is more appropriate for storing the
resulting nanodispersion. The measurement results
are presented in the combined graph in Figure 1.
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Figure 1. Measurement results using the Zetasizer
instrument for two experiments:
7 — copper in the “alcohol + ethylene glycol” medium;

2— copper in the “alcohol” medium
Source:byD.O. Mityagin, A.A. Koronnov.

Visualisation of the Distribution. For clarity,
the experimental results are visualised [15; 16].
The data obtained from the graphs are processed to
determine the percentage contribution of particles
of different sizes to the total particle population.
For this purpose, 20 data points are selected from

each graph, and the proportion of particles corres-
ponding to each measured size is calculated.

Histograms were constructed for both media
to illustrate the particle size distributions. The data
were grouped into class intervals (Figures 2 and 3):
an interval width of 80 nm was selected for the
alcohol medium, and 32 nm for the alcohol —
ethylene glycol mixture. The histograms were then
generated based on these grouped data. To further
characterise the distributions, theoretical distri-
bution functions were fitted in order to estimate the
probability of occurrence of particles of different
sizes. By truncating the dataset above 300 nm,
attention can be focused on the central portion of
the histogram, where a pronounced peak is ob-
served. This feature justifies the use of a Gaussian
distribution model for copper particles dispersed in
alcohol. At the same time, the presence of an
additional peak at lower particle sizes suggests the
applicability of an alternative distribution function.
For this type of data, the Pearson distribution
was employed. The necessary parameters for both
functions were calculated, and the corresponding
curves were plotted.
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= Normal distribution (u=119.3 nm, 0=60.7 nm)

- Pearson distribution

--- The average value (1=119.3 nm)

[ Measured data

11.7%

Distribution parameters:

Normal distribution:
M =119.3nm

o = 60.7 nm

X2 = 12.115
p-value = 0.0005

Pearson distribution:
Shape = 0.585
Location= 119.3 nm
Scale= 59.6 nm

X* = 10.437
p-value = nan

7% 1.3%

<80
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Figure 2. Gaussian distribution and Pearson distribution for particles in alcohol
Source: byD.O. Mityagin, A.A. Koronnov.
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Based on the obtained distribution, it can be
concluded that 65.9% of the particles fall within
the size range of 80—160 nm. At the same time, the
formation of larger particles in the dispersion is
observed, which limits its suitability for the manu-
facture of current collectors. The presence of large
particles in the subsequent thermal decomposition
of copper formate would result in a reduced contact

area and, consequently, increased energy losses
during current collection.

Examination of the histogram for the “alcohol +
ethylene glycol” medium reveals a pronounced
peak at lower particle sizes followed by a gradual
decline. After calculating the required parameters
for the selected distribution function, the particle
size distribution in the solution was plotted.

50 .

= Normal distribution (u=100.1nm, 0=30.3nM)
—— Pearson distribution
--- The average value (4= 100.1nm)

40

30

20

Frequency of particles, %

10

T%
1.8%

—

e o s i e W e S TS S <=

40.6% :

[ Measured data

Distribution parameters:

Normal distribution:
M = 100.1 nm

o = 30.3 nm

X’ = 6.510
p-value = 0.0107

Pearson distribution:
Shape = 0.159
Location = 100.1 nm
Scale= 30.3 nm

¥? = 6.599

p-value = nan

5.9% 5.3%

\;

0 <32 [32; 64) [64; 96)

[96; 128)

[128; 160) >160

Particle size, nm

Figure 3. Gaussian and Pearson distributions for particles in a mixture of alcohol and ethylene glycol
Source: byD.O. Mityagin, A.A. Koronnov.

Based on the obtained distribution, it can be
concluded that the majority of particles (83.4%)
fall within the size range of 64—128 nm. The use of
this medium therefore enables the production of
particles suitable for the manufacture of current
collectors. However, the presence of larger particles
indicates a potential reduction in effective contact
area. In this case, preliminary filtration may be
applied, provided that the stability of the dispersion
1s maintained.

Over time, copper particles were observed to
undergo agglomeration. Particle size measurements
were performed every four hours over a 24-hour

12

period. During this interval, the average particle
size in the “alcohol” medium increased by a factor
of 4.6, whereas in the “alcohol + ethylene glycol”
medium it increased by 2.4 times. These results
indicate that the alcohol — ethylene glycol mixture
provides more favourable conditions for storing
copper nanodispersions, as particle agglomeration
proceeds at a slower rate.

The agglomeration process of copper particles
over time in different media is illustrated below
(Figure 4).

Analysis of the graph indicates that nano-
particles dispersed in pure alcohol exhibit low
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stability. As a result, the use of this nanodispersion
is associated with material losses not only during
filtration but also due to ongoing agglomeration,
since the presence of enlarged particles negatively
affects performance in the manufacture of current
collectors.
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In contrast, nanoparticles in the “alcohol +
ethylene glycol” medium demonstrate a slower
rate of agglomeration. This improved stability
makes it possible to retain the required parameters
for current collector fabrication even after
extended storage of the nanodispersion.
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Figure 4. Copper agglomeration. S1 is the particle size in the “alcohol” medium,
S2is the particle size in the “alcohol + ethylene glycol” medium

Source:byD.O. Mityagin, A.A. Koronnov.

Conclusion

The study identifies the principal relationships
describing the size distribution of copper particles
in alcohol and in an alcohol — ethylene glycol
medium, and examines the agglomeration process
over a 24-hour period following synthesis. Histo-
grams were constructed to characterise the particle
size distribution and the proportion of particles of
different sizes in each solution. In the alcohol
medium, particles with an average size of approxi-
mately 107.1 nm are predominantly formed. In
contrast, the alcohol — ethylene glycol medium
yields smaller particles, with an average size of
approximately 56.7 nm. The alcohol — ethylene
glycol system demonstrates greater stability, as
evidenced by a narrower particle size distribution
(83.4% of particles within the 64—128 nm range).
In pure alcohol, the distribution is broader (65.9%
of particles within the 80-160 nm range), and

larger particles are present that are unsuitable for
practical application. Based on the results obtained,
conclusions were drawn regarding the selection of
dispersion media for producing copper particles of
specific sizes, as well as for the storage of copper
nanodispersions and their subsequent use.
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UpeHTndunkauma m ynpaeneHme 3KOHOMNYECKUMU CUCTEMaMM
C npumMmeHeHuemMm ceteBoro adpdekra
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Hcrtopus cratbu AnHoTauus. VcciaenoBanue MOCBSIIEHO N3ydeHUIO (G GEKTUBHOCTH yIpaBie-

HUSI SKOHOMUYECKHMH crucTeMaMi. OOMEeHMBasCh KOMMYHHUKALUSIMHU, areHThI
00pa3yloT ceTb, KOTOpask MOXKET OBITh NPENCTaBICHA B BHIE ABYX KOHTYPOB:
Pa3oOMKHYTOro (KOMMYHHKAIH C BHEITHUMH areHTaMu) ¥ OpraHu3alioHHO-
3aMKHYTOT0 (B Tpejenax oaHoi cuctembl). [locneqHuii obecrneunBaet cTabuIb-
HOCTb M 110 OOJIbILIIEH YacTH HE BBIACISAETCS B KAUeCTBE OTAEIBHOr0 00beKTa

IMoctynuna B pepakuuio: 10 asrycra 2025 r.
Jopa6otana: 21 oktsa6ps 2025 r.
IMpunsra k my6auxaruu: 30 oktsops 2025 1.

3asiBjienue 0 KOH(JIUKTE HHTEPECOB HCCIe0BaHusI. DKOHOMUYECKAs: CUCTEMa JUHAMUYHA, KOJTUYECTBO CBS3EH U
ABTOp 3aaB1I5€T 00 OTCYTCTBUH areHTOB B HEW MEHSETCs C TEYEHHEM BPEMEHH, a 3HAUUT, MOXKET BO3HUKATh Ce-
KOH(IIMKTA MHTEPECOB. TeBor 3P dext. Ero BaXHO yUUTHIBATH TIPH aHAIN3€ d3PPEKTUBHOCTH CHCTEMBI.

Ienb — chopMynHpoBaTh TEXHOIOTUIO UACHTU(PHUKAIIMK U YIIPABJICHHs Opra-
HU3AIIMOHHO-3aMKHYTHIMA 9KOHOMHUYECKHMU CHUCTEMaMH C HCIOJb30BaHHEM
ceteBoro 3 dekra. TeXHOJIOrHs MPeICTABICHA Yepes3 UK YIPABICHHS, BKITFO-
YaKOIUI YeThIpe dTamna: cOOp JaHHBIX, aHAJIN3 JTAaHHBIX, TCHEePAallUs ajJbTepHa-
THUB ¥ TIpUHATHE perieHus. [[ns aHanmm3a 3 peKTUBHOCTA CHCTEMBI PACCUHTHI-
BaeTcsl ceTeBod d(P(deKT Mo AByM acrekTaM: CTPYKTYpHOMY M (YHKIHOHAIb-
HoMy. [IepBblil — noKa3pIBaeT HeaJIUTUBHOCTH MPUPOCTA KOJIMUECTBA CBA3EH
MIPY YBEJIWYCHUH KOJIMYECTBA areHTOB, BTOPOW — POCT BHYTpPEHHEro cOaliaH-
CHUPOBAaHHOTO 000poTa. TexXHONOrns MPUMEHEHA Ha pealbHOM SKOHOMHUYECKOM
cyobekre. B pesynbrare ObUI0 HaisieHO 18 opraHU3alMOHHO-3aMKHYTHIX KO-
HOMHUeCKHX cucteM. Jlis pacdera ceteBoro 3ddekra ObLIO CMOJECITHUPOBAHO
YBEJIHUCHHE KOJIMYECTBA areHTOB B CaMOW OOJIBIIION W3 HAMIEHHBIX CHCTEM —
47 areHToB. PacdeTsl HarJISITHO IMOKA3bIBAIOT HEAAUTHBHOE H3MEHEHHNE TI0Ka3a-
TeJIeit, 4TO TO3BOJIAET CAEIATh BHIBO/] O HAJIMYMHU CETEBOT0 AP PEeKTa B CHCTEME.

KiioueBble cjioBa: ceTeBoe COOOLIECTBO, IKOHOMHYECKHE CHCTEMBI, OaHKOB-
CKH€ TPaH3aKI[IH, TEXHOJIOTHS YIPABICHHUs, CETEBOH dPPeKT
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Abstract. This study investigates the effectiveness of economic system management from a
network perspective. Through ongoing communication, agents form networks that can be
described in terms of two contours: an open contour, reflecting interactions with external
agents, and an organisationally closed contour, confined to interactions within a single system.
The latter contributes to system stability, yet it is rarely examined as an independent object of
analysis. Economic systems are inherently dynamic: the number of agents and the connections
among them change over time. As these changes occur, network effects may emerge,
influencing overall system performance. Recognising and accounting for such effects is
therefore essential when assessing managerial effectiveness. The study aims to develop a
practical framework for identifying and managing organisationally closed economic systems
based on network effects. This framework is structured as a management cycle comprising
four stages: data collection, data analysis, generation of alternatives, and decision-making.
System effectiveness is evaluated through two dimensions of the network effect: structural and
functional. The structural dimension captures the non-additive growth in the number of
connections as the number of agents increases. The functional dimension reflects the expansion
of internally balanced turnover within the system. The proposed framework was applied to an
actual economic entity, resulting in the identification of 18 organisationally closed economic
systems. To assess the presence of a network effect, the study modelled an increase in the
number of agents within the largest identified system (47 agents). The results demonstrate a
clearly non-additive change in key indicators, confirming the existence of a network effect
within the system.

Keywords: network society, economic systems, banking transactions, technology of management,
network effect
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BBepeHue

Bonpoc s¢dektuBHOrO yrpaBiieHust CUCTe-
MaMHM UCCIIEyeTCsl C MOMEHTA IOSIBICHHUSI CaMOT0
OIKCHIBAIOIIETO €JUHCTBO

IIOHATHA «CHCTEMAY,

DKOHOMHUYECKAsi CHCTEMa MOXKET OBITh Mpe/I-
CTaBlIeHa B BUJAE Irpada, rae KakIblid IeMeHT
MOKET OBITh MPEICTABIICH B BUJE y3ia (areHra),
KOTOPBIMH MOTYT BBICTYIIaTh OpPraHH3alluH, MO-
paszeneHusi, areHThl. ATeHTHl 0OMEHHUBAIOTCS pe-

CBSI3aHHBIX APYT C APYTrOM MPEIMETOB, SIBICHUN U
3Hanui [1]. U3HauanpHO JoaM OOBEIUHSIINCEH B
OpTaHU3AIMOHHBIE CHCTEMBI JIJISI COBMECTHOTO CO-
3MaHUST TIPOIyKTa, OO0JIAJArOIIEro JA00aBICHHOM
ctouMocTbio. Co BpeMEHEM OpraHu3aluu yCII0XK-
HSUTMCh, YBEJIUYHMBAIOCH KaK KOJIMYECTBO JIFOIEH,
3a/ICMCTBOBAHHBIX B 3ajlade, Tak U mnporiecchl. [1o-
SIBUJIOCH TOHSITHE «IKOHOMHUYECKAas CHCTEMay —
COBOKYMHOCTh HAKOHOMHUYECKHX TMPOIECCOB, OT
MPOU3BOJICTBA JI0 PacCHpe/IEICHIS KOHEYHOTO MPO-
JyKTa 710 motpedurens [2].
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cypcamMu (KOMMYHHKALUAMHU) CIETYIOIUX Kiac-
coB [3; 4]:

® (huHAHCOBBIC (JIEHEKHBIE CPE/ICTBA);

® sHepreTuyeckue (HeTh, ra3, OUOTOTUINBO
M TIp.);

® MarepuaibHble (MAlIMHBI, CTaHKH, 3eMIIS
H IIp.);

B yH(pOpPMAIMOHHBIE (JaHHbIE, HH()OPMALHS);

B TpynoBbIe (JIFON).

Hapsiny ¢ skOoHOMHUYECKMMH CHUCTEMaMHU aK-
THUBHO Pa3BUBAJIOCH ITOHATHE «CETEBOE OOIIECTBOY,
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BriepBbIe ynoMsiHyToe Manyanem Kacrenscom [5]
B IEpUOJI, KOIZla aKTMBHO 3apOKIAJICd MHTEPHET
(1950-e Trompl), I7Ie OH TAKXKE OMUCHIBAET KOMMY-
HUKAIUH, KOTOPbIE BHICTPAUBAIOTCS MEXKIY Y4acT-
HUKaMU 3JIEKTPOHHBIX KOMMYyHHKalMii. Brocnen-
CTBUM HallpaBJICHUE CTaJI0 AaKTHUBHO HCCIEI0-
BaThCs M MOSBUIMCH TaKUE ONPEJIENICHUs, KaK:

B BUpTyaJibHAasi opranu3anus [6];

B ceTeBOE NPEANpUITUE, CETEeBask OpraHu3a-
st [7];

B pacrnpeneneHHas opraHuzanus [8];

B BUpTyalbHas Kopropaius [9] u np.

Bce oHM OnMCHIBAOT B3aUMO/ICHCTBUE yUaCT-
HUKOB CHCTEMBI, KOTOPBIE HAIIPABJIEHBI HA CO3/a-
HUe o011el IEHHOCTH WJIM BBICTPAUBAHNUE KOMMY-
HHUKaIlUi BOKPYT HEKOTO 00BEKTa.

OOMeHMBasCh KOMMYHUKAIUSIMU BHYTPH CH-
CTEMBbI, areHThl 00pa3yloT Oojiee TECHbIE CBS3H,
Cpeau KOTOPBIX MOXHO BBIIEIUTH PA30OMKHYTBIN
W 3aMKHYTbII KOHTYpbL. IlepBblii — oOmnuchIBaeT
KOMMYHHKAIIUA C BHEIIHEN CPENOW M arcHTaMH,
MMEHHO JIaHHBIA KOHTYpP paccMaTpuBaeTCs B KH-
OepHEeTHKE MEPBOTO MOPSIIKA. 3AMKHYTHIH — KOM-
MYyHHKAIlMM areHTOB BHYTPU CUCTEMbI, KOTOpBIE
IIPOUCXOJAT HA PETYISIPHON OCHOBE U HE BBIXOAST
3a ee npezensl. JIrobas opraHu3alioHHAas CUCTEMa
o0y1a1aeT ¥ OpraHU3allMOHHO-3aMKHYTHIM M pa3o-
MKHYTBIM KOHTypamH.

3aMKHYTBIM KOHTYp TaKKe paccMaTpuBalICs
Takxke YmOepro Marypana u ®@pancucko Bapena
B pabore «Bce ckazaHHOE CKka3aHO HAOIIOIaTeneM
[10], tae oHr TPOBOAST NapasuIeh MEXITY 3aMKHY-
TBIM U Pa30OMKHYTBIM KOHTypamu, (Hopmynupys
MBICJIb O TOM, YTO IJIABHOM IIEJIBIO 3aMKHYTOIO
KOHTYypa OpraHMW3allMOHHOM CHCTEMBI SIBISETCS
nojJiep>)kaHle CTaOMIBHOCTH CHUCTEMBI, a pazo-
MKHYTOTO — Pa3BUTHE (B KOHTEKCTE IKOHOMUYE-
CKHX CHCTEM — IOJTydeHUE PUOBLIN). AyTOI0d3
paccMaTpuBaeTCsl KaKk OTBETBJICHHE KHOSPHETHKH
BTOPOTO HOpsi/IKa, COPMYITUPOBAHHOTO XeHHIIEM
¢don Dépcrepom [11], KoTOpEI B cBoMX paboTax
[12] Taxoke moguepKUBaeT HaJTM4rue COOCTBEHHOTO
MOBEJICHUSI BHYTPU CUCTEM (3aMKHYTOIO KOHTYpa).

[TonsiTue «ceTeBble OpraHu3aluu», Kak U
«3KOHOMUYECKHE CUCTEMBI», UCCIIEeIyI0TCs Oosee
50 net, HO B paboTax HEe yAemseTcs JOCTaTOYHOTO

BHUMAaHHUsI 3aMKHYTOMY KOHTYpY, KOTOpBIH 3aya-
CTYIO HE BBIJICIISCTCS B KAUECTBE OTACIHHOTO 00b-
€KTa HUCCIICIOBAHMUSI.

PaCCManI/IBaH CUCTEMY B JTUHAMUKE, MOKHO
OTMETHTb, YTO KOJIMYECTBO areHTOB U CBSI3EH MEXITY
HUMH HE CTaTH4YHO, YP(PEKTUBHOCTH MOXKET Me-
HATBHCS, MHOTJIa BO3HUKAET ceTeBo adekt. De-
HOMEH ceTeBoro 3(ddexra ommchBaeT 1MEHHOCTb,
KOTOpasi M3BJICKACTCS M3 TOBapa, YCIYTH, pacTeT
HEJIMHEWHO U 3aBUCUT OT KOJIMYECTBA Y4aCTHHUKOB
cucteMsl. [Ipu ynpasieHnn opraHn3aluoOHHON CH-
CTEMOU ISl IPUHATHUS YIIPABICHUECKOTO PELICHUS
BaXHO aHAJIM3UPOBATh CETEBOM AP (PEKT, yTO MO3-
BOJIUT MOJTYYUTh MAKCUMAIIbHYIO BBITOJTY.

B pamkax nanHOW pa®oThl chopMyaHpOBaHa
TEXHOJIOTHUA I/IIICHTI/I(bI/IKaHI/II/I 1 yIIpaBJICHUS OpTra-
HU3AIIMOHHO-3aMKHYTBIMH SKOHOMHYECKUMH CH-
CTEeMaMHU C UCTIONIb30BAHUEM CETEBOTO 3 peKTa.

1. MeToauka

B kagecTBe OTIpaBHON TOYKH JJISI TOCTPOE-
HUSl TEXHOJIOTUU UICHTHU(PHUKAIMK U yIpPaBICHUS
OpraHU3alMOHHO-3aMKHYTBIMH SKOHOMHUYECKUMHU
cucTeMaMu OBIJIO MPHHATO PEIICHHE B3SATh IHKI
ympasnenus (puc. 1).

!

1. C6op paHHbIx / Data collection

|

2. AHanu3 paHHbix / Data analysis

l

3. leHepauua anbTepHaTuB
/ Generating alternatives

|

4. MNpuHATre pelenmna / Decision
making

Puc. 1. LUnkn ynpaBnexus
M cT0o4HWNK: BbINONHEHO A.A. lNMaHayeBbIM

Figure 1. Cycle of management
Source:byAA. Panachev

Kaxxaplii u3 yeTelpex NpeACTaBICHHBIX Ia-
TOB IPE/ICTaBISCT COOOM 00s13aTeIbHBIH 3Tal B pe-
HICHUHU 33]]a4¥l YIIpaBJICHUSI.
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[TepBrI#i ar — cOop nanHbIX. [laHHBIE MO-
T'YT OBITh COOpaHBI Pa3INYHBIMU HHCTPYMEHTAMH,
OT 3KCIIEPTHBIX OIIPOCOB JI0 pabOTHI € 6a3aMu AaH-
HBIX. B pamMkax TeKyIiero HcciemaoBaHHus ObLI
HamicaH alropuT™M Ha si3bike Python, koTopwrii
no3BoJsieT paborark ¢ 6a3amMu naHHBIX. B kade-
CTBE areHTOB HCCJIEIYyEeMO OpraHu3allMOHHO-3a-
MKHYTOM CHCTEMBI OBLIM BBIOPAHBI OpTaHU3AIUH.
bankoBckue TpaH3akuMM — OIWH M3 HamOoiee
MOKa3aTebHBIX HCTOYHUKOB HH(OPMAIIUH O JBH-
KEHUU KOMMYHHKALUH MEXIy OpraHH3alusMHU,
JanpHeWas paboTta mpoucxonuia ¢ HUMH. s
CTapTa JBH)KKa TpeOyeTcsl SKCIOPTUPOBaTh (aiin
CO CIIeIYIOIIUMH aTpUOyTaMu:

1) muarenpuuk (HAaMMEHOBAHHWE OpraHH3a-
uH);

2) monydvarenb (HaMMEHOBAaHHE OpraHM3a-
un);

3) cymma, pyo.;

4) nara ruiatexa.

Cpenu Hanbonee 3(pHeKTUBHBIX UHCTPYMEH-
TOB JUISl MJEHTHU(PHUKAIMK OpraHU3alMOHHO-3a-
MKHYTBIX CUCTEM U PabOTHI ¢ rpad)aMu MOJKHO BbI-
JIEJIATH CIICAYIONIUE TPYIIIBI METOIUK:

1) MeTonbl HAXOXKICHUS KpaT4yalIero myTH:
anroput™ [eiikctpsl [13]; anroputm A-star (A*)
[14]; TpancnopTHas 3anada [15];

2) metoxbl 00xoaa rpadoB: MOUCK B HIUPHHY
(Breadth-first-search) [16; 17]; mouck B miyOuHy
(Depth-first-search) [18-21].

CrienmuduyHOM 3a7a4eil TaHHOTO MCCie0Ba-
HUS SBJIAETCS IOUCK NIMEHHO OPTaHU3aI[MOHHO-3a-
MKHYTBIX CHCTEM, TJIe¢ BCE OpraHU3alliu-ydacT-
HUKH CBSI3aHBI MEXKIY COO0OM KOMMYHHKAIHSIMH,
a caMM TpaH3aKIMHM BO3BPAINAIOTCS K IMEPBOHA-
YaJbHOMY TUIATENBIINKY, C KOTOPOTO II€MOYKa TPaH-
3aKuil Hayanack. [ HanmyMcaHusi JaHHOTO aJro-
pUTMa OBUIH MCIIOJIH30BAHBI MTOIXOBI AITOPUTMOB
JeWKCTphl U TTOMCKA B IIUPHHY, € MEPBBIN MO3-
BOJISIET C(HOPMUPOBATH MHOKECTBO MOTEHIHAIIb-
HBIX BEPIIUH (areHTHl, KOTOPBIE U IJIATAT, U TOJY-
YaroT), a BTOPOW — HaWTH MPOMEKYTOYHBIX
TUTATENBIIUKOB B Ilenmu TpaH3akmuid. [lompoOHO
cXeMa M aJropuTM MpUBEAEHBI B pabote [22].

B ympomieHHOM BHJE MOMIArOBbIA alIrOpUTM
WICHTH(UKAIMN OPTaHU3aIOHHO-3aMKHYTBIX CHC-
TEM MpPEJCTaBICH Ha puc. 2, a NOAPOOHOE omuca-
HHe — B [22].
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Puc. 2. Anroputm ngeHtndukaumm ceTesblix
OpraHmM3auyioOHHO-3aMKHYTbIX CUCTEM
M ¢ T04HwMK: BbINONAHEHO A.A. MNaHa4veBbIM.

Figure 2. Algorithm of network organisationally
closed systems identification
Source:byA.A. Panachev.

Anroput™ JIeHKCTpbI 03BOJISET UIEHTU(U-
UPOBATh BEPUIMHY «A» (OJHOBPEMEHHO IUIATHT
W ToNy4aeT TpaH3akuuu). Jlanee momkirodaercs
aJTOPUTM TOWCKA B MIMPUHY U HAXOAUT IMEPBYIO
3aMKHYTYIO 1enouky «A—B—Cy», Ha cienyromem
JTare HeoOXOAMMO HANTH BCE HMPOMEXKYTOUHBIE
TpaH3akuuu. st 5Toro HeoOXOAMMO OTIPEIECTUCTD
BCe KOMOHMHAIIMU U3 Tpex areHToB (A—A, A—B, B-C
Y T.7I.) ¥ TIOUCKATh TPaH3aKIMK MeXay Humu. [lpu
HAXOXKJICHUU HOBBIX areHTOB CHCTEMa CHOBA UIIIET
BCE JIOCTYINHBbIE KOMOMHALIMU, U TaK 10 TeX MOp,
MOKa HOBBIE YYaCTHUKH HE OYIyT YCTaHOBJICHBI.

[lepen namumcanueMm anroputMa OBUIH TIPO-
aHAJIM3UPOBaHbl Hanbosiee OIU3KKUE U3 CYIIECTBY-
IONIMX TPUKIAAHBIX peuieHnii. Pe3ynsrarsl cpas-
HUTEJHHOTO aHAJIN3a TPEICTaBICHBI B Ta0M. 1.

Haunbonee Onu3kuil NMpHUKIAAHOM alropuT™M
JUTSI peLIeHHs 3a]Ja41 TOUCKa OpraHu3allMOHHO-3a-
MKHYTHIX cucteM — O.M. 3BepeBoii, HO OH pabo-
TaeT 3¢ (HEeKTUBHO ISl HEOONBITUX BHIOOPOK JIaH-
HBIX, BBUJY HU3KOM CKOPOCTU UX 00pabOTKH. AB-
TOPCKHI aJroput™M OBICTpee 3a CUeT IOIXO0B
JIefKCTphI, 4TO TO3BOJISIET 00padaThiBaTh OOJIh-
IF€ MAaCCUBBI MH(OPMAITHH.

Ha sramne renepauuu anbTepHaTHB MPOUCXO-
JUT pacueT OyTymiero MporHo3HOTro pe3ybTrara mo
HECKOJIbKUM CTpaTerusM (TpuMep: MPUCOCIHHE-
HHUE HOBBIX areHTOB K CHUCTEME, CyOCHAMpPOBaHUE
yOBITOYHBIX TpeanpusTuii u np.). Cpean Hambo-
Jiee TOIXOSIIUX HHCTPYMEHTOB ISl pacdyera Io-
TEHIIUAIBHOTO BIUSHHS HA CUCTEMY MOXHO BBIJIE-
JUTh UMHUTAIIMOHHOE MojieTnpoBanue [25]. B pam-
Kax JpyTroii paboTsl [26] Obu1a chopMymupoBaHa u
MpUMEHEeHa THOpHIHAs WMHUTAIMOHHAS MOJIEINb,
BKJIIOYAIOIIAsi CUCTEMHO-IMHAMUYECKYIO U areHT-
OpUEHTUPOBAHHYIO YacTH, HO OHAa HE SBISETCA
MPEIMETOM JIaHHOTO MCCIIEIOBAHUS.
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Tabs/muya 1. CpaBHeHUE NPUKIaaHbIX aNrOpUTMOB naeHTUPUuKaumm
ceTeBbIX OPraHu3aLMoOHHO-3aMKHYTbIX CACTEM

ABTOp MokasaTenb 3HayeHune
= Anroputm ngeHtudunkaumm Mowick B rnybuHy (06xon, pebep 1 drkcaums Npu HAXOXAEHUN BEPLUMHBI)
N MeTon, ABTOMaTM3NpOBaHHasA obpaboTka
E: HanpaeneHune noncka OT BEPLUMHBI MO KAXA0MY U3 HanpaBieHNn 00 KOHLA
?‘ lMpenBapuUTENbHbI MONCK areHTOB Het
§ OnTuMmnadauus Het
2 CkopocTb 06paboTkm Huzskas
0 Mopxoout pns paboTbl ¢ 60NLLINMY MacCBaMU Het
_ Anroputm ngeHtudunkaumm TpaHcnopTHasa 3agaya 3akpbITOro Tmna
& MeTton Py4Hoe pelueHve 3apaun
< HanpaeneHune noncka MaTpurua aHann3npyeTcs B KOMMIeKce
';; MpensapuTenbHbIN MOUCK areHToB Het
%_ OntTummnzaums Het
o CkopocTb 06paBoTKM OueHb HU3Kast
< MopxoouT pns paboTbl ¢ 60LLINMY MacCBaMU Het
ANFOPUTM MASHTUAUKALMM CuHTes anroputma [JenkcTpbl 1 NOUCKa B LUMPUHY
(NOUCK OT MCTOYHMKA NO pebpam) [22]
<r; MeTton ABTOMaTN3NpPOBaHHas 06paboTka
§ HanpaeneHue nouncka OT BepLUMHbI K FpaHuLaM
% MpenBapuUTENbHLIA NOUCK areHTOB Ja
] OonTummnzaumsa Ha
= CkopocTb 06paboTkn Bbicokasi
MoaxoauT onst paboTbl ¢ 6ONLLINMU MacCBaMU Oa

M ¢ T0o4HwMK: BbinonHeHo A.A. MNaHayeBbIM.

Table 1. Comparison of applied algorithms for identification of network organizational and closed systems

Author Indicator Value

—_ Identification algorithm Depth-first search (traversing edges and fixing when a vertex is found)
& Method Automated processing
E. Search direction From the top in each direction to the end
o Preliminary agent search No
% Optimisation No
E‘ Processing speed Low
N Suitable for working with large arrays No
—_ Identification algorithm A closed-type transport task
ci Method Manual problem solving
< Search direction The matrix is analyzed in a complex way
‘3 Preliminary agent search No
%’ Optimisation No
;g, Processing speed Very low

Suitable for working with large arrays No

Identification algorithm (Sggég?zlrzggjrléﬁ)ras algorithm and breadth-first search
<Z Method Automated processing
% Search direction From the top to the borders
-:C% Preliminary agent search Yes
5 Optimisation Yes
o Processing speed High

Suitable for working with large arrays Yes

Source: byA.A Panachev
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HemanoBaXHBIM acTIeKTOM ISl TPUHATHS pe-
LICHUS] SBISIETCS TOTEHIHMANIBHBINA CETeBOH d(-
¢ext. OH no3BOISIET JOOUTHCS OONBUINX PE3YIIb-
TaTOB C TEKYIIMM YPOBHEM Tpyzno3aTpart. B pamkax
JTAaHHOW pabOThI CeTeBOM APPEKT paCCUUTHIBACTCS
MO JIByM acleKTaM: CTPYKTypHOMY M (pyHKIIHO-
HaJbHOMY.

CTpyKTYpHBII acleKT OIHCHIBAET BIIMSHUE
KOJIMYECTBA CBsI3€M Ha KOJIMYECTBO areHTOB B CH-
cTeMe U B OOIIEeM BHUJE PacCUUTHIBAETCS MO (Hop-
MmyJe (mogpobuee B cTarbe [27]):

Ne =f (Nn), (1)

rae Ne— KOJIMYECTBO CBs3EH MPH 3aJ1aHHOM KO-
JMYECTBE areHTOB; Nn — KOJIMYECTBO areHTOB.

OYHKIMOHAIBHBIN aCTIeKT aHAM3UPYET (Pu-
HAHCOBBIC TIOTOKU BHYTPU CHCTEMBI, B YaCTHOCTH,
OH TIO3BOJISIET pACCUUTATh BHYTPEHHUH cOalaHCch-
poBanHbII 000poT. [logpoOHO MeTommKka pacdera
npejcrasieHa B [28].

2. Pe3ynbTathl

Jns ampoOarny TeXHOJOTHUU OBLUIA B3SITHI
TpPaH3aKIMH MEXIy IOPUIUYECKUMHU JTUIIaMH 32
1 mecsn B ropoze ¢ HaceneHreMm 80 ThICSY Yelo-
BEK B OHOM U3 OaHKoB. KonmuecTBeHHBIE mapa-
METpbI BEIOOPKY TPUBEIEHBI B Ta0M. 2.

[IpencraBieHHble OpraHU3all pPabOTAIOT B
CaMBbIX Pa3HbIX OTPACIAX, OT KIMHUHTA JI0 IPOU3-
BOJICTBAa METAJUIOKOHCTpyKimidi. Hambomee pac-
NpPOCTpPaHEHHBIE TPE/ICTABICHBI B Ta0M. 3.

B pesynprare npuMeHeHHs aBTOPCKOTO aJIro-
puT™Ma uaeHTuuKauu ObuUTo HakmeHo 18 opra-
HU3AaLMOHHO-3aMKHYTBIX SJKOHOMUYECKUX CUCTEM.
Haubonee kpynHas U3 HUX COCTOUT U3 47 areHTOB

(puc. 3).

Tabnvya 2. KonnyecTBeHHble NapaMeTpbl BbIGOPKU
Table 2. Quantitative sampling parameters

HaumeHoBaHme / Names 3"?,:?::3/
O6wwin 060poT, ThIC. PY6. /

Total turnover, thousand rubles 2706 526,95
Otpacnun, wr. / Industries, pcs. 410
KomnaHuu, wt. / Companies, pcs. 2933
TpaHn3akuum, wT. / Transactions, pcs. 11791

M ¢ T04HwMK: BbiNnoNHeHo A.A. MNMaHayeBbiM /
Source:byA.A. Panachev.

Puc. 3. OpraH1m3aunoHHo-3amMKHyTas
3KoHOMMYeckas cuctema n3 47 areHToB
M ¢ T0o4HwMK: BbINOAHEHO A.A. MNaHa4veBbIM.

Figure 3. Organisationally closed economic

network which consists of 47 agents
Source:byA.A. Panachev.

Tabsmya 3. Ton-5 otpacneit / 7Table 3. Top-5 industries

HaumeHoBaHue otpacnu / Industry name OpraHusaumii, wit. / Organizations, pcs.

OnTtoBas TOproens, BKIOYas TOProB/io 4epe3 areHToB, KPOMe TOProBan
aBTOTPAHCMOPTHbIMK cpeacTBamu n motoumknamu / Wholesale trade, 361
including trade through agents, except for trade in motor vehicles and
motorcycles

Kommepueckas opraHmndaums / Commercial organisations 162
Mpoyas PO3HM4HAs TOPrOBNA B HECNELMANM3MPOBAHHbIX marasuHax / 04
Other retail trade in non-specialized stores

Mpoyas ontoeasa Toproens / Other wholesale trade 55
Toproensi oNTOBast NEKTPNHECKON ObITOBOM TEXHUKON / 53

Wholesale of electrical household appliances

M ¢ To4HwMK: BoiNnonHeHo A.A. MNaHauyeBbiM / So ur ¢ e: by A.A. Panachev.
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Ha pwuc. 3 orpakeHbI TOJIBKO areHTHl BHYTPH
OpraHU3alMOHHO-3aMKHYTOTO KOHTYpa, HO CJICTyeT
OTMETHTh, YTO CUCTEMA HE CYIIECTBYET B BAKyyMe
Uy OOJBITMHCTBA ar€HTOB €CTh CBSI3U C PA30MKHY-
ThIM KOHTypoM. CBOJIHBIE JJaHHBIE TIO CHUCTEME B
1IeJIOM OTPaKEHHI B Ta0I. 4.

[Tpoananu3upoBaB NMOMyUYEHHBIE PE3YIIbTATHI,
cJenyeT OTMETUTh, 4To Jiiib 3,5 % u3 Bcex opra-
HU3aIMi Ha TEPPUTOPUN MYHHITMTIAIBHOTO 00pa-
30BaHUA BXOIAT B OPraHM3allUOHHO-3aMKHYTBIC
YKOHOMHYECKHUE CHCTEMBI, IIPH 3TOM OHH O0ecIIe-
yusatoT 10,5 % ot coBokymHOTO 0060pOTA.

Tab/mua 4. CeogHasa uHdopmMaums 06 opraHu3aLMOHHO-3aMKHYTbIX 9KOHOMUYECKUX
cucTemMax Ha TeppuTopuu MyHuuMnanureTa /

Table 4. Consolidated information on organizationally closed economic systems within the municipality

HaumeHoBaHune /

Bcsa BbiGOpKa /

BHYTpM OpraHn3aumMoHHO-3aMKHYTbIX CUCTEM /

Names The entire selection Inside organizationally closed systems
Opranunsaumin, wt. / Organizations, pcs. 2983 102 (18 cuctem)
0O60oporT, Tbic. py6. / Turnover, thousand rubles 2706 528 283 624
TpaHsakumi, wr. / Transactions, pcs. 11791 262

M cTo4HuMK: BoinonHeHo A.A. MNaHauyeBbiM / So ur ¢ e: by A.A. Panachev.

Kak Obl10 OoTMeueHO paHee, ceTeBoil 3(-
(eKT — 3TO HEeaJAUTUBHBINA MPHUPOCT CTPYKTYp-
HBIX ¥ ()YHKIMOHAIBHBIX MTOKa3aTeNIe Py yBeIH-
YeHUHU KOJIMYeCcTBa areHToB. [ pacuera rnokasa-
Tenei cereBoro 3¢ ¢dekra Obuta BRIOpaHa camas
KpyIHas cuctema u3 47 areHToB, B KOTOPOW aBTO-
pamMu BbIJIETIEHO s1po U3 14 areHToB (puc. 4) 1 cMo-
JIETUPOBAHO MOIIIArOBOE yBEIUYEHUE KOITMYECTBA
areHTOB JI0 MTPEKHETO COCTOSHHS.

Pacuer cereBoro s¢dekra mpousBoguICs 1O
YETHIPEM TOYKaM: Ha4allbHOW — 14 areHTos;
JBYM MPOMEXKYTOUHBIM — 26 1 31; KoHEU-
HOM —47.

Puc. 4. CtapToBO€ 1 KOHEYHOE COCTOsIHNE
OpPraHn3aLMOHHO-3aMKHYTON 9KOHOMUYECKOW
CUCTEMbI N3 47 areHToB
M ¢ T0o4HMKK: BoinonHeHO A.A. NaHayeBbIM.

Figure 4. The initial and final stateof an organisationally
closed economic system consisting of 47 agents
Source: byAA. Panachev.

Jnis ananuza cTpykTypHOro agdexra Opaauch
peaspHbIe JTaHHBIE U3 CUCTEMBI — PaCCUUTHIBA-
JIOCh KOJIMYECTBO CBA3EH HA KaXKJIOM M3 UYEThIpEX
mwaroB. OyHKIMOHATIBHBIN acleKT, NpecTaBIeH-
HBII Yyepe3 BHYTPEHHUI cOaaHCHpPOBAaHHBIN 000-
pOT, cuuTajics MO CIOKHOW METOIUKE, NOAPOOHO
n3noxeHHoi B [20]. ToroBeie pacueTHble IOKa-
3aTeNy MPUBEACHBI Ha PHC. 5.

I'paduk HAIATHO WILTIOCTPUPYET HeaIUTHB-
HOE yBeJIMYeHHE 000uX IMoKa3areneil npu qo0as-
JICHUU ar€HTOB K CUCTEME, YTO CBUAETEIBCTBYET O
HAJIMYUU CETEBOTO (P PEeKTa KaK B CTPYKTYPHOM,
TaK ¥ (PyHKIIMOHAJILHOM aCIEeKTe.

20000 160
18000 140
16000
14000
12000 100

10000 80

wr. / pes.

8000 60

6000
40

Thlic., py6 / Thousand roubles

4000

2000 20

14 26 31 47

KosmmyecTBo arentos, mt. / Number of agents, pes
BuyTtpennuii coanancnpoBanHsii 06opot / Internal balanced turnover
Komuuectso csizeit / Number of connections

Puc. 5. PacueTHbie napameTphbl 415 aHanmM3a ceTeBoro agpdexra
M ¢ T0o4HwMK: BbINOAHEHO A.A. MNaHa4veBbIM.

Figure 5. Calculated parametres for network effect analysis
Source:byA.A. Panachev.
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3. Ouckyccusa

TexHonorus, npeacTaBieHHas B cTaTbe, cho-
KyCHUpOBaHa Ha MCCIJIEJJOBAaHUU OPraHU3aI[MOHHO-
3aMKHYTBIX 5KOHOMUYECKUX CUCTEM Yepe3 aHalln3
0aHKOBCKUX TpaH3aKUui. YIOp clenaH Ha pelie-
HUU 33J]a4¥ Yepe3 aropuTMbl U IPOrpaMMHUpOBa-
HUE.

Jns yrmyOneHust pe3ynbTaroB 10 UCCIeye-
MOl TeMe MOKHO BBIJICIUTD JBa MEPCIEKTUBHBIX
HaIpaBJICHUS: TaHHbIE U aJITOPUTMBI.

B uccnenoBanuu paccMOTPEHBI TOIBKO (PH-
HAHCOBBIE MOTOKHU MEXKTy FOpUAMYECKUMHU JIUIIAMH,
HO B PEaJIbHOM YKOHOMUKE B LIETIOYKE YYACTBYIOT
emie U gusnveckue auna. JlonoJTHUTETbHBIM ac-
MEKTOM sIBIIeTCs TTyOnHa naHHBIX. BeiOopka uc-
cienoBaHus — | Mecsll, 4To JeaeT ee J0CTaTou-
HOM JUIs pelIeHus 3a/1auu, HO BaXKHO HCCIIEI0BaTh
M3MEHEHUE METPHK B JUHAMHUKE, a TAKXKe BIUSHHIE
(hakTOopa CE30HHOCTH.

B peanbHOIi 5KOHOMUKE MPEeINpUITHS 00OMe-
HUBAIOTCS CIIEAYIOLIMMH BUJIaMU PECYpPCOB: SHEP-
TeTUYECKUMH, MaTepuaIbHbIMU, (PUHAHCOBBIMU;
MH(OPMAIIMOHHBIMU; TpyAoBbIMU. [IpencraBien-
HBI aJropuT™M MO3BOJSET 00pabaThiBaTh TOJIBKO
(uHAHCOBBIE MOTOKHU (TPaH3aKIUH), YTO JIEIaeT
MEPCIEKTUBHBIM HCCIEIOBAaHUE U JPYTHX THUIIOB
pecypcoB.

3aknio4yeHve

B pamkax nanHO# paboThl chopMynupoBaHa
TEXHOJIOTUS UICHTU()UKAIIIY U yIIpaBICHUs Opra-
HU3aLUOHHO-3aMKHYTHIMH SKOHOMHYECKHUMHU CH-
CTEeMaMH C UCIIOJIb30BaHHEM CeTeBOro 3ddexra,
Ipe/ICTaBlIeHHAst Yepe3 UK YIPABICHUS U3 de-
ThIpEX IIAroB: cOOp MaHHBIX, UACHTH(QUKAIUSA,
reHepalus ajJbTePHATHUB U MPUHATUE PEIICHHIA.

Ha xaxmom 3Tare npeacTaBlieHbl aBTOPCKHE
HapaOOTKH, KOTOPBIE BITOCICIACTBUH OBLITH IPUME-
HEHBI Ha PEabHBIX JAHHBIX O TPAH3aKIHIX, B3s-
TBIX U3 OTJIeNICHNI 0aHKa MyHHIUITaJIBHOTO 00pa-
30BaHMA.

B pesynbrare ¢ MoMOIIBI0 aBTOPCKOTO aJIro-
pHUTMa, HalMCAHHOTO Ha si3bike Python, ObuTN Hall-
JieHbI 18 opraHu3aloOHHO-3aMKHYTBIX HKOHOMHU-
YECKUX CHCTEM.
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Taxxe OBUIO TPOAHATM3HPOBAHO HAIUIHE
ceTeBoro 3(¢exra Mo AByM aclieKTam Ha KpyIHei-
meil cucreme U3 47 areHTOB U JJOKa3aHa Heaau-
TUBHOCTb U3MEHEHUS IMOKa3aTelel IpH yBennye-
HHU KOJTMYECTBA areHTOB, YTO MOATBEPIKAACT HAITH-
que ceTeBoro A dekra.
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HcTopust cratbu

[Hoctymuna B penakuuto: 14 aBrycra 2025 r.
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IMpunsra x my6nukanuu: 12 HosOps 2025 .

3asiBiieHHe 0 KOH(JIUKTE HHTEPECOB

ABTODBI 3a5BJISIIOT 00 OTCYTCTBUH
KOH(IUKTa UHTEPECOB.

AnHoTtanus. [IpyuMeHeHre 3BOMIOLNOHHO-TEeHETHUECKUX MeTo10B Al 1, B yacT-
HOCTH I'€HETHUYECKHUX alropurMoB — genetic algorithms (GA), obecneunuBaer
IIOCTPOEHUE JTOCTATOYHO YHUBEPCAIBHBIX CUCTEM ONTHMHU3ALUH C PA3TMYHBIMHU
apXUTEKTypaMH B Makporapamerpamu. VccienoBaHus cTpyKTyp, apaMeTpoB
U pe3ynsraroB GyHKuoHupoBanus GA, IpOBEACHHBIE HA OCHOBE CHCTEMHOTO
HOIIXO/1a, TO3BOIHIIN 0000mNTh TeHaAeHIMY Monudukanun GA, BIMSHUS CTPYK-
Typbl ¥ TapameTpoB GA Ha BpeMsl 1 TOYHOCTb ONTUMHU3AIUHU QYHKIIUY IPUCTIO-
COOIEHHOCTH IIPOBEAEHBI Ha TeCTOBOM 3afaue OneMax ¢ OUHAapHBIM KOIUPOBa-
HHUEM XpOMOCOMBIL. IIpoBeJeHHbIE YUCIEHHBIE HCCIIEOBAaHUS PELICHHS 3aa4U
9BOJIOIMOHHO-TEHETHYECKON ONTHMHU3aIHs MMOKa3aId MPUMEHUMOCTh HEUYeT-
KOTO KOHTpOJIIepa Il moBbImeHus ddpdexkruBHOCTH GA. UNCIEHHBIMHU dKCIIe-
PUMEHTaMHU TIOKa3aHo, YTO Cpe/iHee 3HaueHHue putHec-QyHKINU OBICTPO pacTéT
B Hayaje IIpolecca ONTUMHU3AIMHU O1arofaps BHICOKOMY 3HAUEHUIO HAuaJIbHOM
BEPOSATHOCTH Pc, NPUHUMAEMOH Il TEHETHYECKOTO OIepaTopa CKPEIBaHMUS.
Yepes 20...50 snox npouecc crabunusupyercs. Hederkas agantanus napamer-
POB reHETHYECKHX ONEPATOPOB AEIaeT anropuTM 0osee poOaCTHBIM IO CpaBHe-
HUIO ¢ HPUKCUPOBaHHBIMU mapamerpamu. CHopMyTHpOBaHEl PEKOMEHIAINH 110
BBIOOPY MakpornapamMeTpoB U 000CHOBaHHMIO BhIOOpa BapHAHThI MOAU(DUKAIIMN
QITOPUTMOB 7151 KOHKPETHBIX TPEAMETHBIX 00JIACTeH, BKIIIOYasl pacupeesieHue
OIPaHUYEHHBIX BOIHBIX PECYPCOB.

KiroueBble cjioBa: onTuMu3aiys, MOIU(UKAINSA AITOPUTMOB, aJaNTHBHEBIC
napaMeTpsl, QYHKINS MIPUHAIISKHOCTH, HEYETKUH BBIBOJ, HEYETKUI KOHTPOJI-
Jep, paclpeneneHle BOIHBIX PECypCOB

Bkaan aBTopos

Pocauee /].A. — xoHUEeNIMS U AW3alH UCCIIEIOBaHUsI, pa3paboTka mporpaMmsl st 9BM, Hanncanue Tekcta; Pocaues A.D. —
cOop MaTepHuanoB, TECTUPOBAHUE AITOPUTMA U MPOTPaMMBI; aHAIN3 PE3yJIbTaTOB, HAIMCAaHUE TEKCTa. Bce aBTOpPEI 03HAKOM-
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Introduction

analytical methods of mathematical optimization,
when applied to water resource allocation problems

The application of evolutionary and genetic
artificial intelligence methods, particularly genetic
algorithms (GAs), makes it possible to develop
versatile optimization systems with diverse archi-
tectures.

One example is hydromelioration under con-
ditions of limited irrigation water supply. Classical
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with a nonlinear objective function [1], do not
always yield optimal solutions [2; 3]. Owing to
numerous technological and environmental con-
straints, the optimization of water distribution
requires nonlinear approaches, including artificial
intelligence techniques and evolutionary genetic
programming.
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Genetic algorithms (GAs) are stochastic
methods of global heuristic optimization inspired
by the principles of natural evolution [4—7]. In con-
ventional GAs, key parameters such as crossover
probability (Pc) and mutation probability (Pm)
are typically fixed throughout the search process.
In contrast, adaptive GAs adjust these parameters
dynamically in response to the state of the popu-
lation (for example, its diversity or the fitness of
individuals) in order to prevent premature conver-
gence or stagnation. In this context, adaptive
strategies that enable both structural and parametric
modification of the GA during its operation have
proven effective in solving optimization problems
[9-13].

Numerous studies have examined methods for
modifying genetic algorithms, focusing on several
principal approaches: problem-oriented adaptation,
procedure-oriented adaptation [14; 15], and the
use of fuzzy controllers, including hardware imple-
mentations.

The problem-oriented approach involves
adapting the fundamental components of the GA,
such as designing the chromosome representation
and selecting appropriate selection mechanisms,
while accounting for the specific characteristics of
the optimization problem.

Procedure-oriented adaptation involves modi-
fying the GA architecture and its parameters during
the optimization process, including their initial
settings. This approach encompasses the use of
adaptive fitness functions [18], dynamic adjustment
of crossover probability (Pc) and mutation proba-
bility (Pm) [19; 20], as well as expansion of the
solution search space [7]. In particular, [7] proposes
an approach in which the values of Pc and Pm
are varied according to the fitness of the current
individuals. Noteworthy results have also been
reported for hybrid parallel GAs [22] and Al-based
GAs applied to time series forecasting [23].

Adaptive strategies employ feedback during
the evolutionary modeling process to regulate para-

meter adjustments. An example from evolutionary
strategies is the well-known Rechenberg rule, which
is used to control the mutation rate. According to
this rule, if the proportion of successful mutations
exceeds a specified threshold (e.g., 0.2), the mu-
tation rate should be increased; otherwise, it should
be decreased.

One of the classical approaches to parameter
adaptation, proposed in [6], is based on analyzing
the dynamics of the fitness function. Other methods
rely on measures such as population entropy or
fuzzy logic; however, these approaches are generally
more complex to implement.

Several algorithms for the adaptive modi-
fication of crossover and mutation parameters in
genetic algorithms have been implemented in
hardware, as reflected in, for example, US Patent
US-4593367-A'" and US Patent 6553357-B22.

A key challenge lies in selecting parameter
values for problem-oriented GAs that ensure
effective optimization with respect to both accuracy
and computational efficiency. Because GAs are
inherently dynamic and adaptive, the use of fixed
parameter values contradicts the principle of evo-
lutionary variability. This consideration motivates
a natural evolutionary approach based on the
adaptation of GA components during execution.
Such an approach may incorporate feedback on the
current state of the search process, predefined rules
for dynamic parameter adjustment, and mechanisms
for algorithm self-adaptation.

References [14; 16] outline the principal ap-
proaches to adaptation aimed at systematically
improving GA performance, including deterministic
adaptation, adaptive control, self-adaptation, and
the use of fuzzy controllers.

Nevertheless, the selection of appropriate me-
thods for modifying GA architecture and adjusting
its parameters remains an open issue and requires
further investigation, which constitutes the focus
of this study.

" Guha A., Harp S.A., Samad T. Genetic algorithm synthesis of neural networks. Patent US-4593367-A, United States,
1989. URL.: https://patents.google.com/patent/US5140530A/en (nata obpamenus: 20.11.2025).

2 Mathias K.E., Eshelman L.J., David J.D. Method for improving neural network architectures using evolutionary
algorithms. Patent US-6553357-B2, United States, 2003. Available from: https://patents.google.com/patent/US5140530A/en

(accessed: 20.11.2025).
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1. Methods and Materials

The objective of this study is to substantiate a
fuzzy-based approach to modifying GA parameters
as a direction of combinatorial artificial intelligence,
to implement it in software, and to evaluate its
effectiveness using a test function.

The influence of the main GA parameters on
accuracy and computational performance was ana-
lyzed using the well-known OneMax test problem,
for which the fitness function is defined as [5], and
whose global maximum is known a priori:

N-1
/= indiv[i], (1)
i=0

where i denotes the gene index in the chromosome
and N represents the total number of genes.

The genetic selection operator was implemented
using the tournament selection method with a para-
meter of n = 3, within the recommended tourna-
ment size range of 2—4. To ensure comparability of
results, the number of epochs was fixed at n = 50
across all experiments.

The crossover probability was adjusted
according to individual fitness: it decreased for
highly fit individuals in order to preserve high-
quality solutions and increased for less fit indivi-
duals to promote greater search diversity.

The crossover probability parameter is
adapted according to the fitness values of the
parent individuals:

kl (fmax __f,)
(frnax _f)

k,, otherwise

PC: if f'>J7> (2)

where f denotes the average fitness value of the

population.
A similar dependence was used to modify the
mutation probability P, but for a single individual:

k3 M if f 2 f\avg °
Pm = fmax - f\avg (3)
k4 lf f < f\avg .

Mutation intensity is increased for individuals
whose fitness falls below the population average in
order to introduce greater variation and reduce the
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risk of convergence to local optima. These update
rules are applied iteratively: at each generation,

Srax  and Jave are computed, after which the

crossover and mutation parameters are adjusted
for the corresponding operators. If the conver-
gence condition is satisfied ( f,.x = flue )» bOth

parameters P. and P, are set to their maximum

values to restore population diversity.

In this study, the population size (N) was
selected within the range of 40—-100 individuals
and remained fixed, although dynamic adjustment
is possible. Smaller populations (20—50 individuals)
are typically employed to accelerate computation,
whereas larger populations (50-100 individuals)
are preferable for high-dimensional problems in
order to preserve diversity.

The number of epochs (generations) was
selected in the range up to 500 depending on the
stopping criterion, for example, no improvement
in 50 generations.

A random uniform population was used for
initialisation.

The study of adaptive GA modification
methods was carried out in Python without using
a specialised library, such as DEAP, to ensure the
reproducibility of the results.

2. Results

Below are the specific features of GA that
were investigated and tested on the OneMax test
task, including changes in structure and parameters
using fuzzy controllers.

2. 1. Analysis of the Influence
of Genetic Algorithm Structure

The plan for the numerical experiments based
on the OneMax test problem comprised the following
stages:

® evaluation of the effectiveness of the genetic
mutation operator and analysis of the influence of
the mutation probability (Pm);

m execution of a baseline genetic selection
procedure without crossover or mutation;

® assessment of the impact of introducing the
crossover operator without mutation;

® implementation and analysis of the classical
version of the algorithm.
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During the basic numerical experiments, the
following values of the basic GA parameters were
taken:

® GA constants: population.size = 200;

p_crossover = 0.9; p_mutation = 0.1;
max_generations = 50;

B 3 constant representing the length of the bit
string to be optimized, one nax_length = 70...100.

The modified program code was designed to
record the set of fitness values for all individuals
at each epoch, along with the corresponding average
and maximum fitness values.

10 110

The results of the analysis of the GA confi-
guration incorporating only the mutation operator
(i.e., random search without crossover), examined
as a function of the mutation probability parameter,
are presented in Figure 1.

The maximum value attained was Ymax = 90+,
accompanied by a substantial increase in the
dispersion among individuals; however, the global
optimum was not reached under this configuration.
The graphical analysis of the search dynamics pre-
sented in Figure 1 further indicates that the selected
number of epochs (50) was insufficient.

100

90

604y

50

40

110

100

80

70

60

50

a

40

Figure 1. The results of the genetic search depending on the value of the probability
of mutation of the genetic algorithm (random search without crossing):
a—~P,=01;b—FP,=0.5;c— P,=0.9
Source:byD.A. Rogachev.
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b — using the operator of ‘pure’ mutation (random search without crossing), ¢ —the combined use of 3 genetic operators

o 25 50 75 100 125 150 175 200 o 25 50 75 100 125 150

a b c

Figure 2. The results of the genetic search for the maximum at the number of epochs 7= 50:
a— using only the operator of ‘pure’ selection without crossing and mutation;

Source:byD.A. Rogachev.

The performance of the algorithm using only
the ‘pure’ selection operator, without crossover or
mutation, over 50 epochs is illustrated in Figure 2, a.

When only the genetic operator of ‘pure’
selection without crossover and mutation was
applied, the highest value achieved was Ymax = 61,

and the maximum search problem was not solved
in this variant.

The effectiveness of using the genetic operator
of ‘pure’ mutation (random search without cross-
over) is shown in Figure 2, 5. The maximum value
achieved was Ymax= 82, but the solution to the
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maximum search problem was also not achieved in
this variant.

The effectiveness of the combined application
of all three genetic operators is shown in Figure 2, c.
The maximum value achieved was Ymax= 100,

110 110

which corresponds to the achievement of the solution
to the test problem of finding the maximum.

A visual sequence of the phases of solving the
OneMax problem using a classical GA with three
genetic operators is shown in Figure 3.

100 100
20 %
80 80
70 70
60 ER 60

50

110

100

90

)

a0 = 40
0 25 50 75 100 125 150 175 200 O = =2 v

J\\)

100 125 150 175 200 0 25 50 75 100 125 150 175 200

c

Figure 3. Phases of solving the maximum search for different values of the number of epochs:
a—n=5;b—n=25;c—n=50
Source:byD.A. Rogachev.

It should be noted that the selected number of
epochs was sufficient to obtain a satisfactory
solution to the OneMax test problem.

The results of the numerical experiments
indicate that the combined use of all principal GA
operators (selection, crossover, and mutation) is
advisable. The following subsections examine
various approaches to modifying GA parameters
in order to enhance algorithmic efficiency and
stability.

2.2. Adaptation of Population Size

The study hypothesized, and numerical expe-
riments were conducted to verify, that varying
the population size during GA execution would
influence its performance.

Reference [19] describes a “sawtooth” GA
in which changes in population size are combined
with periodic reinitialization, thereby enhancing
algorithmic efficiency. In this approach, the popu-
lation size is defined by a function, for example,
relationship (4), parameterized by D and T.

t—1

ﬁ+D—2D(t_TW(Tj_1] > (4

n(t)= int =
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where D denotes the maximum population size
(in individuals), and 7 represents the reinitialization
period, expressed in epochs.

According to equation (4), the population size
varies over time in a ‘sawtooth’ pattern, providing
a compromise between expansion of the search
space and computational efficiency.

A hardware implementation of adaptive GA
modification is also feasible, as described, for ex-
ample, in Russian Patent No. 2602973 [25]. To
enhance performance, the controller incorporates
a genetic algorithm parameter optimization unit
with three outputs corresponding to the selection,
crossover, and mutation operators, as well as an
iteration counter.

2.3. Adjustment of Crossover and Mutation
Parameters Using a Fuzzy Controller

Fuzzy logic controllers (FLCs) provide an ef-
fective mechanism for dynamically adjusting GA
parameters, such as crossover and mutation proba-
bilities. Based on L. Zadeh’s theory of fuzzy logic,
they enable the representation of uncertainty and
qualitative knowledge (e.g., “population diversity
is low”) through linguistic variables and rule-
based inference. This capability is particularly
valuable in genetic algorithms, where fixed para-
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meter settings may lead to premature convergence
or stagnation. By adapting parameters in response
to the current state of the population, such as
diversity levels or changes in fitness, FLCs help
balance exploration and exploitation.

In GAs, the application of an FLC typically
follows a structured procedure: at each generation
(or after a predefined number of generations), the
controller evaluates relevant population metrics,
applies a set of fuzzy rules, and determines para-
meter adjustments accordingly. This adaptive me-
chanism enhances GA performance, particularly in
complex optimization problems involving multi-
modal objective functions. In the literature, this
approach is commonly referred to as a fuzzy
adaptive genetic algorithm (FAGA).

The FLC application procedure comprises six
stages.

1. Identification of input variables, including
metrics that characterize the state of the GA.

Typical inputs include:

® population diversity, measured either geno-
typically (e.g., Euclidean distance between chromo-
somes, ED) or phenotypically (e.g., PDMI = JSiax ,

favg
where fmax and favg denote the maximum and
average values of the fitness function (FF),
respectively);

® change in the fitness function (Af), for
example, defined as

Af=(favg' - favg'") / favg"", 5

where ¢ represents the current generation.

Additional metrics may include VAC (variance
of allele distribution within chromosomes) and
AVA (average variance of allele distribution).

Input variables are typically normalized to the
range [0, 1].

2. The fuzzification stage involves defining
fuzzy sets through membership functions (MFs)
for each input variable. Triangular or trapezoidal
membership functions are most commonly em-
ployed. For example, population diversity may be
described using the linguistic terms ‘Low’ (0-0.4),
‘Medium’ (0.3—0.7), and ‘High’ (0.6—1.0). Mathe-
matically, the membership degree p(x) for a

triangular MF with center ¢ and width w can be
expressed as

u(x) = max(0.1 — |x — c|/w). (6)

3. Rule base: A set of “if — then” rules is
constructed on the basis of expert knowledge,
linking input variables to output parameters. For
example: ‘If diversity is Low and Af’is Small, then
significantly increase Pm’ (to enhance diversity).
The rule set may be defined using expert judgment
or optimized, for instance, by means of another GA.

4. Inference: Mamdani or Sugeno inference
schemes are typically employed to aggregate the
rules. For each rule, the activation degree is computed
(e.g., as the minimum of the corresponding member-
ship function values p(x), after which the rule
outputs are combined.

5. Defuzzification: The fuzzy inference results
are converted into crisp parameter values. A com-
monly used method is the centroid (center-of-
gravity) approach.

=2 (W) YW, (7)

where y: are the centres of the output MF.
New parameters:

Pcnew = PCOId AP, (8)
or
PV = PCOId + AP, (9)

with constraints (e.g., Pc € [0.5, 0.9]).

6. Integration into the GA: The FLC is invoked
periodically, for example, every k generations.
The recommended initial parameter settings are
Pc=0.6 - 0,8 and P»~0.01, depending on the type
of fitness function.

2.4. Numerical Study of Crossover
and Mutation Probability Adjustment
Using a Fuzzy Logic Controller

The following input variables were used:

= Diversity (PDM1 = fmax/favg), normalized
from the interval [1, 2] to [0, 1]);

® Af'(change in average fitness, normalized
within the range [—1, 1])
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Triangular membership functions were defined
with the following parameters:

® for diversity: Low (center 0.2), Medium
(0.5), High (0.8).

® for Afi Negative (center —0.5), Zero (0),
Positive (0.5).

® for AP, APn: Small (0.7), Medium (1.0),
Big (1.3).

The fuzzy inference rule base comprised a
complete set of nine if—then rules corresponding to

the two inputs (3%3 combinations). The rule set,
implemented as a dictionary in the Python language,
is presented in Figure 4.

The expert rule base designed to maintain
the exploration/exploitation balance is structured
with keys defined as pairs (Diversity Label,
Delta f Label) and corresponding output values
(Small, Medium, Large) specified in the dictionaries
for 'delta_pc'u 'delta pm'.

//;;les = {

N

('low', 'negative'): {'delta pc': 'small', 'delta pm': 'big'},
(‘low', 'zero'): {'delta pc': 'medium', 'delta pm': 'big'},

('low', 'positive'): {'delta pc': 'big', 'delta pm': 'medium'},
('medium', 'negative'): {'delta pc': 'small', 'delta pm': 'medium'},
('medium', 'zero'): {'delta pc': 'medium', 'delta pm': 'medium'},
(‘medium', 'positive'): {'delta pc': 'big', 'delta pm': 'small'},
('high', 'negative'): {'delta pc': 'small', 'delta pm': 'small'},
(*high', 'zero'): {'delta pc': 'medium', 'delta pm': 'small'},
('high', 'positive'): {'delta pc': 'big', 'delta pm': 'small'},

~

/

Figure 4. A fragment of the Database of expert rules in the code of the GA program
Source:byD.A. Rogachev.

2.5. Python Code for a Fuzzy Adaptive
Genetic Algorithm

As an illustration, consider the implementation
of'a simple genetic algorithm incorporating a fuzzy
controller to adapt the parameters P. (crossover
probability) and P, (mutation probability). The
NumPy library was used for array operations,
while Matplotlib was employed for visualization
of the fitness function dynamics. Fuzzy logic was
implemented using triangular membership functions,
and inference was performed according to the
Mamdani method without relying on external fuzzy
logic libraries.

The OneMax problem was addressed, involv-
ing maximization of the sum of bits in a binary
chromosome of length 20 or 40. The population
consisted of 50 individuals and was evolved over
50 generations. Parameter adaptation was based on
diversity metrics and the change in the average fit-
ness value.

Code fragments illustrating the single-point
crossover and mutation procedures are presented
in Figure 5.
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Simple membership functions p(x) in [0, 1]
of triangular shape with vertices a, b, c are defined
by the following fragment (Figure 6).

The fuzzyfying function for the diversity
value breaks it down into linguistic variables low,
medium, and high. It takes the normalised value of
diversity div in the range [0,1] as input and returns
a dictionary with linguistic degrees of member-
ship. Similarly, for delta, it takes as input a change
delta normalised in the range [-1, 1] (Figure 7).

The output values are defined as follows:
small = 0.7 (decrease), medium = 1.0 (no change),
and big = 1.3 (increase). These coefficients serve
as multipliers for P. and P» and are specified in the
code as

output_values = {“small”: 0.7,

“medium”: 1.0, “big”: 1.3}.

Inference and defuzzification are implemented
using the Mamdani method, which approximates
the centroid of the aggregated output. The rules are
combined using minimum activation, and the final
crisp value is obtained as a weighted average
(Figure 8).
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///;;f crossover (parentl, parent2, pc): ‘\\\\

if np.random.rand() < pc:
point = np.random.randint (1, len(parentl) - 1)
childl np.concatenate ( (parentl[:point], parent2 [point:]))
child2 np.concatenate ( (parent2 [:point], parentl [point:]))
return childl, child2
return parentl, parent2
# Mutation function: flip bit with probability pm.
# Inverts the bit (0->1 or 1->0) for each gene independently.
def mutation (individual, pm) :
for 1 in range(len(individual)) :
if np.random.rand() < pm:

individual [i] = 1 - individual [i]
\\\ifturn individual )////

Figure 5. Code snippets for single-point crossing and mutation functions
Source:byD.A. Rogachev.

def triangular mf(x, a, b, c):
if x <= a or x >= cC:
return 0.0
elif a < x <= Db:
return (x - a) / (b - a)
else:
return (¢ - x) / (c - b)

Figure 6. Code snippets for calculating membership functions
Source:byD.A. Rogachev.

//;;f fuzzify diversity(div) : *\\\

low = triangular mf (div, 0, 0.2, 0.4)
medium = triangular mf (div, 0.3, 0.5, 0.7)
high = triangular mf (div, 0.6, 0.8, 1.0)

return {'low': low, 'medium': medium, 'high': high}
# Fuzzification: for delta f (fitness function changes) .
def fuzzify delta f(delta):
negative = triangular mf (delta, -1, -0.5, 0)
zero = triangular mf (delta, -0.2, 0, 0.2)
positive = triangular mf (delta, 0, 0.5, 1)
\\\\ return {'negative': negative, 'zero': zero, 'positive': positive} ////

Figure 7. Code snippets for fuzzification
Source:byD.A Rogachev.

///;;f fuzzy inference (div_ fuzzy, delta fuzzy): \\\\

delta pc num, delta pc den = 0, O
delta pm num, delta pm den = 0, O
for (div_1, delta_1l), outputs in rules.items() :

activation = min(div_fuzzy.get(div_1, 0), delta fuzzy.get(delta 1, 0))
if activation > 0:
delta pc num += activation * output values [outputs['delta pc']]
delta pc_den += activation
delta pm num += activation * output values[outputs['delta pm']]
delta pm den += activation
delta pc = delta pc num / delta pc den if delta pc den > 0 else 1.0
delta pm = delta pm num / delta pm den if delta pm den > 0 else 1.0

\\\i?turn delta_pc, delta_pm

Figure 8. A fragment of the defuzzification code
Source: byD.A. Rogachev.
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This function takes as input the membership
dictionaries of the variables div_fuzzy and
delta_fuzzy and returns delta pc and delta pm as
output multipliers.

In the program code, the linguistic output
values are generated according to the rule base (see
Figure 4). For example, if the first input variable is
assigned the linguistic value ‘small’ and the second
input has the linguistic value ‘negative’, then the
parameter ‘delta Pc’ is assigned the linguistic
value ‘small’, while ‘delta Pm’ is assigned the
value “high.”

70 A

45 4

40 1

—— Best Fitness
351 | —— Avg Fitness

0 50 100 150 200 250
Generation

a

The main GA loop with fuzzy adaptation ac-
cepts the chromosome length (chrom_length = 70),
population size (pop_size), and number of genera-
tions (7'= 150) as input parameters and implements
all genetic operators. The population is initialized
with random binary vectors.

Typical GA performance results for different
population sizes are presented in Figure 9. The
output is defined as the best fitness value obtained
in the final generation, and the evolution of both
the best individual fitness and the population
average fitness is illustrated graphically.

70 1 —— Best Fitness
—— Avg Fitness

T T T T T T T T
0 20 40 60 80 100 120 140
Generation

b

Figure 9. Results of the GA operation with a fuzzy controller:
a — chrom_length =70, pop_size = 70; b — chrom_length = 70, pop_size = 90
Source: byD.A. Rogachev.

As shown in Figure 9, the algorithm success-
fully converges to the global optimum of the
OneMax problem, where the fitness value equals
70 when all bits are set to 1. Although such conver-
gence is expected for a relatively simple problem
with a chromosome length of 70 over 150 genera-
tions, the fuzzy controller enables adaptive adjust-
ment of parameters, particularly in situations of low
diversity when the population begins to converge.
In such cases, the controller increases Pm to
introduce additional randomness. When the fitness
function improves, it increases P. to enhance
exploitation. On average, convergence occurs
within 80 to 100 generations based on typical runs,
although the results may vary due to the stochastic
nature of the initialization process.
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When the algorithm is executed multiple
times, the average fitness value increases rapidly
at the initial stage, primarily due to the relatively
high initial value of P., and subsequently stabilizes.
Fuzzy adaptation improves the robustness of the
GA compared to implementations with fixed para-
meter settings.

The adaptation mechanism can be imple-
mented in the form of a fuzzy logic ‘controller’ that
realizes a system of fuzzy production rules through
software or hardware solutions.

Conclusion

A systematic analysis of GA structures, para-
meters, and performance outcomes has made it
possible to generalize key directions for GA
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modification. An investigation of the influence of
GA structure and parameter settings on the time
and accuracy of fitness function optimization,
conducted using the OneMax problem with binary
chromosome encoding, enabled the formulation
of recommendations for selecting macroparameters
and for substantiating algorithm modification
strategies in specific application domains, including
the allocation of limited water resources in arid
conditions. The solution of the evolutionary genetic
optimization problem confirmed the applicability
of a fuzzy controller within the GA framework.
Numerical experiments demonstrated that the
average fitness value increases rapidly at the initial
stage of the optimization process due to the
relatively high initial crossover probability (P _c),
after which it stabilizes. Fuzzy adaptation enhances
the robustness of the GA compared with fixed
parameter settings.
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ABTOMAaTM3auUns MH)XXEHEPHbIX pac4eToB B CUCTEME
MHPOPMALMOHHO-aHANINTUYECKOW NOArOTOBKU CNEeLuasncToB
TexHocdpepHou 6e30nacHOCTHn

E.H. Tpopumen™™, T.A. Ceaemenepa

Cankr-IletepOypreckuii yausepcutet ['ocynapcTBeHHO# mpoTuBonoxapHoi ciyx0s1 MUC Poccun,
Canxm-Ilemep6ype, Poccuiickas ®edepayus
4 ezemifort@inbox.ru

Hcropus ctatbn AHHOTanus. PaccMOTpeHB! BOPOCH aBTOMAaTH3alui HHXKEHEPHBIX PacyeTOB
B cHcTeMe HH()OPMAIIOHHO-aHATUTHIECKOH MTOATOTOBKU CIIEIIHAIUCTOB TEX-
HocdepHoii Oe3onacHocTH. Vcronb30BaH ONTUMHU3ALUOHHBIN MeTo audde-
PCHIMATBHOTO MCYMCICHHS B WHXKCHEPHBIX pacueTax MpH PEHICHHH 3aJadu
OTIEPATUBHOM JTMKBUAAIMY MOCIEICTBUI aBapUITHON CHTYalllH, TOUCKA MPO-
MaBIIMX 0€3 BECTH WICHOB JKHUMAXa CYJHA B YCIOBHAX YXYILICHUS BHIHAMO-
ctu. [IprBeieHa aBTOMaTU3aLus HH)KEHEPHBIX pacueToB cpeactBamu Mathcad
u Excel. [IpeacTapieHsl M OIKCAHBI OCIEA0BATEIbHBIE STAIbl HHKSHEPHBIX
pacyeToB B IIpOLIECCe PELICHU 3aadl TeXHOCHEepHO 0e30acHOCTH KIIacCH-
YeCKUM MeTOIOM An((epeHINaNIbHOT0 HCUUCIEHHS U IIPU HCIONb30BaHUU
Maremaruueckoro nakera Mathcad, TabnuuHoro npoueccopa Excel. ObocHo-
BaHa 3()(PEKTUBHOCTH BBIUMCIUTEIBHBIX PACYETOB B IIPOLIECCAaX OBICTPOTO pe-
arupoBaHUs U MIPUHATHS PEIICHUI MIPH YPE3BBIYANHBIX CUTYalUsIX. APryMeH-
THUPOBAHO TOBBIIIEHHE YPOBHS IMOATOTOBKU CHELIHANMCTOB TEXHOC(EpHOH
0€30MacHOCTH NMPH BHEAPESHUH MU(POBBIX TEXHOJOTHH B MH)XEHEPHBIE pac-
4eThl. OTIIMYUTENBHOM 0COOCHHOCTBIO IaHHON paboThI SBISIETCS PaccMOTpe-
HHE CMOJCITMPOBAHHON YPE3BbIYaliHOM CUTYyalld TEXHOTEHHOTO XapakTepa B
paMKax MPOBEICHUS MEKBEOMCTBEHHOTO OMBITHO-MCCIIECIOBATEILCKOTO yue-
Hust «be3omacHass ApkTHKa» B poccuiickoM ropoge MypmaHcke. ABTOpaMu
npeIokeHa HeoOX0JMMOCTh ABTOMATH3ALMK KOHTPOJISL Ype3BbIYaiiHOM CHUTY-
alliy TEXHOTEHHOTO XapaKTepa B PeXXHMe PeaJbHOTO BPEMEHHU 110 OITUMAIb-
HOH OCBeIIeHHOCTH obnacTh. [IpoBeneH aHamu3 neJarornyeckux MOAX0A0B U
ABTOPCKHUX METOAMK pelIeHHs MpodeCCHOHAIFHO OPUEHTHUPOBAHHBIX 3a7ad.
ITpensoskeH panoHAIBHEIIN ITOIXO0M K PACUETy OCBEIIEHHOCTH 00IaCcTH C IPH-
MEHEHHEM MPOU3BOAHON. OPUTHHATIBHOCTE pe3yJIbTaTa 3aKII04aeTCsl B METO-
JIMKE HaXOXJICHUSI ONTUMAaJbHOW BBICOTHI JJIsl OCBEIICHHOCTH O0OJIACTH upe3-
BBIYaHHOM CHUTyalluy, OCHOBaHHOW Ha Mud(depeHIINaIbHOM HCUUCICHUH U
CPaBHUTEIHHOM aHaNn3e IpaduKoB (yHKIHUH, IOIyYEHHBIX aBTOMAaTH3aIHeH
pacueTa AJsl IPUHATHUS OTIEPAaTUBHBIX Mep pearupoBaHusi. OCHOBHBIE PE3yilb-
TaThl MCCIIENOBAHUS IMO3BOJSIIOT MOBBICHUTH I(P(PEKTHBHOCTh CrACATEIbHON
OTIEpAIlMH B YCIOBUAX YXYIIICHUS BUUMOCTH.

IMoctynuna B pegakuuio: 12 oxrsadps 2025 .
Jopaborana: 14 nexadbps 2025 .
[punsra k myonukanmu: 20 nexadps 2025 r.

3asBiieHHe 0 KOH(PJIUKTE HHTEPecoB

ABTOpBI 3a5IBJISIFOT 00 OTCYTCTBHH
KOH(JIMKTa HHTEPECOB.

KaioueBble c10Ba: MaTeMaTHYeCKOE MOJCTMPOBAHUE, IIN(POBU3AIINS, OTITH-
MHU3aIus, ICTOYHUK CBETa, TipousBoaHas, Mathcad, Excel
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Abstract. This study examines the automation of engineering calculations within an
information and analytical training system for specialists in technosphere safety. It applies
an optimization approach based on differential calculus to address tasks related to the rapid
elimination of emergency consequences, including the search for missing vessel crew
members under conditions of reduced visibility. The study demonstrates how Mathcad and
Excel can be used to automate engineering calculations. It describes the sequential stages of
solving technosphere safety problems, integrating the classical methods of differential
calculus with their practical implementation in the Mathcad mathematical package and the
Excel spreadsheet environment. The findings confirm that automated computation enhances
the efficiency of rapid response and supports informed decision-making in emergency
situations. Furthermore, incorporating digital technologies into engineering calculations
contributes to improving the professional training of technosphere safety specialists.
A distinctive aspect of the study is the analysis of a simulated man-made emergency
conducted within the framework of the interdepartmental experimental and research exercise
“Safe Arctic” in Murmansk, Russia. The authors emphasize the importance of real-time
automation in managing technogenic emergencies, particularly through determining optimal
area illumination. The study also examines relevant pedagogical approaches and presents the
authors’ methods for solving professionally oriented tasks. A rational procedure for
calculating area illumination using derivatives is proposed. The originality of the research
lies in the methodology for determining the optimal height for illuminating an emergency
zone, which combines differential calculus with a comparative analysis of function graphs
generated through automated calculations. The results contribute to improving the
effectiveness of rescue operations in conditions of limited visibility.
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BBepeHue

Bbynymue cnenmanuctel 1mo TexHOchepHOUH
0€30I1aCHOCTH CTaJIKUBAIOTCS ¢ HEOOXOIUMOCTBIO
BBITIOJIHEHHUS CIIOKHBIX WH)KEHEPHBIX DPAacuyeToOB
JUISL OLICHKH PHUCKOB, TIPOCKTUPOBAHMUS 3AIIUTHBIX
CHCTEM, aHAJIN3a aBAPUWHBIX CUTYAIMH U IPYTHUX
3aga4. ABTOMaTH3allls 3THUX IPOLECCOB I103BO-
JISIET MOBBICUTH TOYHOCTh, CKOPOCTh U 3((EKTHUB-
HOCTB paloThI, @ TAKXKE CIIOCOOCTBYET OoJiee Kaye-
CTBEHHOM IOJTOTOBKE CIELHAIUCTOB TEXHOChEp-
HOIi 6e30macHOCTH. B COBpEMEHHBIX yCIOBHUSX aB-
TOMaTU3alsl WHXEHEPHBIX PacyeTOB CBs3aHA C
nrdpoBoi TpaHCchoOpMaNMel BBIYUCIATEITHHBIX
IPOLIECCOB, KOTOPBIE MIPAIOT KIIIOYEBYIO POJIb B
HOBBIIEHUH 3(P(HEKTUBHOCTH YIIPABIEHUS TEXHO-
cthepHoit 6e3omacHocThi0. L{udpoBbie TExHOIO-
THH TIO3BOJISIIOT HE TOJBKO YCKOPUThH PacyeTHBIC
MIPOIIECCHI, HO U IEPEBECTH BCIO CHCTEMY Oe3011ac-
HOCTH Ha HOBBIIl YPOBEHb aHAIN3a, IPOTHO3UPO-
BaHUS U IPUHSTHS PELICHUH.

[udpoBuszanus craga OJHUM M3 KIIOUEBBIX
TPEHIOB COBPEMEHHOTO 00pa3oBaTENLHOTO MPO-
CTpaHCTBa, OCOOCHHO B 00JAaCTH HHKCHEPHBIX
pacueToB. MaremaTnueckoe 00pa3oBaHUe, SBIISIO-
mieecs (pyHIaMEHTOM JUIs TOATOTOBKH HHKEHEPOB
TexHocdepHoi 0e30MacHOCTH, aKTUBHO UHTETPH-
pyeTcst ¢ nupoBBIMU TeXHOIOTUIMH. MeTtoznoso-
THYECKUE BOMPOCH! MU(PPOBU3AIMKA MaTeMaTHUe-
CKOro o0pa3oBaHus paccCMOTpeHHI B [1-7] ¢ ykiIo-
HOM Ha IIPAaKTUYECKHE 3a]1a4l KIACCHYECKOTO Xa-
paktepa 0e3 paccMoOTpeHHs MpodhecCHOHATEHO
OpPHEHTUPOBaHHBIX 3ana4. [{udposoii Tpancdop-
MaI[MH CUCTEMBI BBICIIETO 00pa30BaHuUs u UPPO-
BBIM TEXHOJIOTHSIM B YIIPaBJICHUN OOpa30BaHHEM
MOCBSIIEHBI paboThl [8—14], B KOTOPBIX paccMar-
PHUBAIOTCS COZIEPIKAHUE, METOBI M (POPMBI IUPPO-
BU3aIMK 00pa3oBaHus B o01eM Bujae. Konnenuuun
nu(POBU3AIMY HHKEHEPHOTO U MAaTEMaTH4eCKOTO
0o0pa3oBaHMsI PACKPBITHI B MEHBIICH CTEHCHH.
KittoueBbIMu KOMITIOHEHTaMH Tpoliecca nudpoBu-
3amuu 00pa3oBaHUS SBJISIOTCS WH(POPMAITMOHHBIC
TEXHOJIOTMH, MHTETPATUBHBIA M KOMIIETEHTOCT-
HBIN [TOJIXO/IbI, MCCIIeI0BATEIbCKAs IE€ATEIILHOCTh
CTYJICHTOB, KOTOPBIE TO3BOJISIOT IMOBBICUTH Kade-
CTBO O0yYeHHsI, clieJaTh ero 0ojee HHTEPAKTHB-
HBIM, JOCTYITHBIM U aJalITUBHBIM K IIOTPEOHOCTIM

oOyuaronuxcs. JlaHHbIe HANpaBIECHHUS OTPAKEHBI
B [14-23] ¢ aKkileHTOM Ha PEIICHUE KIACCHYECKUX
U TPAaKTUKO-OPUEHTUPOBAHHBIX 33/1a4. B nanHOM
WCCJIEZIOBAaHUU aBTOPHI CMeEIIaT (POKyC BHUMA-
HUS Ha MPO(ECCHOHATLHO OPHEHTHPOBAHHBIE 3a-
JIa4¥ C PACCMOTPEHHUEM PA3IUYHBIX PAKTUYECKUX
CUTyallud Ui HMHXEHEepoB TexHochepHoil 6e3-
OIIaCHOCTH H CIIacareieil.

Takue negarorndeckre Moaxo/bl MO3BOJISIOT
MOBBICUTH Ka4eCTBO 00yUYeHUS, CIIeNIaTh ero Ooee
MHTEPAKTUBHBIM, JOCTYIHBIM M aJalTHBHBIM K
MOTPeOHOCTSIM 00yYarOIIUXCS.

WnTerpanus mMareMaTukd ¥ aBTOMaTH3AIHH
pacyeToB, KaK eIUHOr0 MHCTPYMEHTAa MHXKEHepa,
CTaHOBUTCSI 0a30BOW COCTAaBISIOIIEH B CHUCTEME
WH(GOPMAIIMOHHO-aHATUTUYECKOW  TTOJTOTOBKU
CIEIMAIMCTOB TeXHOC(HEpHOH Oe30macHOCTH. AB-
TOPCKHE METOAMKH pa3pabOTKU M TMPHUMEHEHHS
KOMITBIOTEPHBIX MOJETECH s peleHus pas3ind-
HBIX 33/1a4 MaTeMaTHIeCKOro aHajIi3a U aHAJINTH-
YeCKOM TeoMeTpHuH paccMarpuBaioTcs B [24; 25].
[Torcky TBOpYECKHX MOIXOJOB K PEIICHUIO He-
CTaH/IaPTHBIX MaTeMaTHUECKHX 3a/1a4 TIOCBSIIIIEHBI
Hay4HbIe MOHOTpaduu [26; 27]. KoHnenrtyanbHbIe
Y SMIIMPUYECKHUE aCTEKThI Mpoliecca NOCTAHOBKU
MaTeMaTHYeCKUX 3a/1ad paccMoTpeHbl B [28]. Kon-
LENIUs aBTOPOB JJAHHOW paboThI CBsI3aHA C BHE-
pEeHHEeM aBTOMATU3UPOBAHHBIX PACYETOB IPHU IPO-
BEJICHUU CIIacaTeNIbHbIX ONEpaluii U paccMOTpe-
HUEM pa3IM4YHBIX CLIEHAPHEB ONEPAaTHBHOTO pea-
THPOBaHMUSL.

1. MeToAabl n NPUHLUMUINBI UCCIIeA0BaHUSA

[Ipu pemeHuyn MpakTUYECKHX 3a/1ad TEXHO-
chepHoit 6e30MacCHOCTH aHATUTHIYECKUMHU METO-
JlaMH O0TpalaThIBAIOTCSl YMEHUS IPUMEHATh (Hop-
MYJIbl, CBOMCTBa, TE€OPEMBbI, MpaBHia MPU BbI-
O0ope pamnuoHadbHBIX pemieHuid. B uccnemona-
HUU (OKYC BHUMaHUsS CMEIICH Ha WH)KECHEPHbBIE
pacueTsl C MCIOJIb30BaHUEM MaTEMaTH4YeCKOTrO
naketa Mathcad.

Paccmotpum 3amauy TexHocdepHoii 6e3omac-
HOCTU 110 ONEpaTUBHOW JIMKBUJALMU IOCIEN-
CTBHUI aBapuUHHON CHUTyalllH, MOMCKA MPONAaBLINX
0e3 BeCcTU 4ICHOB JKMIIaXa Cy/IHA, B YCJIOBHAX
YXYIIICHUS] BUIUMOCTH.
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ITocTtanoBka 3agaumn. Ypes3BrluaiiHas CU-
tyarus (UC) TeXHOreHHOTO Xapakrepa, cMojie-
JUpOBaHHAs B paMKaxX IPOBENCHHUS MEXKBEIOM-
CTBEHHOTO OIBITHO-HUCCIIEOBATENBCKOTO YUEHUS
«be3omnacHast ApkTuka», paccMarpuBaeTcs B poc-
cuiickoM roposie Mypmancke. ['opox pacronoxeH
3a CeBepHBIM MOJISIPHBIM KPYrOM Ha BOCTOYHOM
nobepexxbe Konbckoro 3anmBa bapenmesa mopst.
CmonenupoBannas UC npousonuia Ha Penepaib-
HOM TOCYAapCTBEHHOM YHHTApHOM MPEANPUITUN
(®T'VII) «Atomdrory», n3BecTHOM Kak PocaTtom-
ot (mpeanpusTHe MO 3KCIUTyaTallud U 00CiIy-
YKUBAHUIO aTOMHOI'0 IPAKIAHCKOTO JIEJOKOJIBHOTO
¢mora Poccun Ui XO3SIICTBEHHOTO OCBOGHUS
CeBepHOro MOPCKOTO IIYTH).

Onucanue cMoeIMPOBAHHOM Ype3BbIYATi-
HOIi CUTyallii TEXHOTeHHOT0 XapakTepa. B mpo-
Lecce npoBeieHus paboT MO BRIFPY3Ke TPAHCIOPT-
HOT'O YITaKOBOYHOT'0 KOMIUIEKTA C Cy/IHa obecreye-
Hus «Jlottay («Mmanapay») Ha npudaie Ne 2 B pe-
3yJbTaTe TEXHUYECKON HEMCITPABHOCTH ITPOU30LLEN
OOpBIB OIHOTO CTpOIa MOABEMHOTO yCTPOWCTBA
(ctpon TexkctunbHbIN JenTouHbli (CTIT) 6,0/6000).
TpaHCIOPTHBIN yIAaKOBOYHBINA KOMIUIEKT 3alell
6opT cynHa obecneuenus «Jlorray («Mmanapar)
U yraJl Ha 6eToHHOe ocHoBaHwue nupca. [Ipounso-
[ula pasrepMeTH3alusi KOHTeWHepa C BBIOPOCOM
paZMoOaKTUBHBIX BELIECTB B OKPYKAIOUIYIO CpELy
C 3arps3HeHHeM mnupca u Oopra cymna. CrenHoe
YCTPOMCTBO (TPOCHI, 3alelbl) ynaio B Boay. JlBa
YJIeHa JKHIaXka CylIHa OOeCTeYeHHs BBIMAIU 3a
OopT (mponanm 6e3 BECTH).

Jl71s onepaTuBHON TUKBUIALIMH IO CIEACTBHUI
aBapUiHON CUTYyallH, IOMCKA POMAaBIINX O€3 Be-
CTH WICHOB DKUIIAXa, B YCIOBUIX yXYILICHHUS BU-
JUMOCTH HEOOXOJMMO OCBETHTh MECTO aBapHH.
Tpebyercst HaiiTH BbICOTY H, Ha KOTOPYIO LIE€TIECO-
00pa3HO MOAHITH UCTOYHUK CBETA, YTOOBI OCBE-
LIEHHOCTh 00J1aCTH, UMEIOIIEH MPETOIOKUTEIBHO
¢dopmy Kkpyra paanyca R, Obli1a MAaKCUMAJIbHOM.

OO0mas XxapakTepucTHKa H TeOpeTHYeCKue
OCHOBbI MaTeMaTH4YeCKOM Moae/u. Pemenne 3a-
Jla4¥ CBSA3aHO C ONTHUMU3ALIMOHHON MOJIETIBIO U pac-
KpBIBa€T BO3MOKHOCTH HCIIOJIb30BaHUS MH)KEHEP-
HBIX PacyeTOB.

Pemenue. /{711 cocTaBIeHHS MaTeMaTHUECKOM
MOJIEIIH BOCIIOb3yeMcs (POPMYIION OCBEILIEHHOCTH.
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W3BecTHO, YTO OCBEIIEHHOCTH MPSIMO TPOIIOPIH-
OHaJIbHA CUHYCYy yIVIa TaJeHus Jy4dell cBeTa Ha
OCBEIIAEMYI0 TUIOIIAAKy U OOpaTHO MPOMOPIHO-
HaJIbHA KBAJIpaTy PacCTOSHUS 10 UCTOYHHKA CBETa,
TO €CTh
Osin @
T (1)
H”+R
rae £ — OCBEIIEHHOCTh HA TPAHUIE paccMaTpH-
BaeMoil 00acTh; O — YHCII0, XapaKTepu3yroIee
MOIIHOCTh UCTOYHHKA CBeTa; H — pacCcTOSTHUE OT
MCTOYHMKA CBETa JI0 LEHTPa HCCIEeTyeMOM Iuio-
IIa]TKH.

TpeOyeTcs HaliTh BBICOTY H, Ha KOTOPYIO I1e-
7eco00pa3HO TMOAHATH HMCTOYHHK CBETA, YTOOBI
OCBEIICHHOCTh E paccMarpuBaeMoit o0macTu Obla
OBl MAKCUMAaJIbHOM.

Bripazum Bxopsiee B popmyiny (1) 3HaueHune
sin @ 4yepe3 H U R o onpeaeneHuto CHHyca cooT-

BETCTBYIOILETO yIVIA:

IloncraBuM mosyueHHOe BbIpaxeHue (2) B
dbopmyiy (1) 1 BEIIOTHUM MPeoOpa30BaHus, B pe-
3yabTaTe KOTOphIX hopmyna (1) mpumer Buj

sin¢ =

=9 3)

(2 +R?)"

VYuuThIBas, 4TO 3Ha4eHUE O U1 KaKI0ro uc-
TOYHHUKA CBETA SIBJISIETCS NTOCTOSHHBIM IapaMeT-
POM (KOHCTaHTa), a TAKXKe MIPEBUI TEXHUYECKHE
TPYAHOCTH UCCIIEIOBAHUS HA 3KCTPEMYM, BMECTO
dbopmynbl  (3) paccMOTpUM  BCIIOMOTATEILHYIO

bopmyny F:
2
FZLZE2 :H—y
0 (22 + R?)

[Tpu 3ToM yno6HO B popmyity (4) BBeCTH HO-

(4)

BYIO IepeMeHnyto U = H ® U HeCIe0BaTh Ha IKC-
TpemMyM Oosee pocTyro GyHKIuo (5):

"
(u+R2>3 ‘

Boruncnum npousBoanyto GpyHkuuu (5), npu-
MEHMB MpaBuwia AU( HEpPeHIUPOBAHNS YACTHOTO

F(u) = S))
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IBYX (YHKIWN, CIOKHOW (DyHKITUH, TaOINIHYIO
(dbopMyny JUIS HaAXOXKACHUS IPOU3BOIAHON CTENECH-
HOM PpyHKIIUH.

B pesynbrare npeoOdpa3oBaHuil MOIyIHM

’

F'(u) = LA
) (u+R2)3

’

:(u)'(umzf_u((umzf)

(w4 &) )

3

(u+R2) —3u(u+R2)2

(u+R2 )6

(u+R2)2 (u+R2 —3u)

(u+R2)6
=u+R2—3u _ R*—2u
(u+R2)4 (u+R2)4

(6)

OueBnaHO, 4TO PyHKIHUA F (1), KAK U €€ IPO-
U3BOIHAs [’(y), OIPENEICHBI IIPH JII000M 3Ha4e-

HHHU apTryMCHTAa U, IPUHUMAIOMICTO 110 CMBICITY 3a-
Ja4Hu TOJIBKO ITOJIOXKUTCIIbHBIC 3HAUYCHMU .

,HJ'IH HaXOXICHUA KPUTHYCCKUX TOYCK IIPH-
paBHsIEM MMPOU3BOAHYIO HCCIenyeMOol (PyHKIUU K
HYJIFO:

’ 2
F(u)=0, R -2u=0,
R2
2
2u=R , U= 7 (7)

VuuteiBas, 9t0 u = H °, BO3BPATUBILKUCH K
MepeMeHHON [/ W BBINOJHHUB TPEeoOpa3oBaHUs,
MOJTyYUM BBIpayKeHHe, comepikariee R :

, R’ R 2

H'=—, H=—=—R. (8)
2 22

Haiinena touka, mogo3putensHas Ha SKCTpPe-
MyM:

H="2R. 9)

2. PesynbTathbl

[TokaxkeM, uto Juist (PyHKIIUH, BBIpaXKaIoUIeH
3aBUCUMOCTD BBICOTHI UICTOYHHKA CBETA OT paju-
yca HccienyeMoi o0acTH, MoJlydeHHOe 3Haue-
Hue H Oynet Toukoil Mmakcumyma. st aToro yoex-
JTaeMCsl, 4TO cJieBa OT ATOM TOYKH MPOU3BOAHAs
IPUHAMAET TOJIBKO IOJOXKHUTEIbHBIE 3HAYECHHUS,
a CIpaBa BCE €€ 3HAYeHUs OTPULIATENIbHBI, TO €CTh
MIPU TIEPEXO/ie Yepe3 HalJIEHHY10 TOUKY 3HaK Mpo-
W3BOJIHOM MEHSIETCSI C «+» Ha «—». Pe3ynbTarsl BbI-
YUCJIEHUI U TEOPETUUYECKUX BBIBOAOB MPEACTaB-
JieHbI B 000011eHHO0# dopMme Ha puc. 1.

H'(R) + .

e O\

(I) H(R)

Puc. 1. lNprmeHeHne meToaa NHTEPBaNOB
M ¢ T0o4HwMK: BbinonHeHo T.A. CenemeHeBOM.

Figure 1. Application of the interval method
Source:byT.A. Selemeneva.

B pesynbrare MH)KEHEPHBIX PacyeTOB MOYKHO
cenaTh BBIBOA O TOM, YTO MaKCHMallbHas OCBe-
LICHHOCTh PACCMaTpHUBAEMON IIIOIIAJKH, MUMEIO-
et popmy Kpyra paguyca R, OyaeT J0CTUraTbes
IpU pa3MEIIeHNH UICTOYHUKA CBETa Ha BBICOTE:

NG

H=="R. (10)

VYTOUHUM 3HaYCHHE TAHTEHCA YIVIa HAKJIOHA
Jdydel cBeTa K MOBEPXHOCTH, COOTBETCTBYIOLIETO
HalJICHHON ONTHMAJIbHON BBICOTE PACIOIOKECHHUS
OCBETHTEIHLHOTO TIprdopa:

_H _2

t
g¢R2

(11

OTBeT: A ONEepaTUBHOMN JTUKBUIALMH I10-
CJIENCTBUI aBapuUHHON CUTyallMM B YCJIOBHUSX
YXyAIIEHUS] BUIANMOCTH, YTOOBI OCBEIIEHHOCTb
obmactu, mMeromel ¢opMmy Kpyra paamyca R,
ObUla MaKCHMAJIbHOW, IIeNeco00pa3HO MOAHATH

V2

HCTOYHUK CBETA Ha BBICOTY H = TR .
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Paccmorpum pemienne 3amadn Ha pabouem
mucte Mathcad. [Ins HaxoxaeHUS KPUTHUECKUX
Todyek ucnoin3dyeM ¢ysnkinuio Find. Jluctunr pe-
IIEHUs] IpUBeIeH Ha puc. 2, rpadpuku QyHKIMH
Mpe/ICTaBJICHbI Ha puc. 3 u 4.

Hcnionp3yst MaTeMarudeckuii armapar aude-
PEHIIMAIBHOTO UCUNCIIEHUS B MH)KEHEPHBIX pacue-
Tax, Oymymme CIeruaiucTsl TeXHOCepHO 0e3-
ONACHOCTH MEPEHOCAT ONTUMU3ALMOHHYIO MaTe-
MaTUYeCKyI0 Mojeiab Ha pabouuit nuct Mathcad
W, TIPUMEHSIS oneparopbl AuddepeHIINpOBaHNUs,

@): - \

(u+R2)3
_d 1 _ 3u

F(u)= = F(u) F(u)—>(R2+u)3 (R2+u)4

1 S R* —2u
F(u)— (R2 +u)3 - (R2 +u)4 simplify — (R2 +u)4
Given
Fu)=0

2

. R
Qd(u) - /

Puc. 2. JlnctuHr HaXxoXxaeHunsa KpUTN4eCKnx To4ek
M ¢ T04HuMK: BoinonHeHo E.H. Tpodumewn,.

Figure 2. Listing of critical points
Source: by E.N. Trofimets.

fe | =D4/{(DA+3ES172)"3)
D E [F G
R 0,485
u Flu)
-3,00 0,142
-2,99 0,143
-2,98 0,144
-2,97 0,145
-2,96 0,146
-2,95 0,147
-2,94 0,149
-2,93 0,150
-2,92 0,151
-2,91 0,152 -4,00 -3,00
-2,90 0,153
-2,89 0,154
-2,88 0,156
-2,87 0,157
-2,86 0,158
-2,85 0,159
B X-Y1 n 1At

BBIUHCIIAIOT IPOU3BOIHBIC, HAXOIAT KPUTHIECKHE
TOYKH, CTPOAT Tpaduku QyHKIMHM HA pabOdnX JIU-
crax Mathcad u MS Excel.

C ucrnonp30BaHNEM HHCTPYMEHTOB MTOCTPOE-
Hus rpadukoB ¢pyHKIMK B Mathcad nccnemyercs
noBeieHre QPyHKUMH F(u) C pa3IUYHBIMH 3HaYe-
HUsIMU R.

C moMoIIBI0 TPACCHPOBKHU OTPEIETISIIOT TOYKH
IKCTpeMyMa W TpaHulbl R. AHanu3 rpadukoB
¢ynkiuit B Mathcad u MS Excel no3sosnser cae-
nath BeIBOJ, uTo H = 0,343 nipu R = 0,485.

R1:=0,484 R2:=0,500 R3:=0,585 R4:=0,780

L 0 1) P F3(u)=—20" Fau)=—2"
s (u+r2?) ! (u+R3) ! (u+r4)

Fl(u) =
! (u+r1?)

Fl(d)

F3(d)

Ay
Fi()

Puc. 3. Npadukn pyHkumin B Mathcad npu pa3Hbix 3HaueHunsx A7
M ¢ T04HunK: BbinonHeHo E.H. Tpodumed,

Figure 3. Graphs of functions in Mathcad for different values of /#
Source: byE.N. Trofimets.
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2,00
1,000

-2,00 -1,00 0,00 1,00 2,00 3,00 4,00

-1,001

-2,00(

3,00

Puc. 4. 'padvk dyHkummn B MS Excel ana A= 0,485 / Figure 4. Graph of the function in MS Excel for #=0.485
M cTo4HwMK: BbinonHeHo E.H. Tpodumew. /Sourc e: by E.N. Trofimets.
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[IpencraBieHHas 3aaa4a SBISIETCA OQHUM U3
AIIEMEHTOB 0aHKa MPO(eCcCHOHATBHO OPHUEHTUPO-
BaHHBIX 3aJla4, BXOAAIIMX B J1a0OpaTOPHBII Ipak-
THKYM I10 PEILICHHUIO 3a71a4 TeXHOChepHOit Oe3omac-
HOCTH C UCIIOJIb30BAHUEM METO/IOB BBICLIEH MaTe-
MaTHKH U HH(GOPMAIIMOHHBIX TEXHOJIOTUH. B cBOIO
odepeslb, pa3pabOTaHHBIM MPAKTUKYM SBJISETCS
OJHUM U3 JUJAKTUYECKUX KOMIIOHEHTOB MaTeMa-
THUYECKOTO MOJYJIsl, BXOJSILETO B COCTaB CUCTEMBI
UH()OPMALMOHHO-aHATUTHYECKOI OArOTOBKU MH-
KEHEPOB TeXHOC(]epHOIT OE301MacCHOCTH.

Pa3paboTraHHbIe 3a1a41 OTPAKAIOT COAEPIKa-
TeJIbHbIE 0COOCHHOCTH METOAUKH (POPMUPOBAHUS
HOPMAaTHBHBIX KOMIIETEHLIUH B MpOLiecCce MaTeMa-
THUYECKOH, €CTECTBEHHOHAYYHOM, o0mIenpodeccu-
OHAJIbHOM U MHPOPMAIIIOHHOH MOJrOTOBKH Oy1y-
IIMX CIIEIUAIMCTOB B 00JacTH TEXHOCHEpHOM
6e3onacuoctu. OHU TponuK anpodanuio B 00pa-
3oBatenbHOM Tporiecce Cankt-IlerepOyprckoro
yHuBepcuTeTa ['ocynqapcTBEHHONW MPOTUBOIIOXKAP-
Hoii ciyx061 MUC Poccun um. I'epost Poccuiickoit
®enepaunu renepana apmuu E.H. 3unnyesa.

3. O0cyxpaeHue

D¢ dexkTHBHOCTS aBTOMATH3ALUU HHXKEHEp-
HBIX PAaCueTOB B CUCTEME WH(POPMALIMOHHO-aHAITH-
THYECKOW MOATOTOBKH CIELHATIMCTOB TeXHOChep-
HOI Oe3omacHOCTH OyleT MOBBIMIATHCSA 33 CYET
TEXHOJIOTUU II(PPOBOTO cjea, a UMEHHO OTCIe-
’KMBaHMS BCEH LIENIOYKU pacyeTHBIX peleHuil (ka-
KH€ UCXOJHbIC JaHHbBIC MCIIOIb30BAINCH, KaK Me-
HSUTUCH TTapaMeTphl B MPOIecce UTepanuid, KTo u
KOTZIa BHOCHJI KOPPEKTHUPOBKH). DyHIaMEHTOM 151
JOOBIX MHXXEHEPHBIX PAacuyeTOB B TEXHOC(HEPHOM
0€30IaCHOCTH SIBJISIOTCS KIIACCHUECKUE METO/IbI U
TOJIBKO TIOTOM ITEPEHOC B U PPy (AJIrOpuTMH3aLNS
PYYHBIX PacyeToB, co3faHue HU(POBBIX M1alio-
HOB, UHTErpalys B criennanusuposannoe [10).

Jlnis aBTOMaTH3aIMyd WH)XEHEPHBIX PacueToB
WCTIONIE30BaICh TabnmmaHEIA mporieccop MS Excel
u mporpamMmHas cpena Mathcad. [Torenmman Excel
OYEBHUJIEH — OH UMEeT IIMPOKUI Habop BCTPOCH-
HBIX (DYHKIMI U IPOrpaMMHBIX HaJCTPOEK, KOTO-
pBIe MOXKHO HCIIOIb30BATh AJIsI IPOBEACHUS Pa3HO-
00pa3HBIX MHKEHEPHBIX pacuyeToB. B wacTHOCTH,
BcTpoeHHBIN (hyHKIMoHa Excel mo3Bomnser s dek-

TUBHO pelaTh ONTHMHU3AIMOHHBIEC 3a7a4H, Mpo-
BOJIUTH aHAJIM3 «YTO-€CIIN (CIICHAPHBIN aHAJIH3),
pa3BEIOYHbI aHANHM3 JaHHBIX, JUCIIEPCUOHHBIN
aHaJlu3, PerPECCHOHHbIN aHaIN3, aHAIH3 BPEMEH-
HBIX psioB u 1p. Kpome toro, Excel umeer pas3su-
ThIE CPEJICTBA MHTETPALUU C PA3IMYHBIMH HCTOY-
HUKaMH JaHHBIX U noajepxkuBaeTr VBA, uTo mos-
BOJISIET PACHIUPATH €ro (YHKIHOHAIbHBIE BO3-
MoxHOCTH. Bece 3Tto 06ycnoBuio Beibop Excel B
KauecTBe 0a30BOM MHCTPYMEHTAIBHOM CPeJIbl ISt
pa3paboTku HUu(POBHIX MIA0JIOHOB U aBTOMAaTH3a-
1Y WHXKEHEPHBIX pacdyeToB [29-31].

OyHKIMOHAT MAaTeMaTHYECKOro MaKeTa
Mathcad xopormo gomonHsieT GyHKIHOHAT Tao-
aryHoro nporeccopa MS Excel mo Tem acriekram,
kotopbie B Excel He mpeacTaBieHsl U TpeOyIOT
JIOTIOTHUTENIBHO TporpaMMupoBaHus Ha VBA.
Hanpumep, Mathcad nenecooGpa3Ho HCHOIB30-
BaTh B TEX CIy4YasX, KOTJa WHKCHEPHBIC PACUETHI
conpsibkeHbl ¢ AU GepeHINATEHBIMEA 1 HHTETPallb-
HBIMH HcuncieHussMu. Kpome toro, Mathcad siB-
asiercss 0oJiee MPEeNNOYTUTENFHBIM TIPU TIPOBEIE-
HHUH CJIOKHBIX KPUTHUYECKH BYKHBIX PACYETOB, CBSI-
3aHHBIX C 0€30MaCHOCTBIO (HalpUMep, pacyeT Har-
PY30K Ha KOHCTPYKIIMH, MOJICTUPOBAHHE aBapHii-
HBIX CIICHAPUEB HAa OMACHBIX MPOHM3BOICTBEHHBIX
00BeKTax, pacyeT mapaMeTpoOB CUCTEM OE30I1acHO-
ctu u ap.) [31].

Bri6op umenno Mathcad, a He apyrux mare-
MaTHYECKHX MakeToB (Hampumep, Matlab, Mathe-
matica) 00yCIIOBIIEH TeM, YTO ()OPMYITBI B JTAHHOM
MaTeMaTHIeCKOM ITaKeTe BBOIATCS «ECTECTBEHHOY,
Kak Ha Oymare, a Takke MMEIOTCSI BCTPOCHHBIE
cpeicTBa paboThI ¢ PA3IUYHBIMU CIUHHUIIAMU H3-
MEpPEHHUSI, YTO SBJISIETCS OYCHBb YIOOHBIM U TIOHST-
HBIM JIJIS1 HH)KEHEPOB.

Takum oOpazom, 00a pPacCMOTPEHHBIX IPO-
IPaMMHBIX HHCTPYMEHTa UMEIOT CBOH ITPEUMYIIe-
ctBa u Henocratku. Excel mpome u 6oee yauBep-
CaJieH TIpH pa3paboTke pa3sHooOpa3HBIX mudpo-
BBIX I1A0JOHOB MH)KEHEpHBIX pacueroB. Mathcad
e SIBIISICTCSI MHCTPYMEHTOM JJIsL peasiu3aiuu 00-
Jiee CIOXKHBIX MareMaTtuueckux moneneit. Excel u
Mathcad xopo1110 JONONHSIOT APYT APYTa, YTO MOA-
TBEPIKIaeT MPAKTHKA UX UCITIOIB30BaHUS B 00pa3o-
BaTEJIFHOM TIPOIIECCEe WHXKEHEPOB TEXHOC(EpHOU
Oe3onacHocTU. BmecTte OHM MO3BOJNISIOT 1iere-
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HaIpaBJIeHHO (OKYCHpPOBaTh BHUMaHHE OOydJaro-
HIMXCSI Ha TIPOOJIEMHBIE CUTYalluH, 7Sl pa3pelie-
HUS KOTOPBIX 3P PEKTUBHO MPUMEHSIOTCS KaK KJlac-
CHUYECKHE METOJIbl, TAK U COBPEMEHHBbIE METObI
aHaJIM3a TAaHHBIX ¥ MAIIMHHOTO 00y4YeHus [32—34].
Kpome Toro, ux ncnonb30BaHHe 3HAYUTEIBHO pac-
HIMPSIET CIIEKTP PAacCMaTPUBAEMBIX HHKEHEPHBIX
3aja4, yCUIMBAET TEHACHIUIO0 MHTETPALUU YHU-
BEpCAILHBIX M 001IenpodeCCHOHATBHBIX KOMITE-
TEeHIUH ¢ mpodeccuoOHATbHBIMH.

3aknioyeHve

B pabote uccnenoBanace npobiema omepa-
TUBHOTO PEarupoBaHUsl N0 MPHUHATHIO MEP Craca-
TENTBHOM OIEepaIy B paMKax PacCMOTPEHUS CMO-
JIEJIMPOBaHHOMN upe3BbIYaiiHON cuTyauu Ha OI'YII
«AtoMpoT». B paMkax NpoBeIEHHOTO HCCIIEN0-
BaHUS MPEUIOKEHA METOAMKA TI0 HAXOXKICHUIO OIl-
THUMAJILHOIM BBICOTHI HCTOYHUKA CBETA B YCIOBUSIX
TUTOXOW BHUAMMOCTH JUIS OCBELICHHOCTH 00IacTu
criacaresibHOM onepanun. OpUruHaIbHas Uies Me-
Tomuku Oasupyercss Ha AudQepeHnnaTbHOM HC-
YHUCIEHNH W CPaBHUTEIBHOM aHaJM3€ TIpaduKoB
(YHKIMH, TTONyYEeHHBIX OIEPAaTUBHON aBTOMATH-
3alren pacyera.

Pe3ynbTarel METOTUKY TTO3BOJISIOT:

B aBTOMATHU3MPOBATh AHAJIM3 MHOKECTBA CIie-
HapUeB Pa3BUTHUS YPE3BBIYAWHBIX CUTYAIIUH;

¥ BH3yaJIM3UPOBATh KOMIIPOMHCCHI M PUCKU
4yepe3 CpaBHUTEIbHbIE TPapUKH;

® BRIOMpATh ONTHMAaJbHbIC MTApaMEeTPhl pea-
THPOBaHUS;

¥ reHEepHpOBaTh KOHKPETHBIC OIEpaTHBHBIC
pEeKOMEHIaNnH;

¥ [CII0JIH30BaTh ABTOMATHYECCKUI BBIOOP OII-
TUMAaJIbHOM CTPATETUH CracaTelbHbIX padoT;

¥ [IPUMEHSTH MOJyYEHHBIE CIIEHApUH B TIPO-
(eccroHAIbHON JIESTETbHOCTH MH)KCHEPOB TEX-
HOoc(epHOI 6€30MacHOCTH | criacarenei.

Hay4nast HoBu3Ha paOOTHI 3aKJIFOYAETCS B CHH-
T€3€ METO/IOB aBTOMATH3aIlU1 PAacueTOB U CPaBHU-
TEBHOTO aHaM3a TpadukoB QYHKIHMHA IS TIPH-
HSTHSI ONIEPATUBHOTO PEUICHHUsS MO CracaTelIbHOU
OTIepaIuH.

ABTOMaTH3aIMs WHXCHEPHBIX PAaCYETOB B
ctepe TexHOCPepHOI 6E30MACHOCTH SIBIIACTCS OJ1-
HUM U3 KITFOYEBBIX (PaKTOpOB MOBBIICHUS Y dek-
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TUBHOCTH KaK MPOPECCHOHATLHON I TETbHOCTH,
Tak u oOpaszoBaTenpHOTO Tporecca. BHenpenue
COBPEMEHHBIX ITU(PPOBBIX HHCTPYMEHTOB CIIOCO0-
CTBYET TOATOTOBKE BBHICOKOKBAJIH(PHIIMPOBAHHBIX
CHEIHUAIIMCTOB, CIIOCOOHBIX OBICTPO W TOYHO pe-
IIaTh 331344 B 00J1acTH O€30MaCHOCTH TEXHOJIOTH-
YEeCKUX MPOLIECCOB U MPOU3BOACTB.

CoBpeMeHHBbIE MTOXO0AbI B HHKEHEPHBIX pac-
YeTax JeNaloT aKIeHT Ha BU3yalu3allui, NepcoHa-
JIM3AIMU U CBSI3U C TPAKTHKOH Yepe3 MporpaMMu-
poBanue. [lepcrekTHBBI aBTOMATH3ALUN HHXEHEP-
HBIX pacyeTOB CBA3aHBI C TOTAJIBHON HHTErpaluei
uckyccrsennoro untemekra (M), paspadorkoit
1 (POBBIX TBOWHUKOB M BHEIPEHHEM KBAaHTOBBIX
BBIYHCIICHHUNA. YCIeX Takod TpaHC(hOpMaIiy 3aBH-
CHUT OT pelieHus KiIroueBbIX challenges: mpeogore-
HUS (P POBOTO pa3phIBa, MEPENOATOTOBKH ITPETIO-
JTaBaTEIICKOTO COCTaBa W COXPAHEHUs UYesoBeye-
ckoro ¢akropa B cucteMe MH(OpMalMOHHO-aHa-
JUTHUYECKOM MOJATOTOBKM CIEIUAINCTOB TEXHO-
cthepHOIT 6€30MTaCHOCTH.
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MUHTerpaumnsa TexHonorui 6J10K4eiH B npoueccbl oNTUMN3auumn
yrnpaBJ/ieH4€CKMX pPeLueHUu B OpraHn3auymoHHbix cuctemax OMNK

E.A. Maaukos ™™, T.II. Tanuna ®ouraur”, B.B. [IbsiHkoB

Poccuiickuii yauBepcuret apyx0s1 HaponoB, Mockea, Poccuiickas @edepayus
P4 dizel62rus@yandex.ru

Hcropusi ctaTbu AHHOTanusA. IIpOMBIIUICHHOCTE BCTYNaeT B HOBBIH 3TaIl CBOETO TEXHOJIOTHYC-
CKOTO Pa3BUTHS, CBA3aHHBIN ¢ BHEAPEHUEM ITU(POBBIX TEXHOJOTHUI B yIpaBJeH-
YecKue M MPOM3BOACTBCHHBIC IPOIECCH. AKTyalbHBIM CTAaHOBHUTCS H3y4YeHHUE
BCEeX MH(OPMAIIOHHBIX TEXHOJOTHH, 0OCOOCHHO TeXHONOTHi OnoxdeifHa. Llens
UCCIENOBaHUS — H3ydeHHe Hauboliee 3HAUMMBIX TPEHIOB IO HCIIOIb30BAHHIO
OJIOKYCHH B IIPOMBIIUICHHOCTH. 3a/1a4 UCCIIEIOBAHNS CBA3aHBI C aHATIM30M 0CO-
OEHHOCTEH MPOMBINUICHHBIX MPEANPUATHI, UX TOTOBHOCTU K IIM(POBOI TpaHC-
(opManny, SKOHOMHYECKHX 3(P(PEKTOB OT BHEAPECHNUS TEXHOJIOTHH, CIOXKHOCTEH
ABTOpBI 3asBIIIOT 00 OTCYTCTBUHU Y IPEUMYIIEeCTB paboThI ¢ OnokueitH. M3yueHbl n3MeHeHus B popMyIInpoBKax Iie-
KOH(IIKTA HHTEPECOB. Jiel HAllMOHAILHOTO Pa3BUTUS B HAPABICHUH LU(PPOBU3ALUY SKOHOMUKU, IIPU-
BE€ZICHBI MHIMKATOPBI AOCTIOKeHUs 3THX 1enei 1o 2030 r. [TpeacraieHbl 00beMbI
(buHaHCUPOBaHUSA NPEANPUATHIE 000POHHO-IpOMBbIILIeHHOr0 Kominiekca (OITK)
Ha MPEACTOSIINN OFPKETHBINA TpexyieTHHH nepuon a0 2027 r. O6o3HaYeHa mpo-
Onemarika 00OPOHHBIX TPEANPHUATHIH, KOTOpast MOXKET IPEIsTCTBOBATh BHEPE-
HUIO HOBBIX TEXHOJIOTHiA: 0cOObIe TpeOOBaHUS K HA/C)KHOCTH, TOYHOCTH, Oe3-
OIIACHOCTH Iepenadn NHYOpMAIHHN, HEOOXOANMOCTh H3MEHEHHS On3Hec-Moyeneit
BeZIeHUs OM3HECa, TOCTOSHHBIN PEUH)KUHUPUHT OU3HEC-TIPOLIECCOB, cllabas 3auH-
TEPECOBAHHOCTD B IPOJABHKCHUN TEXHOJIOTHUI 6HOK‘leﬁH Ha BCEX dTanax ux BHEA-
perusi. O000ILIEHBI TPEeMMYIIIeCTBAa BHEAPEHMUS OJIOKUESHH: SKOHOMHST BPEMEHHBIX
1 CTOMMOCTHBIX 3aTpaT Ha MOMCK KOHTPAarcHTOB, YIy4IICHHE Ka4ecTBa MOoIydac-
MoH WH(OpMaHY, BO3MOKXHOCTh Pa3BUTHS COOCTBEHHBIX MU(POBHIX M1aTdGopm
Ha NPCATIpUATUAX U . BEISBIIEHBI HECKOJIBKO KIFOUEBBIX HaHpaBJ]CHIdP’I pa3BUTHA
OJIOKYEHH-TEXHOJIOTHI B IPOMBIIUICHHOCTH.

IMocrynuna B pegakuuto: 16 utons 2025 r.
Jopaborana:21 cenrsidps 2025 .
[MpunsTa k myonukauuu: 5 HosOpst 2025 .

3asiBiieHHe 0 KOH(DJINKTE HHTEPECOB
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Abstract. Industry is entering a new stage of technological development characterized by
the integration of digital technologies into management and production processes. In this
context, the study of information technologies, particularly blockchain, has become
increasingly relevant. The purpose of this study is to examine the most significant trends in
the application of blockchain technologies in industry. The objectives include analyzing the
specific features of industrial enterprises, assessing their readiness for digital transformation,
evaluating the economic effects of technology adoption, and identifying both the challenges
and advantages associated with blockchain implementation. The study reviews changes in
the formulation of national development goals toward greater economic digitalization and
presents indicators for achieving these targets by 2030. It also considers the planned funding
allocations for defense industry enterprises within the upcoming three-year budget cycle
through 2027. The study identifies several challenges that may hinder the adoption of new
technologies in defense enterprises, including stringent requirements for reliability,
accuracy, and information security; the need to transform business models; continuous
business process reengineering; and limited interest in promoting blockchain technologies at
all stages of implementation. At the same time, the advantages of blockchain integration are
summarized, such as reduced time and costs in identifying counterparties, improved
information quality, and opportunities to develop proprietary digital platforms within
enterprises. Finally, the study outlines several key directions for the further development of
blockchain technologies in industry.
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BeepneHune Y B TIPOM3BOJICTBEHHBIX MPOIIECCAX B IMPOMBIIILICH-
Hoctu. B Vkaze Ilpesunenra PO ot 07.05.2024 1.

B nacTosmee BpeMs u3-3a U3MEHEHHUH B IJ10- Ne 309! yTouneHbI HalMOHAIBHBIE LETH PA3BUTHS
OabHOM PKOHOMUKE TPeOyeTCsl YCKOPEHHOE pas- CTpaHBI, TeJIEBBIC TTOKA3aTeIIN U 3a]1a4H, BBITIOTHE-
BUTHE YKOHOMHUKHU CTPAHBI, YTO JTIOCTUTAETCS MPH- HHUE KOTOPBIX XapaKTepU3yeT JOCTHKCHHE HAIINO-

MEHEHUEeM IU(POBBIX TEXHOJOTHI B yIpaBICHUH HanpHbIX Heneit k 2030 rogy:

' Va3 IIpesunenta PO «O HaNMOHANBHEIX LENsSX pa3sutus Poccuiickoi ®enepanuu Ha nepuo 10 2030 roxa u
Ha nepcriekTuBy 10 2036 roga» ot 07.05.2024 r. Ne 309. URL: https://minek.rk.gov.ru/documents/77bcccce-fee7-4cae-
b98b-8e3e5{ffd454 (nara obpamenus: 20.05.2025).
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® pOCT IUIOTHOCTH POOOTH3AIMH JOJKEH
obecneunth Mecto Poccun cpeau 25 Begymux
CTpaH N0 JaHHOMY ITOKa3aTellto;

® Poccust A0KHA T0CTHYb TEXHOIOTMYECKOM
HE3aBUCUMOCTH 32 CUET JOCTHKEHUH B cdepe nud-
POBOIi TpaHCHOPMALIMH U HCKYCCTBEHHOTO MHTEJI-
JIeKTa;

® 10 otHOmIEHUIO K 2022 T. 00beM BBITyCKa
MPOMYKIIMHA B 00padaThIBAIONIEH MPOMBIILICHHO-
CTH JIOJKEH yBelIuuuThes B 1,4 pasa;

B OCHOBHBIM KPUTEPUEM JOCTHUKECHUS «ITU(-
POBOI1 3pEIOCTH» TOCYIAPCTBEHHOTO U MYHHUIIH-
MajJbHOTO YIPABIEHUS, KIIOUYEBBIX OTpaciiel 3Ko-
HOMUKH JOJIKHO CTaTh yIpaBieHue 00blIeH ya-
CTBIO TPaH3aKIMI Ha OTPACIIEBBIX IIU(PPOBBIX IIAT-
(dbopmax.

[udposas TpancopMaiys TPOMBIILICHHO-
CTH TpEAIoJaraeT, 4To MPOU3BOICTBEHHBIE MPO-
LECCHI JOJDKHBI OBITH TEPEBEICHBI HA HOBBIN TEX-
HOJIOTUYECKUH YKJIaJ, YTO BKJIIOYAET BHEAPECHHE
NEePEOBhIX MU(PPOBBIX TEXHOJIOTHNA M aBTOMAaTH-
3UpPOBAHHBIX CUCTEM. B cooTBeTcTBUUM € YKa3zoM
[Ipe3unenrta Poccuiickoit denepannu rmaBHOH 3a-
nadeil udpoBoil TpaHChOpPMAIH TIPOMBIIIIICH-
HOCTH SIBJISIETCS MOJEPHU3ALUS YIPABICHUS MPO-
W3BOJICTBEHHBIMHU TPOLIECCAMHU, YTO JOKHO MPH-
BECTHU K 3HAYUTEILHOMY POCTY IPOU3BOIUTEILHO-
CTH TpyZAa 1 100aBICHHON CTOUMOCTH B ITPOU3BO/I-
CTBEHHOM CEKTOpe 3KOHOMHUKHU. Hemanas posp B
uM(ppOoBU3ALMHA SKOHOMHUKH OTBOIUTCS MPEIIPHsI-
THUSIM 00OPOHHOTO CEKTOpaA.

L]env uccneooeanusi — BBISIBICHNUE LICHHOCTH
BHEJPEHUs] TEXHOJOrWi OJoK4YeilHa B JeATeNb-
HOCTb NPEINPUSATHI 000POHHO-TIPOMBIIIJICHHOTO
KOMILJIEKca. 3a/1auu UCCIIEI0BaHUs CBA3aHbI C U3Y-
YeHHEeM O0COOCHHOCTEH MPOMBIIIIEHHOTO IPOU3-
BOJICTBA Ha COBPEMEHHOM 3Tare, TOTOBHOCTHU MPO-
MBIIIIEHHOCTH K IU(PPOBU3ALUN IKOHOMUKH, OCO-
OCHHOCTEH M TPEUMYIIECTB TEXHOJOTHHA OJIOK-
YEelH, YCIOBUN BHEIPEHUA, IPENATCTBUNA K BHEJ-
peHHIo, pa3paboTKe PeKOMEHJAUi K MpOJBIIKeE-
HUIO TEXHOJOTHUM OJOKYeiHa Ha MpeaupHusTUIX

OIIK. CommacHo koHuentyailbHOW Momenu [1],
OnoKuYeiH mpeAcTaBisgeT coboil (yHTamMeHTab-
HYI0 HH(paCcTPyKTypy AOBEpHSI HOBOTO IIOKOJICHHS,
YTO JIeNIaeT ee MPUMEHUMOM B yIPaBIeHUN KPUTH-
4eCKU BaXXHBIMU OTpacisamu, Biirodas OIIK.

1. MaTtepuasnbl n meToAbl

TeopeTnueckoil U AMIHUPUYECKON OCHOBOU
MCCJIEZIOBAHUS TOCTYKIIN HaydHbIE ITyOIUKaluu
poccwmiickux uccrenosarenei (2018-2024 rr.), odu-
UalbHbIe CTaTUCTHYECKHe jaaHHble Poccrara,
nanHble Munnpomrtopra PO u Muno6oponst PO,
a TaKKe 3aKOHOAATENbHBIE M TPOrPAMMHBIE JIOKY-
MEHTBI, B TOM uucie Yka3 lIpesunenta PO ot
07.05.2024 Ne 309> u denepaibHblii 3aKOH OT
30.11.2024 Ne 419-®33. {ns mocTuxkeHus Lesei
WCCIIeI0BaHMUs ObUTH IPUMEHEHBI CIIETYIOIINE Me-
TOAOJIOTUYECKHE TIOAXO/IBI:

Memoo cucmemnoco ananrusa: NTPUMEHSIICS
JUTSL BBISIBJICHUSI B3aUMOCBSI3€H MEXIy YPOBHIMHU
nudpoBu3aud 1 3GHEKTHBHOCTHIO TPUHUMAC-
MBIX yIpaBieHYecKux pemenuii B OIIK;

Monoepaguueckuii memod: WMCTOITH30BAIICS
JUTSL aHaJlM3a HOPMATUBHBIX JIOKYMEHTOB M JIUTeE-
paTypHBIX UCTOUHUKOB.

DKonomuko-cmamucmuyeckue memoowvl: Ciy-
JKUJIM WHCTPYMEHTOM ISl 0000IIeHHs ToKa3aTe-
neit ¢punancupoBanus OIIK, omenkn s dexrTo
M (poBU3ALUY U TOCTPOCHHS 0000IIAIOIKX Ta0-
JIMIL.

Komnaexchoiii no0xo0: MO3BOIHI O000OIINTE
Pe3yNIbTaThl TEOPETUYECKOTO U MPAKTUIECKOTO aHa-
7133 B €IUHYIO MOJIETb MPEANIOCHUIOK BHEIPEHHS
OJOKYEHH-TEXHOJIOTUI B yMpaBIeHYECKHE IMpo-
neccel OIIK.

2. Pe3ynbTaTbl U 00CyXaeHue

[TpoMBIIIIEHHOCTS ABNIAETCS (pIIarMaHoM OTe-
YeCTBEHHON SKOHOMHUKH, B TOM YHCIIC, IT0 JAHHBIM
Poccrara, B oOpabarpiBaromieli POMBIIIICHHO-
ctu Ha koHen 2021 r. 6onee 70 % npennpustuit

2 Vka3 [pesunenra PO «O HanmoHamBHBIX MeTIX pa3BuTs Poccuiickoit @enepannu Ha nepuon 10 2030 roma u
Ha nepcriekTuBy 10 2036 roga» ot 07.05.2024 r. Ne 309. URL: https://minek.rk.gov.ru/documents/77bcccce-fee7-4cae-

b98b-8e3e5fffd454 (mara odpamenus: 20.05.2025).

3 denepanbHbli 3aK0H 0T 30 HOAOpa 2024 1. Ne 419-D3 «O denepansroMm Gromkere Ha 2025 roj ¥ Ha IIIaHOBKII
nepuon 2026 u 2027 rogos». URL: https://base.garant.ru/411024352/ (nara obpamenus: 20.05.2025).
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WCTIONB30BaIM MH()OPMAIIMOHHBIE ¥ KOMMYHHUKa-
HMoHHbIE TexHonoruu [2]. Hecmotps Ha 310, ypo-
BEHb [N (PPOBHU3ALNY POU3BOACTBEHHBIX U yTIPaB-
JICHYECKUX MPOIIECCOB B LIEJIOM B MPOMBIIIIICHHO-
CTH HU3KH.

JLA. Tamunynnaesa, M.I1. Kupees nmpusenu
JaHHBIE, YTO 00BEeM IU(PPOBOH PKOHOMHKH €IBa
npesbimaeT 2 % BBII, a or cpenHemMupoBoro
YPOBHSI INIOTHOCTh POOOTH3AIIMHU MTPOU3BOJCTBA B
Poccum orcraer B 20 pa3 [3]. Uaaekc nudpoBusa-
UM 3KOHOMHKH, COIJIACHO OlleHKaM MHcTuTyTa
CTaTUCTUYECKHX UCCIIEIOBAHNI M S)KOHOMHKH 3Ha-
HAW HamuoHaNBbHOTO HCCIEN0BaTENBCKOIO YHU-
Bepcutera Briciieit mikonbl 3xoHomMuku (MCHUI3
HIWY BIIY), cocrapnsier 36 myHkToB u3 100 myHK-
TOB BO3MOXHEBIX [2]. [lo marrsmM O.U. KutseBoi,
elle YeThIpe Toa Ha3al YPOBEHb BHEAPCHUS I (]-
POBBIX TEXHOJOTHH B 3KOHOMHKE HE JOCTHUTal H
YeTBEPTH OT CBOETO IMOTeHIMaj a. B mpomsIuieH-
HOCTH JIaHHBIH YPOBEHb €Ille HUKE, YTO CBUJICTEIb-
CTBYET O 3HAYUTEIBHBIX MTpodeax B obmacTu nug-
pOBHU3AINH MPOU3BOACTBEHHBIX TIPOIIeccoB [4].

BwmecTte ¢ TeM, HECMOTpSI Ha TO YTO POCCHIA-
CKHE TPOMBIIIUICHHBIE KOMITAHUU Pa3BHBAIOTCS B
chepe muPPOBBIX TEXHOJIOTHH B COOTBETCTBHHU C
00IIEMUPOBBIMHU TPEHIAMH, TEMIIBI UX BHEIPEHHUS
U peann3anuy MUPPOBBIX UHUIIUATUB BO MHOTOM
OTCTAIOT OT BEIyIIUX CTpaH Mupa. B wactHOCTH,
9TO OOYCIIOBIICHO Pa3IMIHBIMU (PaKTOPaMH, BKITFO-
Yasi HEAOCTaTOK (PMHAHCOBBIX PECYpPCOB, Kaapo-
BBIX BO3MOXXHOCTEH M TEXHOJOTHYECKOH WH(pa-
CTPYKTYPBHI.

ITo npornozam UCN33 HNY BIIID, k 2030 1.
mudposas TpanchopMmaius B oOpadaThIBaroIei
MIPOMBIIIIJIEHHOCTH MOXET 00eCIeUUTh JIOTIOJIHU-
TEJBbHBIA POCT MPOU3BOIUTEIILHOCTH TpyJa IMpH-
MepHO Ha 20 %, 4TO MOAYEPKUBAET 3HAYUTEIbHBIN
MOoTeHUMaN MUPPOBU3ALUN IS YAYUIICHUS KO-
HOMHUYECKHX MOKa3aTesieil U MOBBIMICHUS KOHKY-
PEHTOCTIOCOOHOCTH POCCHUICKONW MPOMBIIIICHHO-
cru [2].

Texymmii MOMEHT CBsi3aH C OecrpereeHT-
HBIM YBEJIMYEHHEM PACXOJ0B POCCUUCKOTO Orof-
»KeTa Ha HaIlMOHAJIbHY0 000pony (13,69 TpmH pyo.
B 2025 1. o cpaBuenwuto ¢ 10,8 TpiH pyo. B 2024 1.
u 3,5 TpnH py0. B 2021 1, a BMECTe ¢ pacxoaaMu Ha
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COZIEp>KaHUE CUIIOBBIX BEZIOMCTB PaCcXO/Ibl COCTABSIT
16,9 TpiH py0. B 2025 1. o cpaBHeHUIO ¢ 14,5 TpiH
py0. B 2024 1.) (Tabm. 1). Hemamast gacte 3TOTO
OroKeTa IIaHUpYeTCsl Ha pa3BUTHE, MOJIEPHU3A-
LIUI0, TEXHUYECKOE IEPEBOOPYKEHUE, pacllupe-
HUE MOIIHOCTEH OOOPOHHBIX MPOU3BOJCTB U HO-
BOE TPOMBIIUIEHHOE CTPOUTENLCTBO. [lo muHMM
MuHuCTEPCTBAa NPOMBIIUIEHHOCTH U TOPTOBIN PO
Ha peaju3alio ToCyJapCTBEHHOW MpOrpamMmbl
Poccuiickoit ®enepauun «Pa3Butne 000pOHHO-
MIPOMBIIINIEHHOTO KoMIuiekca» B 2025 1. Bwijens-
ercs 10,4 mupn py0., 2026 . — 8,9 mipa pyo.,
2027 r. — 8,9 mapn py6. Kpome toro, uro mpen-
npusitusi OIIK momyuar cpejcTBa Ha pa3BUTHE MO
Jpyr'UM TocrporpamMmmam Mo JUHUM MuHHuctep-
CTBa NPOMBIIUIEHHOCTH U ToproBiu P® (Bcero
1,53 tpau py6., 1,98 TpnH pyo., 2,21 TpiuH pyo.
cooTBeTcTBeHHO Ha 2025-2026 TT.), MO JUHUH
Muno6opounsl PO — 4,2 tpnu pyO0., 2,7 TpaH pyo.,
2,76 TpmH py0. cooTBeTcTBeHHO Ha 20252026 TT.
(Tabm. 2).

[To »To#1 mpuYMHE HAa MOBECTKE JHSA CTOST
BONIPOCH 3(P(PEKTUBHOTO HCIOJIB30BAHMS ITHX
CpPE/ICTB, TPUHATHUS ONTHUMAJIBHBIX YIIpaBlIeHYE-
CKHX pEIlIEeHUH 10 3aTparaM M yCTOHYMBOMY pas3-
BUTHUIO IPOMBIIIEHHOTO KOMIUIeKca. Tak, aBTopbl
A.C. Anekcun, P.P. Ucynos, 1.B. bop3zyHos noj-
YEepKHUBAIOT, YTO OCHOBOI Pa3BUTHUS MPOMBIIILICH-
HBIX MPEINPUITHN SIBIISIOTCSA «OLIEHKA KIFOUEBBIX
aCIEKTOB UX AESITENbHOCTH, O0eCeYeHHe yCTOM-
YUBOIO Pa3BUTHUS U IOBBIIIEHHE YPOBHS KOHKY-
PEHTOCIIOCOOHOCTU» B YCIOBHUSAX HEOIIPEIeIEHHO-
ctH [5]. [To MHEHHIO aBTOPOB, KIFOYEBOH OCOOCH-
HOCTBIO IPOMBILUIEHHBIX MPEANPUITHNA TOJIAKHO
OBITh UCIIOJIb30BaHME BBHICOKUX TEXHOJIOTUH, 1M03-
BOJIIFOLUX KOHKYPHPOBATh MO YPOBHIO TEXHOJIO-
THYHOCTH C JPYTUMH MPENNPHUITHIMHA B OTPACIIU
u B Mupe. [Ipennpustus OIIK nomxHbl npuHUMAThH
pelleH s 10 ONPEAETICHUIO «Y3KHX MECT» U pellie-
HUIO MPOOJeM B 00JacTH MapKeTHHTra (pacimpe-
HUE PBHIHKOB COBITA; TOBBIIICHUWE OJU PHIHKA),
TIPOM3BOZCTBA M COBITA MPOMYKITUH (POCT MPOU3-
BOJICTBA), MEHEIXKMEHTa (KOHTPOJIb (PMHAHCOBBIX
MTOTOKOB, SKOHOMHUS 3aTpar) [5].

A.M. boukapeB cYUTAET, 4TO KPOME IENH U3-
BJICYEHHS TPUOBLIN y TPOMBILIUIEHHBIX MTPETPHsI-
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TUU NOABIAETCS HOBas 3ajadya — IIOBBLIIIEHUE
KOHKYPEHTOCITIOCOOHOCTH TIyTE€M BHEJIPCHUS U HC-
noJjb30BaHust HOBeIX UT-penienuid, a Takxe mnepe-

¢dbopmaTrpoBaHue MPOU3BOJICTBA HA 3TOW OCHOBE
JUIS YIIOBJIETBOPEHUSI HOBBIX TPEOOBAaHMI pHIHKA
[6, c. 65].

Tabmya 1. Pacxogbl Ha 060POHY M cuioBble BegomcTBa B 2021 1 2024 rr., TpsH pyo.
Table 1. Expenditures on defense and law enforcement agencies, 2021 and 2024, trillion rub

Fop / Hau. o6opoHa / CunoBble BegomMmcTBa / WUtoro /

Year National defense Law enforcement agencies Total
2021 3,5 - -
2024 10,8 3,7 14,5

N ¢ T04HWUK: BbinonHeHo E.A. ManukoBsbiM / So ur c e: by E.A. Malikov.

Tabmya 2. Mporpammel Munnpomtopra n MnHo6opoHsl B 2025-2027, mnpa, v TpnH pyo.
Table 2. Programs of the Ministry of Industry and Trade and the Ministry
of Defense, 2025-2027, billion and trillion rubles

roa / MunnpomTopr, OMNK, mnpa / | Focnporpammbl MuinpomTopra, TpsH / | MMHOGOpPOHLI, passutue ONK, TpaH /
Year Ministry of Industry and Trade, State programs of the Ministry Ministry of Defense, development
defense industry, billion of Industry and Trade, trillion of defense industry, trillion
2025 10,4 1,53 4,2
2026 8,9 1,98 2,7
2027 8,9 2,21 2,76

M cT0o4HuMK: BoinonHeHo E.A. ManukosbiM / So ur ¢ e: by E.A. Malikov.

A.M. BoukapeB cUUTaET, 4YTO KpOME LEIH U3-
BJICYCHMSI TTPUOBLUTN Y TIPOMBIIIJICHHBIX MTPEIIPU-
SATUHA TOSBISIETCS HOBas 3ajada — IIOBBIIICHUE
KOHKYPEHTOCIIOCOOHOCTH IyTEM BHEIPEHUS U UC-
noab30BaHus HOBIX U T-pemenuii, a Takxe nepe-
(opmaTrpoBaHue MPOU3BOACTBA HA 3TOW OCHOBE
JUIsL YAOBJIETBOPEHHSI HOBBIX TPeOOBaHUM pBhIHKA
[6, c. 65].

OOGOpOHHBIN CEKTOp IO CBOEH MpHUPOIE
CUJIBHO 3aBHCHUT OT HAJIEKHBIX, CBOEBPEMEHHBIX
Y TOYHBIX JIaHHBIX, 10 yTBepxkAcHuIo [ T. Epmoi-
nuHOU M ap. [7]. I'uOpuanbie BoiHBI U Kube-
paTakyd CWJIbHO YBEJIMYMIU 3HAYUMOCTH LU}pO-
BBIX TEXHOJIOTHM. 3aluTa, XpaHEHUE U Neperada
nH(pOpPMAIIH B pacCIpeIeICHHOM CeTH MOJIb30BaTe-
JIel CTay epBOOUYEPETHBIMH 3a/1a4aMHU MTPEATIPH-
ATHMN.

bonee noxpoOHO, oniepaTUBHO U Ka4Y€CTBEHHO
pemiars 3TU 3aJa4u MoMmoraeT nudposasi 3KOHO-
MuKa. OTHUM U3 3HAYMMBIX TOCTHKEHUH B cdepe
U (POBBIX TEXHOIOTHHA SBISIETCS TEXHOIOTHS OJTOK-
yeitd. T.C. OpnoBa npuBena CBEICHUS O TOM, YTO
Kk 2025 1. o0ObeM pbIHKa OJNIOKYEHHA B MPOU3BOJ-

CTBE MpeBBICUT 26 MitpA 1o [8]. M3yyeHa cTenenb
pacnpoCTPaHEHHOCTH OJIOKYEHHA B PsiJie 00IacTel:
aBTOPCTBO M Tpasa BhajeHus (6onee 3 %), TEXHO-
noruu ¢puHaHCOBBIE (OKONIO 82 %), ynmpaBiieHHe
JTaHHBIMHU (0K0J10 2,2 %), onepariy ¢ ToBapaMi U
ceippeM (He MeHee 2 %), Kymis-Tipojaxa Japaro-
HeHHbIX KamHel (1,5 %), npoBepka NOATMHHOCTH
Y TOJITBEPKICHUE TTPaB coOCTBEeHHOCTH (3 %), TIpo-
MBIIUIEHHOCTH (3 %), 4aCTHOE U rOCyAapCTBEHHOE
ynpasnenue (0,5 %) u ap. [6].

[To muennro A.C. AnexcuHol u ap. [5], 670k-
YeWH — 3TO Psi/i B3aUMOCBSI3aHHBIX CTPYKTYPHBIX
9JIEMEHTOB, OTBEYAIOIINX 3a XpaHeHHe HH(opMa-
MU O PaCIpEACNIEHHON Cpele TPAHCAKLMHA. IJTO
wiatgopma ¢ GyHKIUSIMH HHTETPAIMHU, paciipe/e-
JICHUS W BBIYHCIHMTEIBHBIX MPOIECCOB, OOMEHa
pecypcamMu U MPOAYKTaMHU, KOTOPBIE MPEATPHUSITHS
MOTYT HIPUMEHHUTH C LENbI0 PEelIeHHUs MpoodieM B
cthepe ynpapneHus OU3HEC-TTPOIIECCAMHU.

Ectb psan ocobenHocrelt 6iokyeiina, npume-
HEHHE KOTOPBIX JIeNIaeT BO3MOXXHBIM CO3/IaHHE TIPO-
3pavHOl CHCTEMBI YIIPABJICHUS CICIKAMHU B Peajlb-
HOM CEeKTOpe 3KOHOMUKH [5; 9, c. 113]:
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B cozfaercs MPUHLIUIHNAIBLHO HOBBIH ypo-
BEHb HAJIS)KHOCTH: HH(POPMALIUS 3aIIMIICHA OT He-
CaHKIIMOHHPOBAHHOTO JOCTYIA, TaK KaK y MOTECH-
IHAITBHBIX «B3JIOMIIUKOBY» CUCTEMbI OTCYTCTBYIOT
BBIYUCIIUTEIFHBIE MOITHOCTH COOTBETCTBYIOIIETO
YPOBHS;

B Kbl OI0K HH(pOPMAIIMU XpaHUT UHGOP-
MaIuio 13 npeapyaymero o6moxa. Kaxaprii ydact-
HUK TPAaHCAKIUI BUIUT MH(OPMAIHMIO B TOJIHOM
o0beMe, U TOJIBKO C COIIacHsl OONBIIMHCTBA yUacT-
HUKOB IIeNy WH(OpMAITUs MOXKET OBITh M3MEHEHA
WIN y/laJeHa;

B Ka)kJasi TPAHCAKIUS YHHKAJIbHA U TOJIHO-
CTBIO TIPOCIICKUBACTCS BCEMU YIaCTHUKAMHU OTHO-
[IEHHUH, YTO MUHUMH3UPYET MOLIIEHHUYECTBO B OTe-
panusx;

B Onaromapsi KpunrorpagpuaeckuM MeToaam
o0ecreunBaeTCsl Ha/ICKHOCTh WHPOPMAIUH TIPU
nepeaade U XpaHeHHH;

B QIOKYEHH-CUCTEMA MOXKET BCTPAUBAThCA B
Jpyrue WHPOPMAIMOHHBIE CHCTEMBI, MOXKET Ha-
CTPauBaThHCSl HOBBIMH MOIYJISIMH, TIO3BOJISTFOLIIMMU
aHAJIM3UPOBATh MHBIC OW3HEC-MOJICIH, BBISBIATH
MIPUYHHBI IPOCTOEB, TOJIOMKH 000py/IOBaHus, T10-
SIBIICHHS Opaka U JAPYTHe MPOIECChI;

B QOJIOKYEHH MOXET MPUMEHSATHCS K IUIAHO-
BBIM pacdyeTaM B IOCTaBKaX PecypcoB, KOHTPOJIE
MIPOXOXKJICHUSI PECYPCOB IO BCEM CTAIUSIM BILIOTh
70 TPOM3BOACTBA. BO3MOXHO IpoBeneHue [e-
TAJBHOTO ay/NTa TPAHCAKIINH;

B OnokueiH-TexHoorus 3QdeKTuBHA, eciu
OHa MPUMEHSETCS] CUCTEeMAaTHYECKH U TIPOUCXOAUT
MOCTOSIHHOE HAKOIIJICHWE WH(OpPMAaILMH, TOBBIIIA-
€TCsl BO3MOXKHOCTB BBIOOpa HanOosee ONTUMAaJIbHBIX
(YCTOMUYMBBIX, OTBETCTBEHHBIX, C COOIIOICHHEM
HOPMAaTHBHBIX TPEOOBAHUIT) TOCPETHUKOB U ITyTEH
JaTbHEHIIETO Pa3BUTHS, BBICTPAMBAIOTCS HOBBIC
YCIIOBHS JJIsl BEAICHUS KOHKYPEHTHOM OOPHOBI;

B QIOKYEHH-TEXHOJIOTHS MOKET COKOHOMHTH
ynpasjeHlaM pabodyee Bpemsi Ha 00pabOTKy HMH-
(dopmanuu, BOBpeMsI COKpaIlaTh U30bITOUHBIE 3a-
macel pecypcoB, mpoayknuu. TexHonorus Oyner
HE3aMEHHMa B BOIPOCaxX MPOBEICHUN HMHBEHTA-

pH3alUK aKTUBOB Ha TNPEANPHUATHH, B CKIIAJICKOM
ydete, 00eCIIeYeHNH HaJe)KHOCTH JieTaleit [6];

B OIMH U3 UHCTPYMEHTOB OJIOKUeiiHAa —
CMapT-KOHTPAKT — AaBTOMATUYECKH HCIOIHIET
COIVIAIICHUS U KOHTPOJHPYET MPOLECCHI, COOIIO-
Jlasi HOpMaTHBHBIE NPaBOBbIE TPEOOBAHUS MO Cep-
TU(UKAIMA TPOAYKITUH U Ap., aBTOMAaTHIECKH O110-
KUpPYyeT HCIOJHEHHE KOHTPAKTOB, €CIU OOHapy-
JKEHBI MPOOIEMBI 10 Ka4YeCTBY TOBAPOB, UTO CHU-
JKaeT pUCK ommOoK [5; 6]. OQHUM U3 HOBILIECTB B
CMapT-KOHTPAKTaX SBISIETCS OPaKyl — JJIEMEHT,
pacmmpsomui GpyHKIIMOHAT CMapT-KOHTPAKTa, C
MOMOIIIbI0 KOTOPOTO BO3MOXKHO KOPPEKTHPOBATH
nHpOpMAIMIO B cMapT-KoHTpakTax [10]. 3aTpars
Ha TpaH3aKIUH (KOMUCCHH 32 TIEPEUUCIICHHS) CHU-
3STCS 32 CUET ONEepUPOBaHUS MU(PPOBHIMU AKTH-
BaMU HanpsmMyro u 6e3 mocpeaaukos [10].

Kak noka3pIBatoT 1aHHbIE 3apyOeKHBIX UCCIIe-
JIOBaHUM, peanu3anys OJIOKIEHH-TEXHOIOTHH B JIO-
THCTHYECKHX [ETI0YKaX MO3BOJISIET JJOCTHYb 3HAYH-
TeIBHOTO KOHOMUYECKoTo 3 dekra. [To onenkam
IBM Institute for Business Value®, sxonomus 3a-
Tpar Ha BeJIeHHE JOKYMEHTO000pOoTa 1 Bepu(puKa-
LUIO JAHHBIX, IOUCK MOCTABIIUKOB U 3aKa3YMKOB
Mmoxet pocrturarb 30-40 %. Kpome Toro, npume-
HEHHE TAaKHWX TEXHOJOTHH IO3BOJSET COKPATHTH
BpeMs Ha OTCIIC)KMBAaHHE IMPOUCXOXKICHUS MPO-
nykiun 10 70 %, 4To 0COOEHHO BaKHO ISl TIPEI-
HPUATHH C )KECTKUMH TPeOOBaHUSAMU K BepUpHUKa-
MU U TPOCIECKUBAEMOCTH. AHAJIN3 MOKA3bIBAET,
4TO MpUMEHEeHHe ONOKYEiiHA B JIOTUCTUKE TTO3BO-
JSIeT JOCTUYb BBICOKOW CTENEHH MPO3pavyHOCTH,
OTCJIEKMBAEMOCTH W CHUHXPOHHM3AIMU MOTOKOB,
YTO OCOOCHHO aKTyaJbHO MJIsi OOOPOHHOW TIpO-
MblIeHHocTH [11].

Ot 3¢(dexTsl MOATBEPKAAIOTCS MEXKTyHa-
POITHOM ITPAKTUKOM, B YaCTHOCTH IPUMEPAMU BHE-
PEHUS B IOTUCTUYECKHUX U TIPOU3BOJICTBEHHBIX LIe-
noukax crpal Esporneiickoro cotoza u Kuras® [11].

Asropsl E.M. Unbunckas u ap. [12, c. 139]
CUMTAIOT, 4yTO OIOK4eHH 3(h(peKTHBEH B IBYX 001a-
CTSIX: BEICHUE 3aMMcel U JOKYMEHTAlUU, HaIlPH-
Mep, PETHCTPAIHs HOBBIX IaHHBIX, HICHTU(UKAIIHS

5IBM Institute for Business Value. IBM Food Trust: Accelerating Digital Transformation of the Food Supply Chain.
IBM Corporation, 2020. URL: https://www.ibm.com/downloads/cas/6BXGZRX1 (mata oopamienns: 20.05.2025).

¢ Tam xe.
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TOJTh30BaTeNeH, smart-KOHTpakThl, OOMEeH mHu(po-
BBIX U (PM3MUYECKUX aKTUBOB Ha IM(POBOI Iiat-
(dopme, HH(PpacTpyKTypa IIaTex e, mpoBepsieMbie
JTaHHBIE.

H.A. CuM4YeHKO U Ap. CYUTAIOT, YTO OIOKYEHH
3¢ PeKTUBEH IS 3alUILIEHHON TIepeiadyl JaHHBIX,
CO3JaHMS IUPPOBBIX KOMUI TOKYMEHTOB, (hOPMH-
POBaHMS MOAYJILHOTO MAKETa JIOKyMEHTOB, HallpH-
Mep JUIsl YIPOLIEHUS IPOLEAYDP OTKPBITHS MaJIOro
ousneca [13, c. 205].

ITo I'T. EpMonanHO# U 1p., CAEAYyeT pa3iu-
YaTh TPU TUMNA OJOKYEHHA C Pa3HBIMH IPaBaMH pe-
TYIUpOBaHMs MH(OPMAIH B OJIOKAX: MyOIHYHbIH,
YaCTHBIM M KOHCOPLUYMHBIN. YYaCTHHKH LIETIOUYEK
MOCTaBOK MOTYT CAMH BBIOMPATH TUI OJIOKYEHHA B
3aBHCHMOCTH OT MOTpeOHOCTH [7].

[To muenmnro A.M. BoukapeBa, OJOKIEHH-TEX-
HOJIOTUU CIOCOOHBI M3MEHHUTh caMy OW3HEC-MO-
JieJ1b OBeAIeHUs peanpusaTus. B yactHoct, 00y-
CIIOBUTBH MEPEXOJl OT MOJAEIU MOCIEHPOAAXKHOTO
00CITy>)KUBaHHSI TOBapa K MOIEIH OTCIECKUBAHUS
MaKCHUMaJIbHO BO3MOXHOTO CPOKa CIIy»ObI TOBapa,
HCIOJIB3Yys MPHU 3TOM NpeACKa3aTeIbHYI0 aHaJM-
THKY [6, c. 64].

ITo muenuro E.M. UnbuHCKOM U 1p., aKTyalb-
HBIMU CTAHOBSTCA LU(PPOBBIE OM3HEC-MOAETH —
9TO HENPEPBHIBHO MOBTOPSIOIIMECS TPAHCAKIHH,
KOTOpBIE 00padaThIBalOTCs UPPOBBIMU TEXHOJIO-
TUsIMU. ABTOpPBI OOHAPYKUJIU CIEAYIOLIYIO 3aKO-
HOMEPHOCTb: YEM BBILIE YPOBEHb CIOKHOCTH 3a-
Ja4u 00eCTIeYeHUsT KOHKYPEHTOCIIOCOOHOCTH, TEM
aKTHBHEE W JeTalbHee NOKHBI (POPMHUPOBATHCS
TpaHC(epHbIe TPAHCAKLUHU, OW3HEC-TPOLECCH U
caMa busHec-mMozens [12].

OTaenbHO cienyer yHoMsHYTh O KOCMHUYe-
CKOM oTpaci kak BaxHeimen orpaciu OIIK, Bra-
HYTOW B BOCHHBII KOH(ITUKT, HEOOXOTUMOCTH 00€eC-
nedeHust 6e30MacHO| Mepenayl JaHHBIX CO CITyT-
HUKOB 3eMJIH, BepH(UKAIINH MTOTyIaeMbIX TaHHBIX
OT 3aKOHHOTO MHHUIMaTopa. bezonacHocTe kocMHU-
YeCKOM MH(POPMAIIMOHHOHN CETH, B TOM YHCJIE U B
BOEHHOE BpEMs, MOJKET ObITh 0OecIeueHa 3a CUeT
onokueiin-rexnomnoruii. C 2018 1. B Poccuu peanu-
3yeTcsl MPOEKT IO MPOBEACHUIO B J1a00OPaTOPHBIX
YCIIOBUSIX aHaJn3a BO3MOXHOCTEH OJoKuYeiiHa Ha
npeaMeT u3deranus KuOeparak Ha BaKHbIE 0a3bl

JAHHBIX M CHUCTEMbI BOOPY)KEHHs. YCTAaHOBJICHO,
YTO C MMOMOIIBIO OTOKYEITHA 3HAUNUTEITHHO YCKOPSI-
eTCsl Iepeaaya JaHHBIX CO CIYTHHKOB KaK MUHH-
MyM Ha TpeThb [7].

ITo muenuro P.M. IlonyskroBa, CII0KHO HAUTH
3aMeHy OJOKYEHH-TEXHOJIOTUHN B OTHOIICHUSIX YII-
paBJIEHUS] MHTEJJICKTYaIbHOM COOCTBEHHOCTHIO B
PaKETHO-KOCMHUYECKOM IPOMBIIIIEHHOCTH. [[aHHas
TEXHOJIOTHS MOXKET JIy4Ille 00eCIIeYUTh aBTOPCKHE
MpaBa Ha THHOBAIIMOHHKIE TeXHOIOTHH [ 14, ¢. 59].

Bo BceM mMupe rocymapcTBeHHBIE M YaCTHBIE
KOMIIAHWU TIOJKIIIOUYMIINCH K TAHHOH TE€XHOJOTHU
B BOIIPOCAxX 3alUThl 00BEKTOB HHTEIUICKTYaIbHON
COOCTBEHHOCTH, YJTy4IlICHUS TEPEaaYn JaHHBIX U
CIIyTHHKOBBIX CHUMKOB, ITI00aJIbHO JIOCTYHHOH U
HaJIC)KHOH 3aiCH OpOUTAJIHHBIX MTOJIOKEHUH CITyT-
HHUKOB M JIOTUCTHKH ¥ 3aKJIOUEHUs COIVIAIlICHUN
C JPYTMMH TpeInpusITUAMH Ha 0a3e cMapT-KOH-
TpakToB» [7].

T.I. EpmoninHa ¢ COaBT. pe3IOMUPYIOT O Clie-
IyIOIIeH Toyib3e OJoKYeiiHa B OOOPOHHOM TIpO-
MBIIIJIEHHOCTH U KOCMHYECKOW MHITyCTPUH: TTOBbI-
raeTcsi KnbepOe301macHOCTh MPOIIECCOB, TPOUCXO-
UT KOMITJICKCHAsT BepUQUKaIms WHHOPMAIIH,
CHIDKAIOTCSI PUCKHU MTPUHATHUS HEONTHUMAJIBHBIX pe-
IIEHUI B YpPE3BBIYAMHBIX CUTYalHsIX, yBEIHUNBA-
ercsi 3((HEeKTUBHOCT, OOOPOHHOW JIOTUCTHKU W
MOCTaBOK (3aKyTIoK) [8].

C.B. Ikoguuckwuii, JI.A. CTenaHOB CUATAIOT
OOJIBITUM TIPEUMYIIIECTBOM OJIOKYSHH JUISl TIPO-
MBIIUICHHBIX MPEANPHUITUN, KOTOPHIE SBISIOTCS,
KaK IPaBUJI0, KPYIHBIMU U KPYTTHEHIIINMH, €T0 CII0-
COOHOCTB 0OecIieunBaTh aHOHUMHOCTb, TPaHCTPa-
HUYHOCTh PAacueToOB B 00XOJ PHCKOB IMOJTYYECHUS
cagknwmii [15].

A.S. Hectepos, H.A. CemMeHOB yTBEpK1aI0T,
YTO NPOMBIIUIEHHBIE JaHHBIE, 0COOEHHO JJAaHHBIE C
MOTOYHBIX TIPOU3BOJACTB, OY€Hb JUHAMHYHBI U TPY-
JIoeMKH 110 coopy nH(popmaruu. TexHomornu O10K-
YeH YaCTHMYHO MOTYT pEIuTh mHpoliemy, Io-
CTPOMB HOBYIO MOJIEJb YIIPABJICHHUS HA OCHOBE J10-
CTOBEPHBIX TEXHOJIOTHYECKHUX U OM3HEC-TIOKa3aTe-
neii [16, c. 93].

CrloxxHOCTH B IpUMEHEHHH OJIOKYeiiHa B 000-
POHHBIX IPEATIPUATUSAX MOTYT OBITH CBSI3aHBI C 00-
palieHreM CeKpeTHOM MHpOopMaIMu U HEeoOXOIu-
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MOCTBIO 00JI€€ TIIATEILHOTO PETYIMPOBAHUS PEKHU-
MOB OOMEHa CEeKpeTHOW MH]OpMaIHei, KOHTPOJIs
OTBETCTBEHHBIX paboTHUKOB. MccnenoBarenu ot-
MEUaIOT, YTO B HEKOTOPHIX TUMAaX OJIOKYEHHA HET
LEHTPAIN30BAHHOTO KOHTPOJIS, OCYIIECTBISIETCS
HEeMpephIBHAs COBMECTHAs HKCIUTyaTalusi U KOH-
TPOJIb MPUMEHEHHUs 0a3bl TaHHBIX, U PeYb UJET O
CHIDKEHHWHU CEKPETHOCTH MH(OpMAIMHU IS y4acT-
HUKOB ceTu [5]. Bmecre ¢ TeM moBbIIaeTcs 3a-
KPBITOCTh MH(OPMALIUH 711 TPETHUX JIHII.

P.A. CenynoB yka3an, 4To OJOKYEHH CTpO-
WTCSl Ha TMPUHLIMIE JCLEHTpaln3aun Onarogaps
TOMY, YTO B LIENIM BCE YYACTHUKH MMEIOT pPaBHBIC
TpaBa B OTHOIIIEHUH HH(OPMAITUH, YTO 00eCTIeU -
BaeT ee O6e3omacHOCTh. IIpu 3TOM OCTaeTcs puck
HETaTHMBHOTO BO3JICHCTBUS HA CHUCTEMY B Cilydae
CO3/IaHusl BHYTPEHHEH 3aKpBITON OJIOKYEHH-TIIaT-
¢dopmer [17]. P.A. CenyHOB cuuTaet, 9To OTKpPhIBA-
IOIIHECS BO3MOKHOCTH UCTIOJIb30BaHMS OJTOKYEHH
B OOOpPOHHON TNPOMBIIIICHHOCTH MEPEKPHIBAIOT
BBINIICHA3BaHHBIC HETaTUBHEIC sSBIICHHS [17].

A.C. AnexcuHa ¢ CoaBT. TaK)Ke II0JIAraroT, 4To
HY>KHO M30eratb 4pe3MepHOrO BHEJPEHUs IaH-
HBIX TEXHOJIOTUH, YTOOBI HE yCIOXKHATH OpTaHH-
3alMOHHO-YTIPABICHUECKYIO CTPYKTYPY HpEeAIpH-
aTus [5].

Cucremarn3anusi JUTEPaTypbl ¥ HOPMaTHB-
HBIX JIOKyMEHTOB ITO3BOJISIET YTBEPXKIATh, YTO KITIO-
4eBbIM OapbepoM BHEAPEHHS TEXHOJIOTHH OJIOK-
yeitH B OIIK sBasieTcst HecomacoOBaHHOCTh TEXHO-
JOTMYECKUX, HOPMAaTUBHBIX U OPTaHU3aIlMOHHBIX
ypoBHeii. [1o Hamemy MHEHUIO, Tiepexo K 3 dex-
TUBHON MOJIENIN YIIPABJICHHUS BO3MOXKEH IIPU YCIIO-
BHH pa3pabOTKH OTPACIIEBBIX MU(POBBIX CTaHIAP-
TOB WU CO3/aHUs CIICIUATU3UPOBAHHBIX IIEHTPOB
KOMIIETCHITNI Ha 0a3e KPYIMHEHIIINX TPEAPHUSITHHA.

Kpome Toro, aBTOpHI MONAraroT, 4TO yCIHell-
HOCTb BHEJPEHUs OJIOKYEHH 3aBHCUT HE TOJBKO OT
HKOHOMHUYECKOH APPEKTUBHOCTH, HO U OT YPOBHS
JIOBEpHS YYaCTHHUKOB OOOPOHHOM IIETIOYKH K TEX-
Honorun. CienoBaresibHO, He0OXOMUMO (hOPMHUPO-
BaTh MHCTUTYIIHOHAIBHYIO Cpery, 00ecrneunBaro-
HIYIO FOPHIMYECKYIO U OTIEPALIMOHHYIO MOAICPKKY
TAKWX PEIICHUH.

C yderoM pacCMOTPEHHBIX OCOOEHHOCTEH
OJIOKYCHH-TEXHOJIOTUH M TIPSIIPUSITHIA TIPOMBIIII-
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JICHHOCTH OJIOKYEHH TOJKHBI TPUMEHSTH BBICOKO-
TEXHOJOTHYHBIE, C JUIMHHBIMA W MHOTOYHCIICH-
HBIMH TIPOU3BOJICTBEHHBIMH IIETIOYKAMH TPEIIPHUs-
TUSI MATUHOCTPOCHUS, IPYTHX 00pabaThIBAOIINX
MPOU3BOJICTB, & TAKXKE MPENNPHUITHS TOOBIBAIO-
e 1 nepepadarpiBalomel MPOMBIIUICHHOCTEH.
N.B. banues, A.A.Iloranos, W.P. ABropxaHoB
YTBEP)KJAIOT, YTO TEXHOJIOTUS OJIOKYEHHA MOXKET
OBITH BOCTpeOOBaHA TOCPETHUKAMH MEXIY KPYII-
HBIMU TOPTOBBIMU cermMeHTami [9, c. 116].

S.A. Hecrepos, H.A. CemenoB yka3zaiu, 4To
YYaCTHHUKOB IIETIN JIOJDKHO OBITH MHOTO, TaK KakK OT
UX YUCJIA U HUHTEHCUBHOCTH TPAHCAKIMH 3aBUCUT
MPOM3BOAUTEIBHOCTD U 3aTPATHOCTh TEXHOJIOTHH
OnokueitH. Ecnm ske y37oB B menu (y4acTHHKOB)
OyzeT HEeMHOTO, TO YHaJIeT IPOU3BOAUTENLHOCTD U
BCTaHET BOMPOC 00 yCTOMYMBOCTH U OE30IaCHO-
cTH TexHooruu [ 16].

HenpeMeHHBIM yCIOBHEM NPUMEHHUMOCTH
TEXHOJIOTHH OJIOKYEHH SBIsIeTCS TpeOOBaHNE aBTO-
MaTu3aly BCex pabodymx MecT [6], Hammuue WH-
TepHeTa, MOOWIIBHBIX YCTPOWCTB, HAJTMYUE KBAJIH-
(bUIMPOBaHHBIX KaIpOB, 00IAAIONINX 3HAHUSIMHU
0 crnernuduKke MPOU3BOACTBA, WH()OPMAITMOHHBIX
TEXHOJIOTHSAX, ITUppoBoM MapkeTunre [18, c. 260],
3aWHTEPECOBAHHOCTH PYKOBOJHTENEH B UCTIONB30-
BaHUU (P (EKTUBHBIX TEXHOJIOTUH, TTOJIEPIKKA CO
CTOPOHBI TOCY/IapCTBA B peaIn3alnuy TeXHOJIOTHH
4qeTBepTOoro ypoBHs nHayctpuu. JI.II. Bacunbena
YTBEPIK/IACT, UTO MPEANPHITHS, OoJiee OepaTuBHO
BHeIpsIToIue HU(pPOBBIE TEXHOIOTUH B YIIpaBie-
HUe, ONepHupyone OOIbIINMHI JaHHBIMH, TPe/-
CKa3bIBAIOIIHE U TIPEYTIPEKIAFONINE PUCKH, U3ME-
HSIOIME OTEPALMOHHBIE MOJIEIH, CTPYKTYpYy 3a-
Tpart, ObICTpee MOBBIMAIOT CBOI0 KOHKYPEHTOCIIO-
COOHOCTbB, KOPPEKTHPYS CBOW PHIHOYHBIN Kypc [18].

IIpensaTcTBUSAMHA K BHENPEHHUIO TEXHOJIOTHI
OJIOKYEH B IPOMBIIUIEHHOCTH SIBIISIETCS IPOTHBO-
JISMCTBYIOIEEe OpPraHU3allMOHHOE TIOBEICHHE KIIH-
€HTOB, KOTOPHIE HE CIIeMIaT anpoOupoBaTh HOBBIE
U(POBBIE CEPBUCHI, TOBEACHNUE CAMHX MPEATPH-
ATUN, KOTOPbIE HE TOPOISTCS MEePEeBOAUTH IHIIOT-
HBIE IPOEKTHI B MACIITAOHYIO 1ETETbHOCTD. XOTS,
kak ormevaeT JI.I1. Bacunwesa, Bce Oomblne npe-
OpUSATUNA 33 yMBIBAIOTCSI O 3aMeHE (PU3UUYECKUX
npeyIoKeHNH Ha 1upoBble MHUIMATHUBEI [ 18].
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JLA. 'amunynnaesa, M.I1. KupeeB koHcTaru-
poBajH, 4YTO OOJBIIMHCTBO MPOMBIIUIEHHBIX MPeN-
MPUATHU TIOKa e1lIe UCTIONb3YIOT HU(POBBIE TEXHO-
JOTUH JTUO0 AJIs1 ONTUMHU3AILUH OTIEPAIIMOHHBIX 3a-
TpaT U pocTa NPUOBLIN U PEHTA0CIBbHOCTH IPOU3-
BOJICTBA, JINOO JJIS YITyUIIEHUS YIIPABICHUS U PO-
CTa IPOM3BOAUTENBHOCTH Tpyaa. [Ipu 3Tom oTcyT-
CTBYET KOMIUIEKCHBIH MOIX0/] K II(PPOBOIl TpaHC-
dbopmaruu OuszHec-monenu npeanpusatus [3]. ITo
MHEHUIO aBTOPOB, OCHOBHBIMU NMPUYMHAMHU TPO-
011eM SABJIAIOTCA OTCYTCTBHE IM(POBOM Kopropa-
TUBHOM KYJBTYPBI, CTHJIb PYKOBOJACTBA, HE Halle-
JICHHBI Ha YETKOE ONpeaeeHne OyayIInX BBITOX
U KOHTPOJIb UX JOCTH)KEHUS, U c1aboe SKOHOMHU-
gyeckoe 00ocHoBaHue N3MeHeHu. [IpobiaeMbl KoH-
¢uaeHIMaTbHOCTH HH(OPMAIUU U 6€30MacCHOCTH
B TaKOM CJIy4ae OTXOJAT Ha BTOPOI IJIaH.

Kpome Toro, O.M. )Kurgea ormedaer, 4to
BHEJ[peHue OJoK4YelH TpeOyeT oTKa3za OT MHOTIO-
YPOBHEBBIX UEPAPXUUYECKUX CHCTEM YIIPABIICHUS,
MOCTOSTHHOTO PEeMHXHHUPUHTa OU3HEC-TIPOIIECCOB,
HACTpaMBaHUSI CKBO3HBIX HHU(POBBIX IMPOIECCOB
[4]. Taxke cepbe3HBIM MPENSATCTBUEM JIJISI Macco-
BOTO BHEApEHUs! OJOKYEHH-TEXHOJOTHIl B JIOTH-
CTHKE SIBJISTFOTCS] BEICOKHE HauaJIbHBIC 3aTPaThl, CBSI-
3aHHBIC C pa3pabOTKON M MHTErpanueil mporpam-
MHO-aNMapaTHBIX PEeLIeHU, 00yuYeHneM IepcoHaa
[19, c. 47]. OnauM U3 criocoOOB perieHus JaHHON
poOIeMbl MOKET OBITH MPUMEHEHHE CTOPOHHEU
unppoBoi m1arhopMel, a HE CO3JaHNE COOCTBEH-
Hol 1udpoBoii mrarpopmsr [20].

Crieriudrxa 060pOHHOIO CEKTOPa U PaKETHO-
KOCMHUYECKOH oTpaciy (POPMUPYET CBOH TIPOOIIEMBI
B XOZIE BHEIPEHMSI MCKOMBIX TEXHOJOTHI: CIIMII-
KOM BBICOKAasi CTOMMOCTb «CO3JaHHs U 3KCILTyaTa-
LIMU, OTCYTCTBUE OOIIETo CTaHAapTa JUIs paspa-
60TKH 1aTGOpPM, OTCYTCTBHE 3aKOHOAATENbCTBA,
PEryIHPYIOIIETO MPABOBBIE ACMEKTHI UX HCIIONb-
3oBa”us» [7]. [lo muenuto P.M. [lonyskroBa,
J.YO. UBanoBa, Ha NpeAnpUATHSIX PAKETHO-KOC-
MHUYECKOW M aBHAITMOHHOW OTpaciIeH TOJKHBI ObITh
CO3JaHbI TOJIBKO COOCTBEHHBIC HU(POBBIE IUIAT-
(hopMBbL. ABTOPBI IPEVIOKUIHN IPUMEPHYIO CXEMY
€€ CO3/IaHusl C MOMOUIbIO JEHEHTPATN30BAHHbIX
WHBECTUIIMOHHBIX (OHOB [21].

3akJiloyeHume

Otpaciib TPOMBIIIIIEHHOCTH BCera Obliia BOC-
NPUMMYUBOIN K TIOSIBICHHIO HOBBIX TEXHOJOTHI.
Ecnu BHEAPSATH TEXHOJIOTUHN OJIOKYCHH I1eIeHaIpaB-
JIEHHO, TO OHU CTaHYT KJIFOYEBBIM 3BEHOM Pa3BHUTHS
npou3BoacTBa. OCHOBOIOIATAIOIIMMY HaIIpaBIIe-
HUSIMU COBEPIICHCTBOBAHUS BHEIPEHUS TEXHO-
Joruii OnoK4yelHa SBISIOTCS CICAYIOIINE HalpaB-
JICHHUSL:

® [POJBWKECHHE HAYYHBIX HCCJICIOBAaHUH U
pa3paboTKu OnoK4eliHa (3/1eCh BaXKHBI paclIupe-
Hue (yHKIHMOHaNa ONOKYEeHH-TUIaThopM 3a CUeT
UHTETPAlli C JAPYTMMU CKBO3HBIMH TEXHOJOTH-
SIMU M CO3JIaHHE KPOCC-OTPACIIEBBIX OIIOKYEHH CH-
CTEM, COCTOSILIUX M3 YYACTHUKOB JIPyTUX CEKTO-
POB SKOHOMHKH);

B [IpOBEJCHHUE TITyOOKOTO OOYYEeHHS ydacT-
HUKOB HH()OPMAIIMOHHBIX OOMEHOB;

B COBEpIIEHCTBOBAHHE 3aKOHO/ATEIHCTBA IO
WCTIOIH30BAHUIO OJIOKYEHHA (3/1eCh aKTyallbHBI OY-
IyT OTpacieBble CTaHJIapThl, IPOTOKOIBI OOMEHA
JTAaHHBIMU, MOJIyJIbHbIE NTAKEThI JIOKYMEHTOB, Jat0-
mue OECIIOBHYIO HHTETPALIUIO Pa3HbIX IU(POBBIX
CHCTEM).

BHenpenue TexHooruii 3aBUCUT OT MaciuTada,
TUIA TPOU3BOJICTBA, YPOBHSA TEXHOJIOTMYHOCTH.
BHaenpsaTe TexHoMOruu 0J0K4EHH cienyeT n3oupa-
TENILHO, HAYMHAS C TE€X OTpacieH, I/ie MHOKECTBEH-
HOCTh MCTOYHHMKOB TOCTaBOK, TECHBIE MPOU3BOI-
CTBEHHBIE CBSI3U, BEICOKHI OpraHN3allIOHHO-TEX-
HOJIOTHYECKUI YPOBEHb, YPOBEHb 3aTpart, MOJro-
TOBJICHHBIE Ka/Ipbl, €CTh BO3MOXHOCTb aalTalluu
TEXHOJIOTHI B TPAXKITAHCKOM CEKTOPE IKOHOMHKH.
OOOpPOHHBIN CEKTOP NMPOMBIIIICHHOCTH SABISETCA
BBICOKOIIPOM3BOAUTEIILHBIM U 3aTPaTOEMKHM, I10-
ATOMY BHEJIPEHHUE B HEM TEXHOJIOTHI OJIOKYCITHA B
HEPBYIO Ouepe/ib 11e1eco00pa3Ho, TaK KaK 3TO JacT
NEpBOHAYAIBHO HEOOXOAMMBIH BBICOKHI 3KOHO-
Mudeckuit 3 exr.

B nensx manpHeiimero cHmxeHus u¢poBoro
HEpaBEHCTBA MEXJIy OTpacisiMM U PETHOHAMH,
a TaK)Xe Ui YCTOMYUBOTO PACHPOCTPAHEHHUS TEX-
HOJIOTHH TOCYJIaPCTBY CIIETYET COCPEIOTOYHTh yCH-
JMs Ha CO3/IaHUM HCCIIEI0BATENIbCKUX LIEHTPOB U
naboparopuii, Tae OyayT NpOBOAUTHCS (DyHIaMEH-
TaJbHbIC W MPHUKIAJHBIE UCCIeNoBaHUSI B chepe
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KOMITHIOTEPHBIX HayK ¥ MU(PPOBBIX OM3HEC-MOJIC-
Jeid, alanTUPOBaTh MEX/TyHAPOIHBIN OIBIT U CTH-
MYJIMPOBATh Pa3BUTHE LIU(PPOBBIX OU3HEC-MOJIEINEH.
B ycnoBusix pocra TpeGoBaHuil K mpo3payHo-
cTH, 0€30MacHOCTH M aJaNTHBHOCTH TPOM3BOJ-
CTBEHHBIX MPOIECCOB OJOKYEHH crocobeH obec-
NIEYUTh JJOCTOBEPHOCTh JTAHHBIX, CHU3UTH YIIPAB-
JIEHYECKUE PUCKH, TOBBICUTH ITPOU3BOIUTEIEHOCTh
U YKPENUTh TEXHOJOTUYECKYI0 HE3aBUCUMOCTD
HaIlMOHAJIBHOHN NPOMBIIIIICHHOCTH.
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their integration into pedagogical practice, adaptation to both distance and traditional
conditions. An analysis of relevant international studies informs the development of
a teaching method that optimizes distance-learning efficiency and minimizes network load.
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HUcrtopus cratbu

[Hoctymmna B pegakmmto: 29 centsiopst 2025 1.
Jlopaborana: 12 Hos10pst 2025 T
IpunsTa k myonukammu: 25 HosOps 2025 1.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

ABTOpBI 3asIBISIIOT 00 OTCYTCTBHHU
KOH(JIMKTa UHTEPECOB.

Annoranus. [Taanemuss COVID-19 o6ycnoBuna He06X0QUMOCTH SKCTPEHHOTO
nepexosia 00pa3oBaTeNbHBIX YUPEXKICHUN K IUCTAHIIMOHHOMY (opMary oOyde-
HUSL, 9TO BBISIBUJIO PSI OPTaHU3AIIMOHHBIX, METOANYECKUX H TEXHHYECKHX TPO-
6nem. Ocoboe 3HaueHHe Mpuodpenu BOoIpockl 3GPEKTUBHOCTH AUCTAHIIUOH-
HOTO 00y4eHHs U 00ecredeH s PaBHOTO IOCTyTa K 00pa3oBaTelIbHBIM pecypcam
IpU OrPaHUUYECHHBIX BO3SMOXKHOCTAX CeTeBON MHGPacTpyKTyphl. PaccMOTpeHsl
MeJaroruIecKue BO3MOXKHOCTH JJIEKTPOHHBIX 00pa30BaTEIbHBIX TEXHOJIOTHH
U TPEeIJIOKEHB METOANYECKHE PEKOMEHAIMH M0 UX WHTETPall B y4eOHBIN
MIPOLIECC B YCIOBUSIX JUCTAHIMOHHOIO M CMeImaHHoro oOydenws. Ha ocHoBe
aHaIM3a 3apy0eKHOTO U OTEYECTBEHHOTO OIbITa Pa3padOTaH aBTOPCKUM METO
OpraHHU3alMy AUCTAHIIMOHHOTO 00yYeHH s, OCHOBaHHBII Ha PAlJHOHAILHOM COYe-
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Introduction

Isaac Pitman, who in the 1840s introduced an
innovative system of learning using shorthand.

The concept of “distance learning” was intro-
duced for the first time in Europe in the XIX cen-
tury. Students received educational materials by
mail, corresponded with teachers, sent their written
works to the teacher for verification and received
comments from them by mail. The founder of
distance learning is the British shorthand scholar
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As an English teacher, in 1837, he suggested
introducing shorthand writing into teaching, which
would allow better interaction with students [1].
Other educational institutions began to adopt
this learning experience. Colleges began to create
that mail-provided education in accordance with
the university program. In 1850, Gustav Langen-
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scheidt published the so-called “teaching letters”
in Germany, which allowed everyone to learn the
language [2].

In America, the first steps were also taken in
the development of distance learning. In 1873,
Anna Eliot Ticknor began developing a system of
education for women that was conducted by mail.
It was based on the English program “Home
Education Support Society” [3].

In 1911, distance learning courses began ap-
pearing in Australia. They were conducted at the
university level at the University of Queensland.
Mail-order training was also organized for children
living far from school [4]. In a fairly short period
of time, the distance learning system has spread to
many countries. This included the possibility of
training for schools and technical colleges. At this
stage, the training was conducted in a handwritten
version. Textbooks were published in paper form
and delivered via mail. Publications at that time
were not distinguished by high-quality printing and
paper.

In the subsequent phase, the books exhibited
enhanced quality, accompanied by the introduction
of color illustrations. The materials were also
supplemented with audio and video recordings.
This stage dates back to 1969, when the Open
University was established in the UK [5].

The third stage is associated with the active
development of information technologies. This
includes working with e-mail, the possibility of
using teleconferences, and working with graphics
and multimedia. In other words, at the present
stage of development, communication between
teachers and students is arranged as technologically
and conveniently as possible.

In the 2000s, distance learning became the
dominant form of learning. The Internet system
was improving and becoming more accessible, and
distance education technologies were developing.
Consequently, the number of universities using
Internet technologies has increased.

Today, distance learning has reached a new
level of teacher-student interaction. The use of the
Internet and personal computers allows for real-
time communication, and modern software makes
it possible to work effectively with a variety of

multimedia information in virtual space, regardless
of the actual location of the teacher and the student.
Simultaneously, the quality of distance education
is constantly growing, including the reliability of
procedures for monitoring learning outcomes and
the objectivity of evaluating educational achieve-
ments [6].

The coronavirus pandemic has changed the
usual way of life worldwide. Companies adapt to
new conditions quickly: online stores and courier
services have already introduced contactless de-
livery, and office workers have gone into quarantine
and work from home. The rules have also changed
for education, and the situation in the world has
forced schools, technical colleges, and higher
educational institutions to mandatory switch to dis-
tance learning.

The COVID-19 outbreak transformed distance
learning from a desirable alternative into an
immediate necessity, at least in the short term, with
considerable uncertainty regarding the duration of
this shift. This has brought distance learning to a
much wider audience. Consequently, schools have
had to create or fast-track online education plans
to get teachers and students on board with the latest
technology as quickly as possible [7].

On the other hand, this crisis stimulated
innovation in the field of education. Innovative
approaches have been applied on a large scale to
ensure the continuity of education, and solutions
for distance learning have been developed quite
quickly, thanks in no small part to the measures
taken by the governments of many countries.

The changes that have taken place regarding
the accelerated transformation of the ways of pro-
viding quality education have made us think not
only about the promising prospects of learning in
the future, but also about the problems associated
with this transformation. This is primarily about
the problems of students who suffer from a lack of
resources or a favorable environment for access to
learning, as well as the problems of teachers who
need to effectively master new teaching methods.

All these factors have led to extensive dis-
cussions among education professionals regarding
the state and accessibility of distance education,
the impact of COVID-19 on distance learning, and
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the role of teachers and administrators in ensuring
effective online instruction, as further discussed
in the following section.

1. Materials and Methods

In particular, the goal of our study was to solve
the following tasks:

® Determine the best way to minimize net-
work load without affecting the quality of distance
learning.

® Analyze and compare the differences in
learning outcomes between learners studying using
web-based and conventional modes.

® Collect feedback from students concerning
our e-learning method.

To optimize the distance learning process,
a method was developed based on two key prin-
ciples: maximizing instructional efficiency and
minimizing network load. Improving the effective-
ness of distance learning requires the integration of
appropriate instructional approaches and a balanced
combination of synchronous and asynchronous
learning formats, while taking network load con-
straints into account in order to ensure equal
learning opportunities regardless of students’
location, devices, or network conditions.

1. 1. Asynchronous Learning

Asynchronous learning allows students to
study according to their own schedule for a certain
period of time. They can access lectures, read
materials, and do homework and research at any
time during one or two weeks.

Advantages of asynchronous learning:

Watch the videos

Choose and research a topic

Rewatch the materials
(if necessary)

Preperation of presentation

Flexibility of the schedule
Individually dictated tempo
More democratic
More accessible
More time with the materials
Within the proposed approach, asynchronous
training was performed as follows:
= Watching various videos on different topics.
m Further research on these topics.
® Preparation of a presentation on these topics
for the seminars.

1.2. Synchronous Learning

Synchronous learning, by definition, refers to
an educational event in which a group of parti-
cipants is engaged in learning at the same time; for
this, they must be in the same physical place, for
example, in a classroom, or in the same online
environment (as in our case), where they can inter-
act with the teacher and other participants.

Advantages of synchronous learning:

m Exchange of knowledge and experience
among participants.

® Real-time feedback.

® Students become more engaged in their
learning.

® Students feel a stronger sense of collabo-
ration.

Within the proposed approach, asynchronous
training was performed as follows:

® Questions, debates, and games.

® Video discussions in lectures.

® Presentations and reports at seminars.

Figure 1 shows the weekly learning process.

Discuss the videos in the lectures

Ask questions if something is not clear

Presentation performance on the seminars

Figure 1. Weekly learning process
Source: byR.S. AlHakim, E.A. Kovaleva, L.O. Andreeva.
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As shown in Figure 1, the weekly cycle
consists of seven steps. First, teachers send links to
the required videos through WhatsApp 3—4 days
before the lecture. Every student in turn chooses
a topic and starts to study it, prepare it well, and
write down his notes and questions about it. The
third step is lectures, which are held synchronously
on Microsoft Teams. The teacher asks questions
about the given videos to determine the level of
students’ understanding. The students also have
the right to ask questions and receive real-time
feedback from the teacher. After that, the students
will have time to review their topics and prepare
presentations on them. The last step is the delivery
of presentations at the seminars, which also
happens synchronously on Microsoft Teams and is
evaluated by the teacher.

1.3. Network Requirements

Considering that more than 8000 foreign
students from 155 countries study at our university,
it is worth noting that not everyone has equal
conditions due to the speed of the Internet and the
presence of necessary materials. However, it is
important for us that everyone has equal oppor-
tunities to act and gain knowledge. Therefore,
it is very important to minimize the network load
in our method so that everyone can acquire as
much knowledge as possible, despite the different
conditions for everyone. For this purpose, the mini-
mum network requirements were analyzed and
calculated for each stage of the proposed learning
method (Figure 2). In addition, regular feedback
from students was collected on a weekly basis to
verify the stability and feasibility of the proposed
approach under real learning conditions.

The highest Internet bandwidth requirement
within the proposed approach is associated with
video content consumption, which requires a mini-
mum data rate of approximately 500 kbps. In
contrast, activities such as web searching, reading
academic materials, and collecting information for
presentations can be performed with a substantially
lower bandwidth of approximately 100 kbps.

Synchronous sessions were conducted using
Microsoft Teams. During discussions and question-

and-answer segments, peer-to-peer audio commu-
nication is employed, requiring a minimum band-
width of approximately 30 kbps. Presentation
activities involve screen sharing and therefore
require a higher bandwidth, estimated at approxi-
mately 130 kbps.

Network requirements for each type of learning

500

400

200

A mm - - B

Watching Researching Preperation of Discussions, Discussingthe Presentation
videos the topics presentation debates videos inthe performance
lectures

mkb/s

Figure 2. Network presentation delivery
for each type of learning

Source: byR.S. AlHakim, E.A. Kovaleva, L.O. Andreeva,
based on Microsoft Teams technical documentation.

Overall, the analysis demonstrates that an
Internet speed of 500 kbps is sufficient to support
all components of the proposed distance-learning
method, indicating its feasibility under limited
network conditions.

2. Results

This section presents the characteristics of the
three student groups, followed by an analysis of their
academic performance with attention to identified
differences. In addition, students’ perceptions of
their learning experiences were examined.

As distance learning becomes an increasingly
integral component of educational practice, under-
standing its technical characteristics and the require-
ments of different learning formats is essential for
further improvement of the learning process.

2. 1. Sample Characteristics

The data for the study were obtained from three
groups of second-term full-time civil engineering
learners through the subject “Basics of Engineering
Economics and Management.” The first, second,
and third groups consisted of 23, 22, and 19 students,
respectively. The method was applied to the first
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module of 2021-2022 semester (9 weeks). Table 1
shows the distribution of marks through the
9-week study plan of the module.

Unfortunately, not all the students could
attend the module, due to the pandemic situation,
some students took a gap year, or just stopped
learning for personal reasons, 2 students didn’t
attend from the second group, and 3 from the third,
they have been excluded from our statistics in
order to get more accurate results, more details
about the results of groups are shown at Table 2.

Table 1. Distribution of marks

Activity’s type | Marks | Period Mran’::‘;'(l;m
Lectures 4
. *8 weeks 80
Seminars 6
Examy/paper/ 20 Last week 20
conference
- - In total 100

Source:byR.S. Al Hakim, E.A. Kovaleva, L.O. Andreeva.

Table 2. Statistics of groups’ results

23 85.9 98 51 8.01
20 76.1 96 51 18
16 83.6 98 51 13.9

Source:byR.S. Al Hakim, E.A. Kovaleva, L.O. Andreeva.

Learners were assessed based on eight pre-
sentations, interaction with the teachers, and
answering comprehensive questions, and the final
activity, which could be presented as an exam,
paper publication, or participation in conferences
of their own choice.

2.2. Learning Outcomes

An important goal of e-learning is that it
should not be less effective than conventional face-
to-face learning in classrooms. According to [8],
learning results can be evaluated at four levels:

Level 1. Reaction: This measures the students’
reactions to the course.

Level 2. Learning: This measures what the
students have learned.
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Level 3. Transfer: This measures the changes
in the learners’ behavior when they return to their
jobs after their training programs.

Level 4. Results: This measures the business
outcomes that occur because the learners are doing
their jobs differently.

In this study, we applied the first two levels of
Kirkpatrick’s learning evaluation as long as they
are applicable in our case, Levels 3 and 4 require
a more complicated and expensive study to collect
the relevant data. There are many relevant variables
and several complicating factors (such as moti-
vation, trainability, job attitude, and personal
characteristics) that make it difficult to evaluate
the direct impact of learning on job performance
and business outcomes [9].

Level 1 measures how the learners feel about
their learning experience. It does not measure
learning directly but simply measures the level of
learners’ satisfaction with their own learning ex-
perience. This measurement can be conducted using
a reaction survey administered to learners. Here
are some examples of survey questions to be asked:
Are you satisfied with this course? Do you consider
the material pertinent? Would you recommend this
course to your friends or colleagues? Do you think
the material is helpful for learners?

Level 2 consists of two main points: first, it
requires a method to measure learning, which is
commonly done by using an outcome assessment
in the form of test scores. In the present study,
an investigation was conducted into the outcomes
of a specific e-learning module, comparing them
with those previously obtained from a face-to-
face module of the same groups. The comparison
revealed a high degree of similarity between the
results, indicating that e-learning implemented
through the proposed method is not inferior to
conventional instructional approaches. The detailed
results of the comparative analysis are presented in
Table 3.

As demonstrated in Table 3, no substantial
disparities were identified. Furthermore, a t-test was
conducted to ensure that no significant difference
was detected in students’ results between distance
and conventional learning. P-values were calculated
from the deviation between the observed value and
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a chosen reference value, given the probability
distribution of the statistic, with a greater difference
between the two values corresponding to a lower
P-value. In statistics, a P-value less than 0.05 is
typically considered to be statistically significant,
while P-value greater than 0.05 means that no
effect was observed. The results are presented in
Table 4.

Table 3. Comparing results with previous
conventional semester

Standard
deviation

Average
mark

Dist. | Trad. | Dist. | Trad. | Dist. | Trad. | Dist. | Trad.
1 859|86.3 | 98 | 98 | 51 51 | 8.01 | 6.74
2 76.1| 76.6 | 96 95 51 51 18 17.5
3 |836(833| 98 | 98 | 51 51 | 13.9 | 13.3

Max Min
Group

Source: byR.S. AlHakim, E.A. Kovaleva, L.O. Andreeva.

Table 4. Test Results

Group P-value Reject null hypothesis
1 0.23 Fail
2 0.35 Fail
3 0.30 Fail

Source: byR.S. AlHakim, E.A. Kovaleva, L.O. Andreeva.

As demonstrated by the results analysis, no
statistically significant discrepancy was identified
between the outcomes of students in both
traditional and distance education settings when
our methodology was employed.

The second important point to evaluate in
learning is the students’ comments and feedback.
At the conclusion of each course, the learners were
requested to evaluate the teachers and the method
used, providing suggestions to improve their
learning experience. Overall, 90% of the students
were satisfied with their learning experience and
agreed that they had learned the subject matter.
They provided the following suggestions:

® Enhance animation and multimedia content.

® Videos should be shortened due to time
limitations.

® Provide more topics related to their major.

The teachers, in turn, noticed that by the end
of the course, the students became more confident

in presentations than they were in the very first
weeks, which means that they acquired good com-
munication skills through the course. The subjective
views of the lecturers based on the depth of the
questions and the comments of the students reflected
the good level of knowledge gained by them.

3. Discussion

Previous studies have extensively examined
the challenges and limitations of distance learning
during the COVID-19 pandemic. A significant
number of studies have focused on identifying the
advantages, constraints, and general recommen-
dations for online education in different national
contexts [10—14], while other studies have relied
primarily on surveys of students’ and teachers’
perceptions to assess the effectiveness of emergency
remote teaching [15-18]. In addition, several re-
searchers have investigated barriers to online
learning, classifying them into technical, organiza-
tional, individual, and socio-economic categories
[19; 20].

Despite differences in methodology and geo-
graphical focus, a common conclusion can be
observed across these studies: technical constraints,
particularly limited Internet bandwidth and unequal
network conditions, represent a major challenge
for effective distance learning. These constraints
are strongly influenced by factors such as country
of residence, type of Internet connection, available
devices, and students’ economic conditions. How-
ever, in most existing studies, technical limitations
are described as external factors rather than ad-
dressed through concrete, system-level solutions.

In contrast to prior research, this study ad-
dresses this gap by proposing a distance learning
method that explicitly accounts for network Quality
of Service (QoS) requirements. The proposed ap-
proach integrates synchronous and asynchronous
learning formats while minimizing data trans-
mission demands, thereby enabling effective in-
struction under heterogeneous and limited-network
conditions. By aligning instructional design with
network constraints, this method aims to improve
learning efficiency while ensuring equitable access
to education, regardless of students’ technical capa-
bilities.
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Conclusion

The rapid transition to distance learning
during the COVID-19 pandemic highlighted the
critical role of technical factors in ensuring the
quality and accessibility of education. In this study,
a distance learning approach was developed that
integrated synchronous and asynchronous learning
formats while explicitly accounting for network
Quality of Service constraints.

The obtained results demonstrate that a ba-
lanced organization of learning activities makes it
possible to reduce network load without compro-
mising educational effectiveness. The experimental
implementation of the proposed approach in real
educational settings showed learning outcomes
comparable to those of traditional face-to-face
instruction, which was confirmed by statistical
analysis.

Overall, the findings indicate that effective
distance learning can be achieved under hetero-
geneous and limited network conditions when
instructional design and network requirements are
jointly considered. This confirms the practical
applicability of the proposed approach in educa-
tional environments with constrained or unstable
Internet connectivity and provides a basis for
further research on its long-term effectiveness and
scalability.
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3asBieHue 0 KOH(JINKTE HHTEPECOB

ABTOPBI 3asBJISIIOT 00 OTCYTCTBUH
KOH(JIMKTA HHTEPECOB.

cTpyKTyphL. KauecTBo CEHCOPOB ONpeessieT CTEeHb qeTANN3AIMH i HaIe)KHOCTh
HUCXOJHbIX JAHHBIX; yCTpOﬁCTBa C HM3KOM TOYHOCTBIO MOT'YyT BBI3bIBATh 3aICPIKKY,
Ipeiidh Wi IpOXKaHWE, YTO OTPHUILIATENIBHO BIHSIET Ha CTaOWIIBHOCTH BUPTYallb-
HOTO 00bekTa. TOUHOE MO3UIIHOHHUPOBAHUE 1 OTCIIC)KUBAHUE 3aBUCST OT CUTHAJIOB
GPS, Bu3yanbHO-HHEPIHAIBHONW OIOMETPHU HIIM CHCTEM Ha OCHOBE MapKepoB,
KOTOPBIC MOTYT IOABEPTATHCA IOMEXaM OT MHOTOKaHAaJIbHOCTH, HCpCKprTI/If/’I CHUTI'-
HAJIOB WIM IIyMa [JaTYMKOB, YTO MPUBOJHUT K HECOOTBETCTBHIO MEKIY (u3mde-
CKUM U BUPTyaJbHBIM MHpaMH. OrpaHHUYEHUs] NPOIYCKHOM CHOCOOHOCTH CETH
BJIUSIOT HA MOTOKOBYIO TIepeAady JaHHBIX B PEAIbHOM BPEMEHU, OONAYHbIH PeH-
JICPUHT ¥ MHOTOIOJIB30BATEIBCKYI0 CHHXPOHU3ALMIO, 3 HEHAC)KHBIC COCIUHE-
HYSI IPUBOJAT K MPOIYCKY KaJpoB WM 3anepikke. Ko Bropoii rpymmne ¢pakropos
OTHOCSITCS yCIIOBHSI OKpYKaroei cpeapl. KoneGaHus 0CBEEHHOCTH MOTY T IPH-
BECTHU K TOSIBJICHUIO IIyMa, CHIDKCHHIO KOHTPACTHOCTH M HAPYIICHHUIO allTOPHT-
MOB 00HapyKeHUsI 00BbEKTOB, YTO TPeOyeT MPUMEHEHHS HA/IC)KHBIX METOJIOB KOM-
MBIOTEPHOTO 3peHust. [IpennoxkeHo penieHue 3a/1a4, MOBBIIIA0IIee Ka4eCTBO KOH-
TEHTA JIONOJHEHHON PEaNbHOCTH U HMEIOIIEE KIFOUYCBOC 3HAYCHHUE JUTS CO3AaHHs
u pa3Butus cucteM JIP.

Ku1roueBble cj10Ba: anmapaTHO-IIPOrpaMMHbIE CPE/ICTBa, 00bEeAMHEHHE JaTYUKOB,
YCIIOBUSL OKPYXKAIOLIEH Cpezbl, KOMIIBIOTEPHOE 3pEHHE, JaHHbIE B pPEajbHOM

BPEMCHHU
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Introduction

In the rapidly advancing field of augmented
reality (AR), the seamless integration of virtual
elements into the physical world relies on more
than just sophisticated software; it is also governed
by a range of different factors. These factors affect
every stage of AR model formation, from data
capture and processing to rendering and user
interaction, ultimately determining the system’s
accuracy, responsiveness, and overall user expe-
rience [1; 2].

Sensor quality and calibration are the back-
bone of reliable data acquisition. High-resolution
cameras, wide dynamic-range sensors, and precise
inertial measurement units (IMUs) deliver detailed
visual and motion data, whereas low-fidelity
devices can introduce latency, drift, and jitter.
Regular calibration and sensor fusion techniques
are essential for minimizing these errors and
maintaining stable virtual overlays [3; 4].

Positioning and tracking accuracy depend on
technologies such as GPS, visual-inertial odometry,
and marker-based systems, all of which are sus-
ceptible to environmental interferences, such as
multipath signal reflections, occlusions, and sensor
noise. Ensuring precise alignment between the real
and virtual worlds requires continuous refinement
of Simultaneous Localization and Mapping (SLAM)
algorithms and redundancy in tracking methods
[5; 6].

Network performance is another critical factor,
especially for cloud-assisted AR and multi-user
experiences. Bandwidth limitations and latency
can cause frame drops, synchronization issues, and
delayed rendering, thereby undermining immersion.
Leveraging edge computing and efficient data
compression strategies help alleviate these network
constraints and enable low-latency, high-fidelity
AR interactions [7].

Furthermore, the complexity of physical
environments, which are characterized by reflective
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surfaces, dynamic objects, and clutter, poses
significant challenges for scene understanding and
object recognition. Advanced environment-aware
algorithms that adapt to changing conditions are
necessary to maintain accurate and stable virtual
content placement [8].

This study explores the key factors shaping
the formation of AR systems, including technological
advancements and environmental conditions [9].

1. Methods

1. 1. Technological Advancements

Technological advancements are perhaps the
most critical factor influencing AR (Figure 1). The
evolution of hardware and software has dramatically
enhanced AR capabilities. High-performance
mobile devices, such as smartphones and tablets,
have made AR accessible to a wider audience. The
integration of advanced sensors (e.g., accelero-
meters, gyroscopes, and depth sensors) allows for
more accurate tracking and interaction with the
physical environment.

Technological

advancements

Software
development

Hardware

. User adoption
improvements

Figure 1. Technological advancements
Source: byF.K. Ceesay.

Moreover, dedicated AR hardware, such as
smart glasses and head-mounted displays (HMDs),
has further enriched user experiences. Devices such
as Microsoft HoloLens and Magic Leap One enable
hands-free interaction, making AR applications
more practical in fields such as healthcare, education,
and manufacturing.

On the software side, innovations in computer
vision and machine learning have improved object
recognition and tracking, which are essential for

72

creating realistic AR experiences. Development
platforms such as ARKit (Apple) and ARCore
(Google) have simplified the creation of AR
applications, fostering innovation and lowering
barriers for developers [10; 11].

User adoption of AR applications affects user
attention and behavior [12].

1.1. 1. Haraware Improvements

Hardware improvements are key to advancing
AR model formation, as they directly affect data
quality, processing speed, user comfort, and overall
system robustness. Major areas of enhancement
include [13]:

Sensor Upgrades. Higher-resolution cameras
and global-shutter imagers reduce motion blur and
capture finer scene details, thereby improving feature
detection.

Wide dynamic range (WDR) and High dynamic
range (HDR) sensors handle extreme lighting
contrasts (sunlit exteriors vs. dim interiors) more
reliably.

Integrated depth sensors (time-of-flight,
structured light, or LIDAR) provide real-time 3D
geometry, boosting SLAM accuracy in feature-
poor or textureless environments.

Miniaturized, low-noise IMUs (accelerometers,
gyroscopes, and magnetometers) with on-chip
temperature compensation reduce drift and jitter in
motion tracking.

Display and Optics. Next-generation wave-
guide optics (diffractive or holographic) and pancake
lenses enable slimmer and lighter AR glasses with
wider fields of view (FOV) and improved bright-
ness uniformity.

Micro-LED and OLED microdisplays offer
higher pixel density, better contrast ratios, and
lower latency than conventional LCDs, leading to
sharper and more stable virtual overlays [14].

Adaptive focus and varifocal modules reduce
eye strain by dynamically adjusting the focal
distances to match the virtual content depth [15].

Compute and Power. Dedicated vision and
Al accelerators (NPUs, VPUs) on edge devices
accelerate neural network inference for object
recognition, semantic segmentation, and visual-
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inertial odometry, reducing the reliance on cloud
processing.

Heterogeneous multicore Systems on a Chip
(SoCs) combine CPUs, GPUs, DSPs, and NPUs to
balance real-time rendering, physics simulation,
and computer vision tasks efficiently.

Advanced power-management Integrated
Circuits (ICs) and high-capacity, fast-charging
batteries extend the operation time without com-
promising temperature control. Improved thermal
designs (vapor chambers and graphite shields)
maintain performance under sustained loads.

Connectivity. Integrated 5G/6G modems with
multi-gigabit throughput and ultra-low latency
support cloud-assisted AR, large-scale multiplayer
synchronization, and the remote streaming of
complex 3D assets.

Wi-Fi 6/6E and Bluetooth LE Audio modules
enable robust, low-latency local networking for
device clusters, peripherals, and audio/video offload.

Form Factor and Ergonomics. The use of
lightweight composite materials (carbon fiber and
magnesium alloys) and balanced weight distribution
reduce user fatigue, allowing longer sessions.

Modular hardware architectures allow deve-
lopers to swap sensors, batteries, or compute
modules to suit specific use cases, from industrial
inspections to medical training [16].

Improved user interfaces (eye tracking, hand
tracking, and voice control) offload mechanical
controls, streamlining interactions and reducing
accessory bulk [17].

Advancements across these hardware do-
mains, including the integration of high-fidelity
sensors, advanced display technologies, dedicated
accelerators, next-generation connectivity, and
ergonomic design, enable AR systems to achieve
more accurate environment mapping, faster and
more reliable rendering, and a substantially
improved user experience.

1.1.2. Software Development

In modern software development for AR,
a developer must integrate multiple subsystems,
including real-time rendering, sensor processing,
networking, and user interaction, into a cohesive,

high-performance application [18]. The key con-
siderations and best practices are as follows:

® Modular System Architecture. Layers such
as rendering, sensor fusion, user interfaces (UI),
and networking are isolated into distinct modules
or services.

Modern AR systems are configured using a
plugin-based design, in which components (e.g.,
tracking engines) can be swapped out without
rewriting the core logic.

® Choice of Engines and SDKs:

Cross-platform frameworks: Unity and Unreal
Engine offer extensive AR toolkits (AR Foundation,
ARCore, and ARKit) for mobile and headset targets.

Native SDKs: when performance is critical,
services can tap directly into ARKit (i0S) or
ARCore (Android) APIs, bypassing engine overhead.

® Sensor Fusion and Real-Time Data Handling:

Time synchronization: Linear interpolation or
hard-ware triggers can be used to align IMU,
camera, and depth sensor timestamps.

Filtering: Extended Kalman filters (EKF) or
complementary filters are employed to merge
noisy streams and minimize drift.

® Advanced Computer Vision Pipelines:

Feature extraction: The combination of classical
algorithms (ORB, FAST) with lightweight neural
networks (MobileNet-based) provides robust
detection under varied conditions.

Semantic understanding: Using on-device in-
ferencing to recognize objects and surfaces
enables context-aware interactions.

® Graphics and Rendering Optimizations:

Level-of-Detail (LOD): Dynamically adjusting
mesh complexity based on distance and screen size
maintains 60—90 FPS on mobile GPUs.

GPU instancing and batching: Reducing draw
calls by grouping identical objects and materials
enables to leverage compute shaders for offloading
physics or lighting tasks.

® Networking and Distributed Experiences:

Low-latency protocols: UDP-based transports
(e.g., WebRTC and QUIC) with forward-error
correction can be used for real-time multi-user
synchronization.
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State reconciliation: The implementation of
client-side prediction and server-authoritative state
snapshots helps to hide interpolation delays.

® Continuous Integration / Continuous Deploy-
ment (CI/CD):

Automated testing: Device farms or emulators
to run unit, integration, and performance tests
should be created for every commit.

Build automation: Script builds for iOS,
Android, and XR headsets, packaging assets, and
running acceptance tests should be fulfilled before
release.

® User Experience (UX), Accessibility, and
Safety:

User comfort: Monitoring and reducing latency
(motion-to-photon < 20 ms) and frame drops can
be useful to prevent motion sickness [19].

Natural inputs: Fallback controls (touch,
gamepad) when gesture or eye-tracking fails, and
interfaces should meet accessibility guidelines.

® Security, Privacy, and Compliance:

Data encryption: Sensor streams and user
metadata in transit (TLS) and at rest (AES) should
be protected from hacking.

Consent and anonymity: The implementation
of opt-in mechanisms and anonymized spatial
maps should adhere to GDPR/CCPA.

® Debugging and Profiling:

Real-time dashboards: Telemetry (frame time,
memory usage, and sensor latency) should be
exposed in-app or via remote logging.

Offline analysis: Sensor streams and render
logs should be recorded for post-mortem analysis
when tracking issues arise in the field.

By following these principles and leveraging
the right combination of engines, SDKs, and
toolchains, software developers can deliver robust
and high-fidelity AR applications that perform
well across devices and use cases.

1.1.3. User Adoption

User adoption of augmented reality depends
on perceived value, ease of use, trust, and support.
The key factors and strategies include [20]:
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® Perceived Usefulness and Relevance

Tailored AR experiences to real user needs can
be used in training, maintenance, retail visualization,
and navigation.

Return on investment (ROI) can be demon-
strated through case studies and pilot programs
before full deployment.

® Fase of Use and Onboarding. Intuitive user
interfaces with familiar gestures and minimal steps
improve user efficiency.

Step-by-step tutorials, contextual tooltips, and
guided tours on the first use ensure successful
operation.

® Trust and Reliability. Stable tracking, fast
load times, and accurate overlays build user’s con-
fidence.

Users should be clearly informed about data
usage and privacy policies and be able to opt-in
controls for location and camera access.

® [earning Curve and Training.

Micro-learning modules and in-app help for
new users to delve into the subject.

Gamification (e.g., badges, leaderboards, and
achievement tracking) motivates users’ exploration
activities.

® Accessibility and Inclusivity.

Hardware and Software should support
multiple input methods (touch, voice, gestures)
and adapt to different physical users’ abilities.

Localized languages and cultural assets
advance people’s communication.

® Social Proof and Network Effects

Sharing AR content on social media and
collaboration features for teams encourage the
further development of AR technologies.

Early adopters and influencers can generate
word-of-mouth referrals to popularize AR.

® Incentives and Business Models

Freemium or trial models can decrease entry
barriers.

Discounts, loyalty rewards, or exclusive virtual
content activate users’ interest and attention.

® Technical Support and Community
Maintaining active support channels, including
forums, chatbots, and help desks, facilitates user
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engagement and promotes the adoption of AR
technologies.

Developer and user communities, where tips,
custom assets, and extensions can be shared, help
users exchange information.

® Performance Monitoring and Iteration

Monitoring metrics, such as session duration,
feature utilization, task completion rates, and drop-
off points, provides a foundation for evaluating the
effectiveness of AR systems.

A/B testing can be used to refine onboarding
flows, UI layouts, and content relevance.

® [ong-Term Engagement

Regularly updated AR content should be im-
plemented according to user feedback and emerging
needs.

Seasonal or thematic experiences can be or-
ganized to re-engage dormant users.

By addressing factors such as efficiency, pro-
ductivity, usability, and continuous improvement,
researchers can promote higher adoption rates and
sustained use of AR solutions.

1.2. Environmental Conditions

Environmental conditions play a critical role
in the performance of AR systems (Figure 2).

In particular, fluctuations in illumination can
significantly degrade the quality of the input data
by introducing sensor noise, reducing image
contrast, and impairing the robustness of object
detection and recognition algorithms. Variations in
lighting may arise from natural sources (e.g., sun-
light intensity changes and shadows) or artificial
sources (e.g., indoor lighting flicker and reflections),
and these factors directly affect the accuracy of
feature extraction and tracking.

To mitigate these effects, AR systems employ
reliable computer vision techniques, such as ad-
aptive histogram equalization, denoising filters,
and photometric normalization. Furthermore, multi-
sensor fusion strategies that combine visual data
with inertial or depth sensors are increasingly
adopted to ensure robust performance under varying
environmental conditions. These approaches enable
AR systems to maintain stability, accuracy, and
usability in real-world scenarios.

ENVIRONMENTAL CONDITIONS

.. @
Lighting S e Weather

Traffic

Figure 2. Environmental conditions
Source: byF.K. Ceesay.

2. Formation of the Augmented
Reality Systems

The algorithm for AR system formation is
based on the integration of multiple computational
and perceptual processes that ensure robust, context-
aware augmentation of the physical environment.

The formation process can be divided into
four major stages:

— processing environmental conditions, include-
ing improving the images with methods of denoising
and contrast enhancement;

— creating a model of the surrounding space;

— generating digital content;

—placing digital content in the modelled space.

2. 1. Processing Environmental Conditions

The Processing Environmental Conditions
algorithm is designed to enhance and normalize
visual data captured from vehicle-mounted cameras
or other environmental sensors operating under
varying lighting and weather conditions (Figures 3
and 4). Its primary objective is to improve the image
quality, visibility, and reliability for downstream
applications such as AR spatial modelling, autono-
mous navigation, and environmental visualization.

| Image Acquisition |
¥

| Noise Detection and Reduction |
¥

| Contrast Enhancement |

]

| Color and lllumination Normalization |

| Edge and Texture Preservation |
]

| Image Fusion |

Figure 3. Algorithm: processing environmental conditions
Source: byF.K. Ceesay.
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Algorithm: Processing Environmental Conditions

Denoised Image

Original Image

Figure 4. Result of algorithm: processing environmental conditions

Source: byF.K. Ceesay.

This algorithm performs a sequence of image-
processing operations to remove unwanted noise,
improve contrast, balance illumination, and pre-
serve essential visual features, such as edges and
textures. By fusing enhanced color and edge infor-
mation, the algorithm produces a high-quality image
output suitable for accurate spatial interpretation
and object recognition in dynamic environments.

Original Image

Detected Keypoints {ORB)

Contrast Enhanced

| Image and Sensor Data Acquisition |
Y
| Feature Detection and Extraction |

i

| Feature Matching |

| Camera Pose Estimation and Depth CaIcuIation|

| 3D Point Cloud Generation |
]
| Sensor Fusion and Global Alignment |

!

| Surface Reconstruction |

| Texture Mapping and lllumination Correction |

| Model Optimization |
'

| Output and Visualization |

Figure 5. Algorithm: creating
a model of the surrounding space
Source:byF.K. Ceesay.

2.2. Creating a Mode/
of the Surrounding Space

This algorithm simulates the process of creat-
ing a 3D spatial model of an environment from a
single image (as if captured by a vehicle-mounted
camera or drone) (Figures 5 and 6).

It extracts features, generates depth, and visua-
lizes the 3D point cloud.

Simulated Depth Map 30 Paint Claud

Figure 6. Result of the algorithm: creating a model of the surrounding space
Source:byF.K. Ceesay.
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2.3. Generating Digital Content

The algorithm is a simulation that generates and
visualizes digital content (such as AR objects)
placed in a 3D spatial environment (Figures 7, 8).
It uses environmental data (weather, light, and
temperature) to decide what kind of digital content

to place and where. Finally, everything is rendered
in a 3D plot.

| 3D Spatial Model of Environment ‘
!
| Analyze Environmental Conditions ‘

!
| Select Suitable Digital Content ‘

| Determine Content Placement Regions ‘

| Align Coordinate Systems ‘
|
| i
| Generate and Render Digital Objects ‘ | Apply Real-Time Interactions |

f

Output and Visualization |

| Instantiate 3D meshes ‘ |

Figure 7. Algorithm: generating digital content
Source: byFafaK. Ceesay.

3D Spatial Model
!
Analyze Environment
!
Select Content
1
Detect Flat Surfaces
!
Assign Content
!

Render 3D Scene *

Figure 9. Algorithm:
Place digital content in modelled 3D space
Source:byF.K. Ceesay.

2.4. Placing Digital Content
in the Modelled Space

The algorithm generates a 3D terrain, detects
flat areas suitable for placing digital content,
selects content based on environmental conditions
(such as weather), assigns the content to those flat
regions, and visualizes everything in a 3D plot
(Figures 9, 10).

llanmbie o6 oxpyxawoueit cpese: {'WHTencusHoCTe_ceeta': @,20891871761536018,
'remnepatypa’: 26,711435168240566, 'enaxHocTs': 47,17293562592328}

3D Digital Content Placement

@ street Light
@ AR Billboard

1.00
0.75
™No.50
%0.25
@
F0.00
&-0.25
=
<-0.50
-0.75
-1.00

Figure 8. Result of the Algorithm: Generating digital content
Source:byF.K. Ceesay.

3D Scene with Digital Content (Sunny)

Figure 10. Result of the algorithm:
place digital content in modelled 3D space
Source: byFafaK. Ceesay.
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3. Results

The analysis shows that the formation of Aug-
mented Reality systems is not driven by a single
determinant but emerges from the interaction of
eight classes of factors.

First, hardware constraints (processor per-
formance, display type, battery capacity, and sensor
fidelity) establish the physical and computational
limits of the system.

Second, tracking and registration accuracy,
governed by the tracking strategy, environmental
cues, and latency, directly affects the stability and
utility of the augmentations.

Third, software architecture and platform
choices, including framework selection, operating
system support, and cloud/on-device distribution,
shape the system’s extensibility and real-time be-
havior.

Fourth, human — computer interaction
factors, such as the field of view, interaction modality,
ergonomics, perceptual comfort, and cognitive
load, determine how augmentation can be safely
and effectively consumed by users.

Fifth, the content and experience design
requirements (realism level, scene understanding
depth, dynamicity, and multi-user support) influence
both the data pipelines and runtime complexity.

Sixth, environmental conditions, particularly
lighting, texture richness, and outdoor variability,
mediate the reliability of perception and alignment.

Seventh, business and ecosystem forces,
inclu-ding the target industry, integration cost, and
market maturity, constrain viable design trade-offs.

Finally, considerations related to privacy,
security, and ethics, particularly continuous sensing
and bystander exposure, establish normative and
regulatory constraints on the development of AR
systems. Collectively, these factors shape the tech-
nical architecture, define the boundaries of usability,
and influence the feasibility of AR deployment.

4. Discussion

The program’s performance and efficiency
confirm the effectiveness of the proposed method
for processing environmental data in combination
with the fused data from object-mounted sensors.

The results of the developed AR system con-
firm the feasibility of using a combined pipeline of
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image preprocessing, environment modeling, digital
content generation, and spatial placement for
effective augmented reality applications. Several
aspects merit further discussion.

1. Robustness under environmental conditions:
The system demonstrated resilience to fluctuations
in illumination and noise through preprocessing
methods such as denoising and Contrast Limited
Adaptive Histogram Equalization (CLAHE). This
confirms earlier findings that reliable preprocess-
ing is essential for object detection and AR overlay
stability.

2. Accuracy of environment modeling: The in-
tegration of vision-based reconstruction with multi-
sensor fusion yielded a more stable and accurate
digital model of the surrounding space. This sup-
ports the claims in the literature that combining
camera vision with IMU or depth data enhances
spatial consistency.

3. Real-time performance: Experimental results
show that the pipeline can operate in real time,
although the computational demands increase with
higher resolution inputs and more complex over-
lays. This balance between speed and fidelity is a
common challenge in AR development.

4. User-centered functionality: The program’s
ergonomic and accessibility features make it adapt-
able to various user groups. However, large-scale
usability studies are required to fully validate these
claims.

5. Limitations: Despite its robustness, the
system faces challenges in highly dynamic environ-
ments, where rapid motion and occlusions reduce
feature-matching accuracy. Additionally, sensor
calibration remains critical for maintaining spatial
alignment.

6. Future Directions: Future work should focus
on optimizing computational efficiency using GPU
acceleration, expanding multi-sensor integration
(e.g., LIDAR), and improving the semantic under-
standing of the environment for context-aware AR
overlays.

Conclusion

The formation of AR systems is shaped by a
multifaceted array of factors that collectively in-
fluence their development, adoption and effective-
ness. Technological advancements serve as primary
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drivers, enabling more sophisticated hardware and
software solutions that enhance user experience
and broaden the applicability of AR across various
sectors.

Understanding these factors is essential for
stakeholders in the AR ecosystem, including sci-
entists, developers, and programmers. By recog-
nizing and addressing these influences, they can
create more effective, user-centered AR solutions
that not only meet market demands but also foster
broader acceptance and integration of augmented
reality into everyday life. As AR continues to
evolve, the interplay of these various factors will
remain critical in shaping its future trajectory and
potential impact on society.

This study has presented the development and
evaluation of an algorithm for the formation of
AR systems. The proposed pipeline, consisting of
environmental preprocessing, modeling of the
surrounding space, digital content generation, and
spatial placement, demonstrated its effectiveness
in creating a stable and functional AR environment.

Key Findings:

Robustness to environmental conditions: Pre-
processing techniques, such as denoising and
CLAHE, significantly improved visual clarity,
ensuring reliable performance under fluctuating
lighting and noise.

Improved environmental modeling: The inte-
gration of computer vision techniques with multi-
sensor fusion enabled the creation of accurate
and stable digital representations of the physical
environment.

Real-time capability: The system successfully
achieved real-time performance, making it suitable
for interactive applications.

Usability and ergonomics: The program was
designed using user-centered principles to enhance
ease of use, accessibility, and safety.

Future Work. Despite these achievements,
some limitations remain, including challenges in
highly dynamic scenes and the need for precise
sensor calibration. Future studies should explore
GPU acceleration, semantic environment under-
standing, and broader usability testing to further
enhance the robustness and adaptability of AR
systems.

In conclusion, the developed AR system con-
firms the feasibility of combining advanced com-
puter vision with sensor fusion to achieve practical,
robust, and user-friendly augmented reality appli-
cations.
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UccnepoBaHne TOYHOCTHbLIX napameTpoB BOJIOKOHHO-OMNTU4Ye€CKOro
rmpockona ans ManoraﬁapuTHoro nHepunasibHOro uamepuTesibHoro onoka
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Hcropus cratbu AHHOTanus. PaccMOTpeHb! KIII04YEBbIe BOIPOCH! CO3AaHUSI BOJOKOHHO-ONTH-
YeCKUX THPOCKOIIOB ¢ OONBINMM JHANa30HOM M3MEPEHUs YIIIOBOH CKOPOCTH
JULSL MaJIorabapUTHOTO MHEPIIUATBHOTO U3MEPUTETIBHOrO OJI0Ka ATl IUPOKOTO
KJlacca BBICOKOMAaHEBPEHHBIX 00BEKTOB. Llenb mcciaenoBaHHs — BBIXOAHBIE
XapaKTEePUCTUKU BOJIOKOHHO-ONTUYECKUX THPOCKOIIOB C JHANa30HOM H3Mepe-
HUS yTI0BO# ckopoctu 6onee 300°/c, MOrpeniHOCTh HYJIEBOTO CUTHAJIA BOJIO-
KOHHO-ONTHYECKUX TMPOCKOIIOB OT 3aIlyCKa K 3aIlyCKY, IOIPELIHOCTb HYJICBOTO
CHTHaJIla BOJIOKOHHO-ONTHYECKHX THUPOCKOIIOB IMPU PA3IHMYHONW TeMIieparype
ABTOpBI 3asBIIIOT 06 OTCYTCTBUHU JUIE BO3MOXKHOCTH TPUMEHEHHS B COCTaBE MHEPIUAIBLHOIO H3MEPHUTEIBHOTO
KOH(IIIKTa HHTEPECOB. 6noka. IIpencraBieHbl pe3yibTaThl UCCIEAOBAHUN BBIXOJHOM XapaKTepu-
CTHKH IIapaMeTPOB BOJOKOHHO-ONTHYECKUX THPOCKOIIOB II0 JUara3oHy n3Me-
pEHUs YIIIOBOH CKOPOCTH, TEMIIEPATYPHI U OT BKJIFOUCHHS K BKIIOYCHHUIO IS
ManorabapuTHOTO WHEPLUHATbHOTO u3MepuTenbHoro onoka (MUB). Merono-
JIOTHUS UCCIIeI0BAaHMS CTPOMIIACH Ha IIPUHLIUIIE IIOCTPOCHUS BOJIOKOHHO-OIITH-
YECKOTO0 rMpocKomna 0e3 00paTHO# CBS3H C MPUHIMIIOM TPSMOTo Ipeodpa3oBa-
HUSI, TIPUHIMI EHCTBUS KOTOPOro ocHoBaH Ha 3 ¢ekre Canbsika. J[OMoIHHU-
TENBHO HMCCIIeI0BAaHA BO3MOYKHOCTh NPHMEHEHHS BOJIOKOHHO-ONTHYECKUX T'H-
pOCKOIIOB ¢ paboueil IMHON onTnueckoi BoaHb! 1,3 u 1,75 MKkM u Goabmum
JMana30HOM M3MEPEHHMs YIIIOBOM CKOPOCTH, UTO MOATBEPXKIACT Ierecoodpas-
HOCTb MX MCIIOJIb30BaHUs B cocTaBe MasioradbaputHoro MNB.

IMoctynuna B pepakuuio: 14 asrycra 2025 r.
Jopaborana: 20 oktsops 2025 .
IMpunsra k my6auxauu: 30 oktsops 2025 1.
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KuaroueBbie cioBa: 3¢ ¢pext Canbsika, BOJTOKOHHO-ONTUYECKUN THPOCKOII, T10-
TPEIIHOCTh HyJIEBOTO CUTHAJa, IIOTPEIIHOCTD OT 3aIlyCKa K 3aIlyCKy, Iprdopo-
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Abstract. The study addresses key issues in the development of fiber-optic gyroscopes with
an extended angular velocity measurement range for a Small-Sized Inertial Measuring Unit
intended for a wide class of highly maneuverable objects. The study focuses on the output
characteristics of fiber-optic gyroscopes with an angular velocity range exceeding 300°/s, as
well as on zero-bias error between successive power-on cycles and zero-bias error under
varying temperature conditions, with a view to their integration into a Small-Sized Inertial
Measuring Unit. The results of experimental investigations into the output characteristics of
fiber-optic gyroscopes (FOG) are presented, including their performance over the angular
velocity range, across temperature variations, and under repeated power-on conditions for a
Small-Sized Inertial Measuring Unit (IMU). The research methodology is based on the design
of an open-loop fiber-optic gyroscope employing direct conversion, with its operating
principle derived from the Sagnac effect. In addition, the feasibility of using fiber-optic
gyroscopes operating at optical wavelengths of 1.3 pm and 1.75 um with an extended angular
velocity range has been examined. The findings confirm the suitability of such gyroscopes for
incorporation into a Small-Sized Inertial Measuring Unit.

Keywords: Sagnac effect, fiber-optic gyroscope, zero signal error, inertial measurement unit,
error from launch to launch, instrumentation
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BBepeHune

ITepenoBoil TexHONTOTHUEW B MPOU3BOJCTBE

TaKUX THUPOCKOIOB HE MMEET MOJABHKHBIX YacTei,
abcommoTHO OeclryMHa U He TpeOyeT CreluaabHOro
O6CJIy}KI/IBaHI/IH 1 UMECT XOpOLIME MMOKA3aTeiki Ha-

WHEPIHAIBHBIX M3MepHUTEeNbHBIX OnokoB (MUB)
SIBIISIETCS TEXHOJIOTHSI BOJIOKOHHO-ONTHYECKUX TH-
pockonoB (BOI'), mpuHuun AeicTBHs KOTOPBIX
ocHoBaH Ha >p¢exre Canpska' [1]. UMb Ha Gase

pabotku Ha oTka3 (o 80 000 yacoB y HEKOTOPHIX
MoJiesiel) 1 Majoe IHepronorpednenue (I1ecaTku
Bart). Texnomoruu BOI' npumumm Ha cMeHy ja-
3epHO-KOJIbIIeBBIM TUpockoram (JIKT), mmerommm

' Mamseee B.B., Pacnonos B.5I. OcHOBBI TIOCTpOeHHs GecIIaTGOPMEHHBIX WHEPLUUAILHBIX HABUIALIMOHHBIX CH-
cTeM : yaeOHoe mocobue 1t By30B. CankT-IletepOypr : HHUU «Onextponpudopy, 2009. 280 c. ISBN 978-5-900780-

73-3 EDN: QNWIJZT
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MIO/IBWYKHBIE YacTH M TPEOYIOMINM HEPHOTNYECKOTO
00CITyKMBaHHUS 110 KaJTUOPOBKE M 3aMEHE H3HOCHB-
LIMXCS Y3JIOB U JIETaJIe, a TaK)Ke C OTHOCUTEIILHO
BBICOKMM ypOBHEM 3Hepromnorpednenus [2; 3].
DyHIaMEeHTaIbHON 3aa4ell, YaCTUYHBIE pe-
3yJBTaThl KOTOPOM MpPECTaBlIEHBl B JAHHOM CTa-
Th€, SIBJISIETCS YOBJIETBOPEHHE TPEOOBAHUAM TEX-
HUYECKOTO 3a1anus Ha paszpaborky UUb. Tpebo-
BaHUs TEXHUYECKOTO 3a/1aHus Ha pa3padborky UNb

B YaCTH JAaTYMKOB HM3MEPEHUS YIJIOBOW CKOPOCTH
Npe/ICTaBJICHBI B TA0OIHUIIE.

[Ipu pazpaborke BOI' yuurtsiBanuch coBpe-
MEHHbIE TeHAeHIUH pa3padoTku BOI Takux opra-
Hu3auui, kak AO «®uzontuka» (rpynmna BI' 103),
00O HIIK «OnTonmuuk» (rupockornsl OMYC200,
ONYC501) u AO «Konuepn ITHNU «nexrponpu-
00p», IPOIYKITHS KOTOPBIX YIOBIETBOPSET TPeOO-
BaHUSIM B 3asBJICHHOM TEXHUYECKOM 3aJ[aHHH.

TpeGoBaHNs TEXHUYECKOro 3aaaHusa Ha pa3paboTky UUB B yacTu AaTyMKoB M3MepeHus YrioBoil CKOPOCTU

Requirements of the technical specification for the development
of IMU in terms of sensors for measuring angular velocity

MapameTp / Parameter 3HauveHue / Value
JnanasoH namepsaemoix ckopocTen, °/c / The range of measured speeds, °/s + 300
MorpewHocTb MacwTabHoro koadduumeHTa, % / The error of the scale factor, % 0,05
Pa6ouas nonoca yactort, 'y, / Operating frequency band, Hz (0...400)
CrnyyaiiHblin gpend Hyns npu TepMokomneHcauuu, 4 / Random zero drift during thermal compensation, hour < 0,15
CriekTpasnbHasi MI0THOCTb MOLLHOCTU LyMa, °V4 / Noise power spectral density, °vVhour 0,02
InanazoH pabounx TemnepaTtyp, °C / Operating temperature range, °C (—=60...+ 60)
Hanpspkenne nutanus, B / Supply voltage, V (5+0,25)
CnyyaiiHbIi apeiid Hynst OT 3anycka K 3anycky, °v4 / Random zero drift from launch to launch, *vhour <5
MoTpebnsemas MoOLWHOCTb, BT / Power consumption, W <7
BbixogHol curHan, ¢ / Output signal, s RS-422
Bpewms rotoBHOCTM / Readiness time 3
Jonyctumas BnaxHocTb, % / Permissible humidity, % (0...80)
Macca, kr / Mass, kg <0,15

M ¢ T 04 Huk: BeinonHeHo A.B. OpelukuHbiM, A.B. XynbkosbiM, C.H. Cupoposeim, [.10. MoneHoBbIM.
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

[Tpu BBIOOpE HaIpaBIICHUH HCCIICTOBAHHIA TIO
JTAHHOMY BOIIPOCY YUUTHIBAJICSI MEPOBOM OIIBIT pa3-
BUTHSI TUPOCKOIIMYECKON TEXHUKHU, OIHAKO Mpea-
MOYTEHHE ObUIO OTAAHO PEAJbHOMY COCTOSHUIO
OTEYECTBEHHOM MPOMBILUIEHHOCTH, YYUThIBas MO-
TEHIHATbHYTO0 o0nacTh nmpumeHernst UUB.

CyiecTByeT /1Ba OCHOBHBIX IpPHUHLUIA IO-
CTPOEHUS BOJIOKOHHO-ONTHYECKOTo rupockona [4]:

® THUPOCKOIl ¢ 0OPATHOM CBS3bIO C YACTOTHBIM
BBIXOJIOM;

B rupockon 0e3 00paTHOM CBA3M ¢ MPUHLU-
IIOM TNIPSIMOTO ITpeoOpa3oBaHMsL.

OCHOBHBIM IIPEMMYIIECTBOM IIEPBOIO BapH-
aHTa SIBJIAETCS TUHEHHBIN BBIXO, OTCYTCTBHE HE00-
xonumocTu npumeHsaTh AT u Gonpioit nuamna-
30H U3MEpeHHs. B T0 jke BpeMs JOCTHKEHUE IPUEM-

JIEMBIX XapaKTEPUCTHUK TpeOyeT MPUMEHEHHS CITOXK-
HOW TEXHOJIOTHYECKOM 0a3bl, 4TO MPUBOAMT K YIO-
pOkaHMIO POAyKIMH. Kpome Toro, 4acTOTHBIH BbI-
X0Il TpeOyeT mpoBeaeHus onepanuu auddepeHim-
POBaHUS BBIXOIHOW MH(GOPMALIUH TIPU OLIEHKE YT-
JIOBO¥ CKOPOCTH, HEOOXOMMOM TSI CTAOMITU3AIIH
U3/IeHs OTHOCUTEIBHO LIEHTPa Macc, YTO MPUBO-
IUT K HEOOXOIUMOCTH YMEHBIICHUS IIEHBI WM-
nynbeca. B psie ciyuaes, nake A1 COBpEeMEHHbIX
u3/1eHi, HEe0OXOIUMO UMETh aHAJIOTOBBIM BBIXOI
0 YIJIOBOM CKOPOCTH, 4TO elle 00jee yCI0KHSIET
CTPYKTYpHYIO cXeMy npuoopa.

Pemenne yka3zaHHBIX BBIIIE 3a]a4 HauOosee
HPOCTO pelIaeTcst BO BTOPOH cXeMe B 0COOCHHOCTH
IIPY UCTOJIB30BAaHUs aHAJIIOTOBOTO BhIXona. [Ipu
ATOM TaKXe y/IAaeTCsl IOCTHYh MUHUMAIIBHBIX Tada-
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PUTHO-BECOBBIX XapaKTEPUCTHK U SHEPronoTpeo-
nenust. K 4uciny OCHOBHOrO HeJOCTaTKa J1aHHOM
CXEMbl OTHOCUTCSI HEJIMHEWHBIM BBIXOI, YTO Tpe-
OyeT pelIeHus: TOCTaTOYHON CIOKHOMN 3a/auul JIH-
Heapu3aliy oka3anuii mpuodopa [5; 6]. Kak moka-
3bIBAET OMBIT pa3padotku npororunoB MUb Ta-
KUMHU opraHuzauusmu, kak AO «DPuzonTukay,
ITAO «ITHIIIIK», OOO HIIK «Onromuak» u AO
«Konnepn LHUUN «Onekrponpudbop» mnpu wuc-
MOJIb30BaHUHM COBPEMEHHBIX MHUKPOIIPOILIECCOPOB
¥ Ha3eMHOTO 000pY/IOBaHHUS JIJIsl KATMOPOBKH, JTaH-
Hasl 3a/1a4a MOXKET OBITh YCIICIIHO perieHa. B cBs3u
C 3THM B Kaue€CTBE OCHOBHOTO HAIpaBJICHUS B Ya-
CTH BOJIOKOHHO-OIITHYECKOTI'O TMPOCKOIIA JUIsl JaJlb-
HEHIINX UCCIIeI0BAaHUN TPUHUMACTCS ONTUKO-(H-
3uueckKas cxema 6e3 0OpaTHOM CBSI3U, OCHOBHBIMH
KPUTEPHUSAMHU TOUHOCTHBIX XapaKTEPUCTUK KOTOPOU
SIBJISIFOTCAL:

B BBIXO/HBIE XAPAKTEPUCTUKU IapaMEeTPOB
BOJIOKOHHO-ONTHYECKUX TMPOCKONOB IO JMana-
30HY U3MEPEHMSI YITIIOBOM CKOPOCTH;

B BHIXOJHBIE XapaKTEPUCTUKH IapaMeTpoB
BOJIOKOHHO-ONITUYECKUX THPOCKOIIOB OT 3aImycKa K
3aIyCKY;

B BHIXOJHBIE XapaKTEPUCTUKH IapaMeTpoB
BOJIOKOHHO-ONITUYECKUX THPOCKOIIOB MPHU Pa3Iny-
HOUW TeMIeparype.

1. 9KkcnepuMeHTanbHbIe UCCief0BaHNSA
BbIXOAHOWN XapaKTepPUCTUKN NapamMmeTpoB
BOJIOKOHHO-ONTUYE€CKUX NMMPOCKONOB

Mo Anana3oHy USMepeHus yrnoBomn
cKopocTu ana manora6aputHoro UMB

YduThIBasg LENU HCCIEA0BaHUs, ObUIM pac-
CMOTPEHBI CIIEYIOUINE KIIIOUEBBIE BOINPOCH 10
BO3MOXKHOCTH CO3JIaHUSI BOJIOKOHHO-ONTHYECKUX
THPOCKOTIOB C OOJIBIINM JTHANa30HOM M3MEpPeHHS
YIJIOBOI CKOPOCTH JIs1 MAJIOTabapuTHOTO HHEPIH-
aJIbHOTO M3MEPUTEIBHOrO OJ0Ka AJIsl IIHUPOKOTO
KJIacca BHICOKOMaHEBPEHHbBIX OOBEKTOB:

B jiccie/0BaHUE BBIXOHON XapaKTepUCTUKU
BOJIOKOHHO-ONITHYECKUX THPOCKOIIOB C JAMArNa3o-
HOM H3MepeHHsl yIIioBoi ckopoctu 6oiee 300 °/c;

B yCCIIeI0BaHUE MOrPENIHOCTH HYJIEBOIO CUT-
Hasia BOI ot 3amycka k 3amycky;

B yccnenoBaHue HyaeBoro curnana BOI npu
pa3IMYHOM TeMIiepaType.

Jlnana3oH u3MepeHust yIiioBoil CKOpOCTH BO-
JIOKOHHO-ONTUYECKOTO THpocKona 0e3 oOpaTHoit
CBSI3H OTIPEACIISETCS CICAYIOMUMH (PaKTOpaMHU:

® BRIOOpPOM pa3zMmepa U AJTUHBI BOJIOKHA B BO-
JIOKOHHOM KaTyIIKE TUPOCKOIa;

® pabouuM IrUana3oHOM BXOIHOTO HaIpshKe-
aust AL

B IMana3o0HOM BBIXOAHOIO HampsbkeHust BOTI'
10 IOCTOSTHHOMY TOKY.

WHTepecHolt 0COOSHHOCTBIO I TIpUMEHE-
Hust BOI' 6e3 00paTHO# CBSI3U SBISETCS 1yBCTBU-
TEJIBHOCTh AATUHMKA, KOTOPAsi ONPEeIIsieTcs HaKiIo-
HOM KPUBOW MOAYJSLWH, TAKKE HA3BIBAEMOU HH-
JIEKCOM Monyisiiuu. B mpouecce uccnenoBaHuit
HEOOXOMMO TaKKe YUUTHIBATh TAKHE MapaMeTphl,
KaK Juana3oH U3MEPEHHH U MOIIHOCTh IOJKIIIO-
YEHUS.

UrtoObl MOBBICUTH YyBCTBUTENBHOCTE BOI™ Ge3
o0OpaTHO# cBsi3M, ObUIa TPEIIOKEHA MHOTOIPO-
xonHas KoH(purypamus. B aTom ciaydae cBer nepe-
JaeTcsi 0OpaTHO OT MEPBOr0 MPUHUMAIOLIETO BO-
JIOKHa KO BTOPOMY, MMapaJljieIbHOMY NIEpeatoieMy
BOJIOKHY, J1aJie€ KO BTOPOMY IIPHUHHUMAIOLIEMY BO-
JIOKHY M TaK jJaliee, Moka He Oy/leT BBIINOJIHEHO He-
CKOJIBKO IPOXO/IOB uepe3 npomexyTok. Unes 3a-
KJIIOYAETCs B TOM, YTO MHOTOKPAaTHOE MPOXOXKIE-
HUE JIOJDKHO IMOBBICUTH YYBCTBHUTEIBHOCTD, MPO-
CTO YBEJIMYMBasi MOTEPU MOIIHOCTU INPHU ONpese-
JIEHHOM TIOIIEPEYHOM CMEIIEHUH IE€PENAOLIETO
BOJIOKHA. BO3MOXXHOCTB peayu3amnuu 3Toro Obuia
MIPOAHAIM3UPOBAHA IKCIEPUMEHTAIBHO U TEOpe-
TUYECKH B paMKax paboThl, Jexameil B OCHOBE
atoro Te3uca [7; 8].

Brixoanoii curnan BOI™ 6e3 00parHoit cBs3U
U, TPOIIOPLHOHAJICH CUHYCY H3MEPSIEMOM yIIO0-

Boit cropoct W 2 [7; 8]:
Usor :K36J1(M)'Sin(7;0r W)’ (1)

T =(8:p-8)/(1-C),

3TOCT P UCO 5725-2002. TogHOCTH (IPABHILHOCTh M NMPEM3HOHHOCTD) METOMOB U PE3YIBTATOB H3MEPEHHUM.
Brea. 01.11.2002. Mocksa : UIIK UznatenbctBo cTanaaptos, 2002.
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e K., — koadduiment nepeaaun 3leKTPOHHOTO
6noka BOI'; J;, — dynkuus beccens nepsoro mo-
psanka; M — WHIEKC MOAYISAIUH; S — TUIOIIAIb,
OXBaTbIBaeMasi ONTUYECKUM KOHTYpoM; | — JuinHa
onTudeckor BoiHbI; C — CKOPOCTbH CBETA.

s obecrieueHus OTHO3HAYHOCTH 3HAYCHU I
BbIXogHOTO curHasia BOI' B pabodeM nnamna3one
YIJIOBOM CKOPOCTH HEOOXOIMMO 00ECTICUUTh Clie-
Jytoliee cooTHolueHue [9]:

Ty W <p/2. 2)

BOT

s popmupoBanust TpeOOBaHUS K JUIMHE OTI-
THYECKOTO BOJIOKHA B onrTuueckoM koHType BOI' B
BbIpakeHHe (2) moacTasisieTcss popmyrna ais na-
pamerpa T, *[10]:

(8- L8, )/ (CAP)Qyax <m/2, 3)

rme L — jumMHa BOJIOKOHHOTO KOHTypa BOI;
Sk — miomanp karymku BOI'; P— nepumerp
karymku BOT.

Jnst npumensiembix B UMb AL tuna curma-
JIeJIbTa ¢ YY€TOM WX CXEMbI BKJIFOUCHUS paOOdHid
JIMANa30H BXOJHOTO HAMPSKCHHS HE MPEBBIIIACT
+1,25 B, a tnana3oH BeIXOAHOTO HanpsbkeHus: BOTT
10 IOCTOSSHHOMY TOKY cocTasiser £1,20 B.

Ilenpro uccrnenoBaHus BBIXOJHBIX XapakTe-
PUCTHK BOJIOKOHHO-ONTHYECKUX THPOCKOIOB C

Puc. 1. BOI" (Ne 1) c pabouyei anuHown BosHbl 1,3 MKM
M C TOYHMK: BbinoNHEHO A.B. OpeLLKUHbIM,
A.B. XynbkoBbiM, C.H. Cugoposbim, [.10. NMoneHoBbIM.
Figure 1. Fiber-optic gyroscope (No. 1)
with an operating wavelength of 1.3 microns
Source: byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

JMana30HOM U3MEpEHUs YIIIOBOH ckopocTu Oosee
300°/c sBasieTcst MpoBepKa COOTBETCTBUS BBIXOJI-
Horo curHaina BOI' no HanpskeHUro pu MakcH-
MaJIbHOM YIJIOBOM CKOPOCTH AHana3oHy BXOJHOTO
Hanpsoxerust AL[IT u mpoBepka cOOTBETCTBUS BhI-
xoaHoro curdaina BOI' no HanpsbkeHUro pH pas-
JTMYHOU YTJIOBOW CKOPOCTH (DYHKIIUH.
WccnenoBanus npoBOAMINCH HA TPEX BOJIO-
KOHHO-ONTHUYECKUX TMPOCKOMNax, ABa U3 KOTOPBIX
¢ paboueit qmuHON onTHYeckoi BOMHEI 0,82 MKM
UMEIU BEIWYMHY NMOCTOSHHOW Bpemenu T, ~0,

235 ¢, a OIMH TUPOCKOIT C pabOYCH JITUHOM BOJHBI
1,3 MxM nmen nocrosiHHyo Bpemenu 7, . ~ 0,135 c.

COOTBETCTBEHHO, OXXHJaeMasi MaKCUMaJbHAsl H3-
MepsieMasl yIIIoBasi CKOPOCTh B TIEPBOM CIIydae Co-
cranisuia 382°/c, a Bo Bropom — 670°/c.

Ha puc. 1 u 2 npuBenens! poTorpaduu UCIbI-
ThiBaeMbIX MakeToB BOLI.

Ucneiranne BOI' npoBoauiiocs Ha Bpaliaro-
IIEeMCSl OCHOBAaHHH C IPUMEHEHHUEM MTOBOPOTHOTO
crerna. Ha puc. 3 nmpuBenena cxema npoBefeHUs
ucnbITaHui. VcrbITaHus MPOBOAWINCE C HCIONb-
30BaHHEM CIICIYIONICH ammaparypsl: a) OBOPOT-
Heii ctenn ACC/HITY M®VY.426441.001 TO;
0) mynstimeTp APPA-109; B) I1K; 1) maboparop-
HBIA TynbT HacTpoiikn BOI'; x) uctounmk nura-
uus GPS-3030DD.

Puc. 2. BOI" (Ne 2) c pabouyeit onnHo BonHbl 0,82 Mkm
M € TOYH MK BbiNONHEHO A.B. OpeLLKuHbIM,
A.B. XynbkoBbiM, C.H. CngopoBsbim, .10. MoneHoBbIM.
Figure 2. Fiber-optic gyroscope (No. 2)
with an operating wavelength of 0.82 microns
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

4 Cmenanoe O.A. MeTonpsl 06pabOTKM HABMTAIIMOHHON M3MEPHTENBHOM nH(opMarum: yue6Hoe nocooue. CaHKT-

[erepOypr : Yuusepcurer U'TMO, 2021. 196 c.
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Puc. 3. Cxema npoBeaeHnst UCMNblTaHWN HA CTEHAE:
7 — MNK; 2— NCTOYHUK NUTaHUS;
3 — mynbtumeTp; 4 — BOlT; 5— nynbt
M cTOYHKMK: BbiNnonHeHo A.B. OpeLLKUHbIM,
A.B. XynbkoBbiM, C.H. Cugoposbim, [.10. NMoneHoBbIM.

Figure 3. The scheme of conducting tests on the stand:
71— PC; 2— power supply; 3— multimeter;
4—VOG; 5— remote control
Source: byA.V. Oreshkin,

A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

N3mMepsuiocs 3HaY€HNE BBIXOJHOTO HaIpsikKe-
Huga BOI' npu pasznuuHoi 3ajaBaeMoOil yIJIOBOM
ckopoctH oT 13,5 1o 243°/c. Bpemst uamepeHus npu
KaXX/IOW YIIIOBOM CKOPOCTH COCTABIISIO 2 MUH.

Ha puc. 4-6 mapkepamu IOKa3aHbl MOdY-
YEHHbIE 3HAYEHHsI BBIXOHOTO CHUTHAJA Ui Tpex

0.8

Q&r

S04r

o2

Hanpsokenue (B) / Voltage (V)
U

o L L
] 100 200 250

YrioBas ckopocTs, °/c / Angular velocity, °/s

, °lc/ , °/s

Puc. 5. PesynbTatbl U3MepeHns Npu pasnnyHomn
yrnoBow ckopocTtu curHana BOIN Ne 2 ¢ paboueit
OJINHOW ONTMYECKOM BOMHbI 0,82 MKM
M CTOYHUMK: BbiNnosHeHo A.B. OpeLUKUHbIM,

A.B. XynbkoBbiM, C.H. Cugoposbim, [.10. MoneHoBbIM.

Figure 5. Measurement results at different angular
velocities of the FOGNo. 2 signal with an operating
optical wavelength of 0.82 microns

Source:byA.V. Oreshkin,
A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Puc. 4. Peaynbtatbl uamepeHus
NMpv pa3nnyHOM yrnoBor ckopoctu curHana BOTI Ne 1
¢ paboyei 4JIMHOM ONTUYECKO BOJHbI 1,3 MKM
M c T 0YHWUK: BbinoNHEHO A.B. OpeLUKnHbIM,
A.B. XynbkoBbiM, C.H. Cupgoposbim, [1.10. NMoneHoBbIM.

Figure 4. Measurement results at different
angular velocities of the FOGNo. 1 signal

with an operating optical wavelength of 1.3 microns
Source:byA.V. Oreshkin,
A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

uctbIThiBaeMbIx BOIT Tpy pasmuyHBIX YIIIOBBIX
CKOpOCTsiX BpamieHus. Ha 3TuX ke puCyHKax B
BUJIC HENPEPHIBHOTO TpaduKa MpHUBEACHA pacyeT-
Hasi 3aBUCHMOCTbH BBIXOJJHOTO CHTHaJIa THPOCKOIIA
OT M3MEPSIEMOii YIIIOBOI CKOPOCTH COTIIACHO (op-
myie (1).

08 . .
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T
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YrioBas ckopocTs, °/c / Angular velocity, °/s
, °lc/ , °/s

Puc. 6. Pe3ynbTatbl UBMEPEHUS NPU Pa3/INYHON
YyrnoBow ckopocTu curHana BOIM Ne 3
¢ paboyei oanHON onTU4eckom BosiHbl 0,82 MKM
M ¢ T04HMK: BbINONHEHO A.B. OpeLlKnHbIM,

A.B. XynbkoBbiM, C.H. CupgoposbiM, [1.10. NMoneHoBbIM.
Figure 6. Measurement results at different angular
velocities of the FOGNo. 3 signal with an operating

optical wavelength of 0.82 microns

Source:byA.V. Oreshkin,
A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Kak BumHO U3 rpaukoB, 3aBHCHMOCThH BBI-
XOMHBIX cuTHaNIOB Bcex Tpex BOI ot yrioBoit cko-
poctu Onmu3Ka K COOTBETCTBYIOIIMM TEOpETHYE-
ckuM GyHKIUAM. OJHOBPEMEHHO MCIOJIb30BaHHE
pacyeTHBIX (PyHKIMH TO3BOJISET HKCTPAIOIUPO-
BaTh HKCIIEPUMEHTAIbHBIE JAHHBIE [10 BEIXOAHOMY
CUTHAJIy JIJIsl TUPOCKOIIa ¢ paboyei ATMHON BOJTHBI
Ha 1,3 mxm (7, ~ 0,135 c). Berxognoe Hampsike-

or
Hue naHHbix BOI' mo noctositHHOMY TOKY IIpH yr-
noBo# ckopoctu 300°/c e npesbicut 0,8 B, uto He
MPEBBIIIAET JOMYCTUMYIO BEJIMYMHY BXOIHOTO
HanpspkeHus: curma-gensra AL

2. 9kcnepuMeHTalbHble uccnenoBaHns
BbIXO4HO XapaKTepUCTUKN NapamMeTpoB
BOJIOKOHHO-ONTUYECKUX FTMPOCKONOB

OT 3arnyckKa K 3anycky

ana manora6apurHoro UUB

[lenbto MccnenoBaHMsl MOTPEIIHOCTH HYyJIe-
Boro curraia BOI' ot 3amycka K 3amycky ObLIO
OlpeNiesieHue TpU TMPEeABAPUTENBHBIX SKCIEpU-
MEHTAJILHBIX UCCIIEIOBAHUSAX BO3MOKHOCTH 00€ecC-
MIEYEHHUs 3a/JaHHOTO YPOBHS MOIPEUIHOCTU HYyJe-
Boro 1o kanaiy J[YCoB cursaina or 3arycka K 3a-
mycky (5°/4).

HccnenoBanne NOrpenIHOCTH HYJIEBOTO CHUT-
Hana BOI' or 3amycka Kk 3alyCKy NpOBOAMIOCH B
HOPMAaJIbHBIX TEMIEPATYPHBIX YCIOBUSIX.

Tak ke Kak ¥ IpY U3MEPEHNN BBIXOAHBIX Xa-
PaKTEPUCTHK BOJIOKOHHO-ONTHYECKUX THPOCKO-
0B, HUCCJIEI0OBaHUS MPOBOAWINCH HA TPEX BO-
JOKOHHO-ONTHYECKUX TUPOCKOINAX, J1Ba U3 KOTO-
peIX Cc pabouell JJIMHOW ONTHYECKON BOJIHBI
0,82 MKM MMeIId BEJIMYMHY NTOCTOSHHOM BPEMEHU
T, ~0,235 ¢, a onuH rupockon ¢ paboueit aAmu-
HOU BOJIHBI 1,3 MKM UMeJ OCTOSIHHYIO BPEMEHU
T, ~0,135c.

I'mpockonbl HaXOIMIMCh HA HETOABHKHOM
OCHOBaHUH, X OCH YyBCTBUTEILHOCTHU ObLIN OpHU-
E€HTHPOBAaHbI BEPTUKAIBHO BBEPX.

[TorpemrHoCTh HYJIEBOTO CUTHAJA THPOCKO-
OB ONPEEIIANIACh KaK CIIy4aiiHOE OTKJIIOHEHHE UX
CPEIHHUX 3HAYEHUI B KPATKOBPEMEHHOM 3aITyCKe.
brio BemonHeHo 10 Bkimtouenuit (3amyckos). M3-
MEpEeHUs TPOBOMINCH 0€3 MPUMEHEHHUS aJITOPUT-

MUYECKON KOMITEHCAIMH TEMIIEpaTypHOM Morperi-

HOCTH HYJIEBOT'O CUTHaJIa TUPOCKOIIOB.
OO0paboTka pe3ylIbTaTOB HM3MEPEHUH OCy-

ILECTBIIANACK 10 CleyIomeMy anroputmy- [11]:

om, =Qm / Tynss 4)
Q. =(Zon, ) /10 (5)
Aom, =wom, — Qﬂcp; (6)
2
A
S(DH — Zm( mmﬂ) ; (7)
9
A= A, 1.,

i€ Qm, — MIHOBEHHOE 3HAYEHUE YIIIOBOM CKOPO-
CTH TPH 1-M BKIIOYEHHH; Qm ., — CPE/IHee 3Ha-

YeHHE YIJIOBOW CKOPOCTH 3a OJHO BKIIIOUEHUE;
M — HOMEp BKIIIOYECHMS; W, — CPEIHEE 3Hade-

HUE HM3MEPEHHOM YINIOBOM CKOPOCTH MpH m-M
BKJIFOYEHUH; Q . — CPEJHEE 3HAYCHUE U3MEPEH-
A

HOM ymioBoM ckopoctd 3a 10 BKIIOYEHHI;

A(Dmu — OTKJIOHCHHUC CPCIAHCIO0 3HAYCHUA N3MC-

PEHHOM YIJIOBOM CKOPOCTH B 71-M BKJIFOYEHHH OT-
HOCHUTEIFHO CPETHET0 3HAYCHUS M3MEPEHHOH yT-
JOBOM ckopocTH 3a 10 BKIOUEHUH; 60, — cpen-
HEKBaJpPaTHUECKOE OTKIOHEHUE U3MEPEHHBIX 3HA-
YeHUH yIIoBou ckopocth 3a 10 BKITtOUeHUI.

Ha puc. 7-9 npusenens! rpaduku 3HaYCHUS
OTKJIOHEHHH CPEIHEr0 3HaY€HUs! U3MEPEHHOM yr-
JIOBOM CKOPOCTH B PA3JINYHBIX BKIFOUEHHUSIX OTHO-
CUTEJIbHO CPEJHEr0 3HAaY€HUs W3MEPEHHON YIIo-
BOM ckopocTH 3a 10 BKITIOYEHUH.

CiyuaiiHasi IOTpEIIHOCTh CUTHAJIA 110 pe-
3yabTaTam u3MepeHuit (30) cocTaBmia:

= s BOI' Ne 1 ¢ paboueit nnmuHo# ontrye-
ckoi BoHEI 0,82 MKkM — + 1,62°/4;

= st BOI' Ne 2 ¢ paboueit anmuHo# ontrye-
ckoi BoHEI 0,82 MKM — + 2,97°/4;

= st BOI' Ne 3 ¢ pabGoueii nmuHOM onTrye-
ckoit BoiHb! 1,3 MkM — £1,34°/4.

[IpuMeHeHne anropuTMUYECKON KOMIIEHCa-
LMY TEMIIEpPaTypHOU OrPENTHOCTH HYJIEBOTO CHUT-
Haja TUPOCKOIOB YMEHBIIMT 3HAYEHUs Cilydaii-
Hoii morpemHocT Ha 20-30 %.

5 dusonruka. ['pynma BI' 0915. Bonokonno-onuaeckue rupockomnst. URL: https://www.fizoptika.ru/ (mara o6pa-

menust: 27.07.2025).
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HonMep ERIHOULHIA
Activation number

OTiIoHeEHIe HEMep eHIA YINoEi cropoct, (9/u)
Deviation of the angular velocity measurement.

Puc. 7. Pe3ynbtathl uamepeHus curHana BOI Ne 1 ¢ paboyeit onanHon ontmuieckoi BosiHbl 0,82 MKm
M ¢ T 04 HunK: BbinosHEHO A.B. OpeLukuHbiM, A.B. XXynbkoBbiM, C.H. Cugoposbim, [.10. MNoneHoBbIM.
Figure 7. Measurement results of the FOGNo. 1 signal with an optical wavelength of 0.82 microns
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Activation number

"
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Deviation of the angular velocity measurement

Puc. 8. Peaynbtathl uamepeHus curHana BOI™ Ne 2 ¢ pabouyeii 4JIMHON onTmnieckon BosiHbI 0,82 MKm
M ¢ T o4 Huk: BeinonHeHo A.B. OpelukuHbiM, A.B. XynbkoBbiM, C.H. Cupoposeim, [.10. MoneHoBbIM.
Figure 8. Measurement results of the FOG No. 2 signal with an optical wavelength of 0.82 microns
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Homep EKMOUeHIA
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Deviation of the angular velocity measurement

Puc. 9. Pesynbtathl uamepeHus curHana BOI Ne 3 ¢ pabouyeii AnnHOM onTuieckom BosHbl 1,3 MKM
M ¢ T 04 HunK: BbinosHEHO A.B. OpeLukuHbiM, A.B. XXynbkoBbiM, C.H. Cugoposbim, [.10. MoneHoBbIM.

Figure 9. Measurement results of the FOG No. 3 signal with an optical wavelength of 1.3 microns
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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[Tomy4eHnHble peBapUTEIbHBIE PE3YAbTATHI
UCTIBITAaHUN C XOPOIIMM 3aracoM IMOATBEPIKIAIOT
BO3MOKHOCTb 00€cIieueHHsI HEOOXOAMMOTO YPOBHS
MOrPELIHOCTH HYJIEBOro curuaia no kanainy JYCos
OT 3aITycKa K 3armmycky (5°/9).

3. 9kcnepuMeHTasibHble UCCrieaoBaHUa
BbIXOAHOW XapaKTepUCTUKN NapaMeTpoB
BOJIOKOHHO-OMNTU4Y€CKUX TMMPOCKOMNOB
npu pas3siMv4yHoi TeMmneparype

ana manora6éaputHoro UUB

[lenbto MccnenoBaHMs MOTPEIIHOCTH HYyJe-
Boro curtasnia BOI' mpu paznuyHoil Temreparype
OBLIO OMpeesIeHUe P MPEIBAPUTEIBHBIX IKCIIE-
PUMEHTAJIBHBIX MCCIICIOBAHUSIX BEITUYUHBI H3Me-
HeHus HysneBoro curtana BOI™ npu pasnuyHoii pa-
Ooueil Temmeparype.

HccnenoBanne NorpenIHOCTH HyJIEBOTO CHUT-
Hana BOI npu paznuuHoil Temneparype npoBOIH-
Joch B quanasoHe temmeparyp ot 0 go 50 °C .

HccnenoBanne M3MEHEHUs HYJEBBIX CHUTHa-
JIOB BOJIOKOHHO-ONITUYECKUX THPOCKOIIOB IPH pas-
JMYHOM TeMIepaType NPOBOAMIOCH Ha IBYX BOJIO-
KOHHO-ONTUYECKHUX THPOCKOIaxX ¢ paboueil JJIMHOM
onTtrdeckor BOmHBEI (0,82 MKM, MMEIOIIUX BEIH-
YMHY NOCTOSHHOM BpeMenu T, ~0,235 c. s

CpaBHEHHS ObLTO POBECHO N3MEPEHHNE HYJIEBOTO
curnana apyroro BOI' ¢ paGoueit nnuHON omTH-
yeckoil BomHBI 0,82 MKM, WMEIONIETO BEIHYUHY
nocrossHHOM Bpemenu 7, . ~ 0,135 c.

I'mpockonsl HaxonMIMCh HAa HEMOABH)KHOM
OCHOBAaHUU BHYTPHU KJIMMAaTHYECKON KaMepsl, UX
OCH YyBCTBHUTEIBHOCTH OBUIM OPUEHTHPOBAHBI
BEPTUKAJILHO BBepX. M3MeHeHue Temmeparypsl B
KJIMMaTU4YEeCKOM KaMepe 3a4aBajioCh Mo JUHEHHON
¢byukuuu ot 0 10 50 °C B Teuenue 4 u. Mizmepenue
HAYMHAJIOCh TOCJIE BBIIEPKUBAHUS BBIKIIIOYCH-
HBIX TUpockonoB Mpu 0 °C B TeueHue 2 4.

OO0paboTka pe3yabTaTOB M3MEPEHH TPOBO-
JIMJIach 1o cheayomeMy anroputmy [11-15]:

om o, = (Z(pmﬂ,-)/n; (8)
om, =om / Tynss )
A=A4,. 4, 1.,

IAe @m ; — MIHOBCHHOE 3HAYCHHC MPHPAIICHHS

y1jia IpH m-M BKIIFOUCHUU (PmHCP — CpCAHECC 3HaA-

YEeHUE NPUPALICHUS yTIIa 33 OUH 3aMep; m — HO-
Mep 3amepa; wm_ — CpeiHee 3HaYeHHEe H3MEepPeH-
a

HOU YIJIOBOM CKOPOCTH IPH i-M 3aMepe.

Ha puc. 10 u 11 npeacrasnens! rpadpuku u3-
MEHEHHS BBIXOAHBIX curHaioB nByx BOI ¢ pa6o-
yell JInHOM onTHYecKor BOmHBI 0,82 MKM ¢ 11O-
cTostHHOM Bpemenu T, ~ 0,35 ¢ mpu paznuuHON
temneparype. Ha puc. 12 npuBenen rpaduk nme-
HEHUS BBIXOAHOTO curHana oxHoro BOI' ¢ paGo-
Yel JUTMHON ONTHYEeCKOM BOJTHBI 1,3 MKM (¢ mocTo-
ssuaoM Bpemenu T, ~ 0,71 c) npu paznuaHoil TeM-

neparype.
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Figure 10. Measurement results of the FOG signal No. 1 with 7zoc~ 0.235 s
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Figure 11. Measurement results of the FOG signal No. 2 with 7zoc ~0.235 s
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.
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Figure 12. Measurement results of the FOG signal No. 3 with 7;0c ~0.135s
Source:byA.V. Oreshkin, A.V. Zhulkov, S.N. Sidorov, D.Yu. Polenov.

CpaBHenue rpauKoB MOKa3bIBAET, YTO BEJIH-
YHUHBI U3BMEHEHUH CUTHAJIOB OJTH3KHU 10 3HAYEHUSIM,
ofHaKo (opMbI TpaUKOB UMEIOT CYIICCTBEHHBIC
otimunsa. B AO «HITO UT» mmeeTcs 3HAUUTEITh-
HBI OTBIT pa3padOTKH aMPOKCUMHUPYIONINX (DYyHK-
IUHA 71 KOMIIEHCAIMK TIOTPEITHOCTH HYJIEBOTO
CUTHaJa C YPOBHEM MOTPEITHOCTH KOMIICHCAIIUN
(0,5-1)°/u.

COOTBETCTBEHHO MO pe3yJibTaTaM MOy4YeH-
HBIX 9KCIIEPUMEHTAJIbHBIX JAHHBIX MOXXHO CITPO-
THO3UPOBATh BO3MOKHOCTh pa3pabOTKH armmpOKCH-
MUPYIOMUX (QYHKIUN 1T KOMIIEHCAIIMH TTOTPerl-

90

HocTHU HyneBoro curHana BOI™ anst pa3zpabarbi-Ba-
emoit UUB (7, ~0,135 c) ¢ TakuM ke ypoBHEM

IMOrpC€uIHOCTU KOMIICHCAIIUH.

0T

3akoyeHume

ABTOpaMu B pe3yJibTaTe MPOBEICHHBIX HCCIIe-
JIOBAaHUH CJENIaH Psij] BEIBOJIOB.

1. IIpoBenieHHBIE HCCIIEOBAHNS BOJOKOHHO-
ONITHYECKUX THPOCKOTIOB C pab0oveii TMHOMN OIITH-
yeckou BonHHI 1,3 u 1,75 MKM nOATBEpUIN BO3-
MOXKHOCTb WX MIPUMEHEHHUSI JIJIs1 MaJIOrabapuTHOTO
WHEPIUAILHOTO H3MEPHUTEIBHOTO OJI0Ka, C YIETOM
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TEXHHUYECKOTO 3aJlaHus, MO CIEAYIOLUUM Iapa-
MeTpaM:

B Mana3zoHy U3MEPEHHUs YIIIOBOM CKOPOCTH
+300°/c;

® [JOIPEIIHOCTU HYJIEBOIO CHUTHAJIA OT 3a-
MmycKa K 3amycky < 1°/4;

¥ Y3MEHEHUIO BEJIMYMHBI HYJIEBOTO CUTHAJa
ot Temneparypsl < 0,5—1°/4.

2. CriporHo3upoBaHa BO3MOXHOCTb paspa-
OOTKH anmpoKCUMHUPYIOMUX (QYHKIHHA JUIS KOM-
MEeHCAINH TIOTPEITHOCTH HyseBoro curHaia BOI'
ais paszpabarsiBaemoit MU (7, ~ 0,135 ¢) ¢ Ta-

KHMM K€ YPOBHEM IOIPEUTHOCTH KOMIIEHCALIUH.

3. [TomyuyeHHbIE pe3yabTaThl MMEIOT COMOCTA-
BUMBIC XapaKTEPUCTUKU C (rarmMaHamu orede-
CTBEHHOTO NMPHOOPOCTPOEHHS BOJIOKOHHO-ONTHYE-
CKHX THPOCKOIOB, TakuxX Kak AO «DuzonTuka,
ITAO «IIHIIIIK», OO0 HIIK «Onromuak» u AO
«Konnepn HHUU «3Dnexrponpubopy, a mo HeKo-
TOPBIM XapaKTePUCTUKAM ONEPEKAIOT KOHKYPEHTOB
(macca uccnenyemsie BOI™ He 6onee 50 1, oTpuna-
TEeJbHBIN MpeeN TEMIIEPaTypHOTo Auara3oHa co-
cTaBisier MuHyc 60°/C, TOIHOCTBIO OTEYECTBEH-
Hasl 2JICKTPOHHAS dJIEMEHTHAs 0a3a U MaTepHaIbl).

[IpoBeneHHbIE UCCAEAOBAHUS TOYHOCTHBIX
XapaKTEPUCTUK BOJIOKOHHO-OMTUYECKUX TUPOCKO-
MOB IMOATBEPk AAIOT BO3MOKHOCTb NMPUMEHEHUS
B COCTaBe pa3padaThiBAEMOT0 MajorabapuTHOTO
MHEPIHAIBLHOTO U3MEPUTENIFHOTO OJIOKA, a TaKXkKe
MMEIOT BCE OCHOBaHMWSI MPUMEHEHUS B IIMpOYaii-
mel cepe rpakJaHCKONW, BOGHHONW M KOCMHYE-
CKOM TIPOMBIIILJIEHHOCTH.
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Hcropus ctatbn AnHoTtanus. Lens uccinenoBanus — CpaBHUTEIBHBIN aHANIN3 U BBIOOp OTede-
CTBEHHBIX aHAJIOTOB YHUBEPCAIBHOTO OJIHOKOMIIOHEHTHOTO aHa3pOOHOT0 pe3b-
6oBoro (ukcaropa cpeaneir nmpouHoctu Loctite 243 (nmpousBoacta ['epma-
HUM). 32 KPUTEPUI OLEHKH IPUHATO 00ECIIeUeHHE COMOCTABUMOTrO KaueCTBa
Y HaJIe)KHOCTHU (PMKCALUH P MUHUMH3AaLUU KOHEYHOI CTOMMOCTH MPOIYKTA.
OObeKTaMU HUCCIEIOBaHUs CTAadH TEPMETHKH-AaHAJOTH CICAYIOUIHX MapoK:
ROSLOCK 243, AXIOM AS311, ADHESOL 534, EFELE 113, I'ens Cantex-
Mactep Cunnii, Anakpon 2032, RusBond A2.43. B xome ucciienoBanusi mpu
3aJaHHBIX BPEMEHH ITOJMMEPU3aliH U CPEAHEH POUYHOCTH OIpeeIeHbl TaKHe
OCHOBHBIE XapaKTEPHCTHKN aHAJIOTOB, KAK MOMEHTBHI OTBHHYUBAHUS U CPBIBA.
ITo pe3ysbraraM CpaBHUTEIHLHOTO aHAJIM3a IKCIIEPUMEHTAIBHBIX JAHHBIX C I1ac-
MOPTHBIMU 3HAYeHUSIMH (HKCATOPOB IOATBEPKICHO COOTBETCTBHE 3asBIICH-
HOTO MPOM3BOAUTENSIMU (DYHKIIMOHATA (PAKTHUSCKUM XapaKTepucTukam. B pe-
3yJbTare UCCIeI0BaHus BbIOpaHbl ontuMmanbHbie aHanorn — EFELE 113 u
ROSLOCK 243, no3possionye Npu NpeaBapUTeIbHO PErIaMEHTUPOBAHHBIX
YCIIOBUSIX DKCIIEPUMEHTA CHI3HTh KOHEYHYIO0 CTOMMOCTD ITPOIYKTa OPHEHTHPO-
BOYHO B 8,2 1 9,5 pa3a cOOTBETCTBEHHO. Vcnonb30BaHKe BRIOPAHHBIX aHAJIOTOB
CHOCOOCTBYET TIOBBILICHUIO CTA0MIBHOCTH U 3()()EKTUBHOCTH JOTHCTHYESCKUX
MIPOLIECCOB, YIPOIICHUIO TIOCTABOK U CHW)KEHHUIO CBS3aHHBIX C HAMH PHCKOB,
BKJIIOYAs CAHKIIMOHHEIE.
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Abstract. The aim of this study is to conduct a comparative analysis and select domestic
alternatives to the universal one-component, medium-strength anaerobic thread locker
Loctite 243 (Germany). The evaluation criterion was to ensure comparable quality and
reliability of locking performance while minimizing the final product cost. The objects of
the study were the following alternative sealants: ROSLOCK 243, AXIOM AS311,
ADHESOL 534, EFELE 113, SantekhMaster Blue Gel, Anakrol 2032, and RusBond A2.43.
Under specified curing time and medium-strength conditions, key performance characteristics
of the alternatives were determined, including breakaway torque and unscrewing torque.
A comparative analysis of the experimental results against the manufacturers’ technical
specifications confirmed that the declared performance characteristics correspond to the
actual functional properties. Based on the study results, EFELE 113 and ROSLOCK 243
were identified as the optimal alternatives. Under standardized experimental conditions, their
use enables a reduction in the final product cost by approximately 8.2 and 9.5 times,
respectively. The adoption of these alternatives enhances the stability and efficiency of
logistics processes, simplifies supply chains, and reduces associated risks, including those
related to sanctions.

Keywords: threaded connections, thread locker (sealant, fixator), breakaway torque, shearing
torque, unscrewing torque, ultimate strength, axial shear, mating parts
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BBepeHue

B coBpeMEHHOM MaIIMHOCTPOEHUHU Pe3b0o-
BOE€ COEIUHEHHE SIBJIACTCS OJHUM U3 OCHOBHBIX
METOJIOB CO3/IaHMsI HAJICKHBIX MHOTOPA30BbIX Pa3b-
€MHBIX Y3JI0B, 00BEAMHSIONMINX JIBA WA O0JIee 13-
nenuit. [Ipocrora peanuzanuu 3TOro MeToja 3a-
KITFOYACeTCsl B MCIIOJIb30BAHUN HAPYKHOU pPEe3bObI
Ha OJTHOM JEeTanu U BHYTPEHHEW Ha APYTOM.

Haubonee pacpocTpaneHHBIMU BapuaHTaMU
pe3bOOBLIX coeuuenuit’ (puc. 1) ABIAIOTCA HaphL:
«IIeTallb — JIeTalIby; «JIeTallb — pe3b0oBas Kpe-
mexxHasi etanb (O0oNT, BUHT, Taifka, IMWIbKA H
T.J1.)»; «pe3b00Bas KpernexHast 1eTaib — pe3b0o-
Basi KpemnexkHast aetanby» [1].

a 6

OcHoBHOH TpoOIIeMOl pe3bOOBBIX COEAHMHE-
HUH SBISIETCS CHIDKEHHE WX HAJCKHOCTH BCIIEH-
CTBHE CAMOOTKPYYMBAHMS TII0J] BO3/ACHCTBHEM
Harpy3ok [2—4], Takux Kak yaapHble, BO3ZHUKaIO-
[IUEe TIPY HEMPABWIBHOM SKCIUTyaTalluy U3JIECINHI,
a Taxxke BuOpaumii. Kpome TOro, CHuXeHue ycu-
JHST 3aTSDKKA COCAMHEHHH MOXET HPOHMCXOIHUTH
U3-32 MPOCKAJIb3bIBAHUS U MPOCEIaHUs, YTO MPH-
BOJUT K OCJ1abieHuIo y3ia win aeraiu. Cronope-
HUe pe3b0OBLIX coeMHEHHil [5; 6], HanpaBieH-
HOE Ha MPEIOTBpAIlleHNe WX CaMOOTBUHYMBAHUS
M0/ BO3/ICHCTBUEM BHEITHHUX (DAaKTOPOB, BKITFOYAET
MeXaHUYEeCKHE CIIOCOOBI M NCTIOIb30BaHUE CTICIH-
AJIBHBIX COCTAaBOB.

Puc. 1. Pe3b60Bble coeanHeHUs:
a — «aeTanb — getanb» (apobunka); 6 — «geTanb — pe3bboBas kKpenexHas getanb» (peaueaepxaresb);
B — «pe3bboBas kpenexHas aetanb — pe3bOoBasi KpenexHas geTanb»
N ¢ 104HwMK: BbinonHeHo K.B. eliHoBon

Figure 1. Threaded connections:
a — “part — part” (crusher); 6 — “part — threaded fastener” (tool holder);
B — “threaded fastener — threaded fastener”
Source: byK.B. Deynova.

Mexanuueckue crnocoObl CTOMOPEHUS:

1. CronopHas mpyxuHHas maiba (TpoBep):
MIpY 3aKPYYMBAHUM TalKU TI0J] HEEC yCTaHABIIMBA-
€TCSl BUTOK MPYXKUHBI, CO3IAOIINAN MPYKUHSAIIAN
3¢ GeKT 1 IPENATCTBYIOMUN CaMOOTBUHYMBAHUIO.

Ortor Meton 3¢ddexkTuBeH AN MpeaOTBpALCHUS
CaMOOTBHUHYMBAHUS TOJIBKO OJJHOTO M3 DJIEMEHTOB
3anerieHus (00JITa WTH TaKH ).

2. INajika ¢ 3y0uarbiM ¢raHIIeM: KOHCTPYKITUS
raifiku ¢ 3youarbim (prianieM o0ecriednBacT yBeIu-

! Slkoenes A.B., Ilonomapenxo E.A., Epmonaes A.B. Pe3p60Bble coenuHenys : yueoHoe nocobue. CII6. : CII6BI TU(TY),
2015. 53 c.; Amupmxanosa W.1O., JKusorisamosa 1. A. Pe3n00BBIe coennHEeHHS : yIeOHO-MeTouIeckoe mocodue. Toib-

sattu : TT'Y, 2013, 79 c.

2 Cronopenue pe3pboBeIX coemunenuii. URL: https://www.rus-bolt.ru/articles/300/11441/ (nata obpameHus:
01.06.2025); TOCT P 70116-2022. CoenuHenus pe3n00Bbie. THUIIBI CTOMIOPEHUS : HAIlMOHAJIBHBIA cTaHaapT PD : nata
BBenenust 2023-01-01 / Poccrannapt. U3a. opunmansHoe. Mocksa : PUC, 2022. 20 c.; [azynos K.O., Cmenanos A.C.,
Tuxonos-byepos JI.E., [lIxeapyoe B.B. V300paxkeHne cTonopeHus pe3b00BbIX coequHeHnit : yueoHoe nocodue. CIIO. :

BI'TY «Boenmex», 2012. 28 c.
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YeHHE TUIOUIAId KOHTAKTa M CO3/IaHHE MPYKUHSI-
mero 3¢Qexra, 4To CHOCOOCTBYET YAEpHKAHUIO
Pe3b0OBOr0 COEMHEHHSI OT CAaMOOTBUHYMBAHMUS.

3. CamoxoHmpawasacs eauka ¢ HetloHOBbIM
KO/IbYOM: HEIIIOHOBOE KOJIBI0, BCTPOEHHOE B KOH-
CTPYKIIMIO TAaliKH, TOPMO3HT XOJ1 3aBUHYMBAHUS U
CHIDKAeT MeXaHH4YeCcKue KojeOaHus, ooecreunBas
HAJCKHYI0 (PUKCAIMIO pe3b00BOT0 COCTUHEHHUS.

4. CmonopeHue npo6onokoiu: crajlbHas Npo-
BOJIOKA, YCTAHOBJICHHAs] B OTBEPCTHE B BUHTE WIIN
raiike, ’)ecTko (pUKCUpyeTCs K Ipyroi JeTalu, 4To
IPeOTBpAIlaeT B3aUMHOE IIepeMeleHUE Pe3b0o-
BBIX DJIEMEHTOB.

5. Koponuamas eaiixa co wniunmom: MeTainl-
JMYECKHUH MITUTHHT, TTPO/IEBaeMbIi uepe3 pe3nly u
(ukcupyemblit MEXTy 3yObSIMHU KOPOHUATOM raliku,
OJIOKHpYEeT BO3MOKHOCTH CAaMOOTBHHUYMBAHMS.
Oror Meton dPPEeKTHBEH LIS MPEIOTBPAIICHUS
CaMOOTBUHYMBAHUS TOJIBKO OTHOTO M3 DJIEMEHTOB
3aneryieHus (60iTa WK raikm).

6. @puxyuonnvie NPUCROCOONEHUS TIOBBIIIAIOT
YOPYrocTh COENWHEHUS M CHIy TPEHHs, HO HE
o0ecrneunBaloT NOCTOSIHHON (PMKCAIlUK MPU JUHA-
MHUYECKHX Harpy3kax.

7. Qukcupyrowue npucnocobneHuss BKIIOYaoT
O0nThI, raiiku, maibel ¢ pudaeHbIMU U 3yOua-
THIMH TIOBEPXHOCTSIMH, KOTOpBIE MPEIOTBPAIIAIOT
CaMOOTBMHYMBAHHE, HO UMEIOT BBICOKYIO CTOH-
MOCTb, 3aHUMAIOT 3HAYUTEIbHYIO IJIOIA b Ha T10-
BEPXHOCTH JIETAIM U MOTYT MOBPEXKAATH €e.

Vcnonp30BaHue CTIEUATBHBIX COCTABOB!

1) anaspoOHbIe TepmeTrku [ 7—10] HaHOCATCS
Ha pe3b0OBYIO MOBEPXHOCTH KPENEKHBIX JIeTajeH,
B IIpolecce COOPKHU 3aroHsIOT 3a30pbl U 3aTBEP-
JIeBAIOT MIPU OTCYTCTBUU JOCTyIA KUCIOPOa, CO-
31aBasi HaJIe)KHOE COCAMHEHHE, MPeNoTBPAIIaro-
iee BO3MOXKHOCTh OTKPYUYMBaHMsI BUHTA O€3 MpH-
JIOKEHUS 3HAYUTEITHHOTO YCUIIHS,

2) pe3bOoBBIE (PUKCATOPHI 00ECIEYNBAIOT
CIIETIJICHHE IIEPOXOBAaTOCTEH TPAHUYHBIX Pe3b0o-
BBIX IJIOCKOCTEH, MpeaoTBpallas Jrooble nepeme-
IICHUS 0] BO3/IEWCTBUEM BUOPAITMOHHBIX HArpy-
30Kk [11].

Bropoii u3 paccMOTpEHHBIX CIOCOOOB MOTY-
41 6osiee HIMPOKOE pacipocTpaHeHue oaarogaps
CBOEH IIPOCTOTE M JOCTYINHOCTH. JTO CBSI3aHO C
€r0 BBICOKOH 3()(HEKTHUBHOCTHIO M KOMILJIEKCHBIM
XapaKTepoOM MPEUMYIIECTB.

96

OnHUM U3 BeIyIINX MHPOBBIX MTPOU3BOIMTE-
Jieil ”HHOBAIIMOHHBIX KJIEEBBIX COCTABOB U repMe-
tukoB siBrsietcst pupma Loctite (Henkel, 'epma-
Hust). Kommanus npemiaraet 3 GeKTUBHBIC pere-
HUS 17151 pUKcary netaneit u3 pa3iInyHbIX MeTal-
JMYECKUX CIUIABOB, BKJIIOYAsl CTallb, aJIOMUHUM,
natyHb U 1p. [Ipogykims KoMrnaHuy npeacTaBieHa
OHOKOMIIOHEHTHBIMH XHUJKUMHU U TIOTyTBEPABIMU
COCTaBaMH C HHU3KOH BSI3KOCTBIO, KOTOPBIE ITOJIH-
MEpU3YyIOTCs B O€3BO3IYITHOM cperie MpH KOMHAT-
HOW TeMIieparype ¢ o0pa3oBaHHUEM TBEPIOU Tep-
MOPEaKTUBHOW IUIACTMACChl, 3aIlOJHSIOMIEH 3a-
30pbI MEXy Pe3bOOBBIMU YACTAMHU COEAMHEHHM.
[MpenmymectBoM mpomykimu Loctite siBisieTcst
MPOCTOTa M YA0OCTBO HAHECEHHS, YTO 00eCIICU -
BACT BHICOKYIO are3UI0 M HAJEKHOCTh COEIUHE-
Hui. OnmHako, MOCKONbKY Loctite siBiseTcs 3apy-
OCKHBIM OPEHIOM, CTOUMOCTH TPOYKITHH MOXKET
3HAUUTEIbHO OTIIMYATHCSI OT OTEUECTBCHHBIX aHA-
JI0TOB. B HEKOTOPBIX ciIydasx pa3HHIA B IEHE MO-
XKET JocTurath 5—15 pa3 u3-3a napauwieIbHOro M-
MOPTa Yepe3 «TPEThU» CTPAHBI.

AccoprumeHT niponykiuu Loctite kimaccudu-
IUPYETCS B 3aBUCHMOCTH OT TpeOyeMol MpOvHO-
CTH M BSI3KOCTH HA HECKOJIBKO KaTerOpHi, Kaxas
U3 KOTOPBIX IMpeJHa3Ha4YeHa Ui OMpPEeAeTICHHOTO
croco0a IeMOHTaXa:

1) HU3Kasg MPOYHOCTH — JIEMOHTAX OCY-
LIECTBIISETCS PyYHBIM HHCTPYMEHTOM;

2) cpenHss NPOYHOCTh — JAEMOHTaX Tpe-
OyeT 3HAaUUTENBHOTO YCWIHS M HCIIOJIb30BAHUS
PYYHOTO HHCTPYMEHTA;

3) BBICOKasl IPOYHOCTH — JEMOHTaX BO3-
MOXEH TOJBKO C HCIIONB30BAHUEM PYYHOTO HWH-
CTpyMEHTa M MECTHOTO HAarpeBa, MpPUMEHSETCS
JUTS Hepa30OPHBIX COSAUHEHHI;

4) KamUIISIPHBIE — AHAJIOTHYHBIC TPE/IbI-
IyLieMy THITY, HO HAaHECEHHE OCYIIeCTBISEeTCS MM0-
CJIe COeIMHEHHS y3I1a;

S)Hexunkue (MoJyTBEepabIe) QUKCATOPHI
CpeIHEeH U BBICOKOH MPOYHOCTH — TPE/ICTABICHBI
B BUJIE KJICSILIUX KapaHaaleH.

OCHOBHBIM ITPEUMYTIIECTBOM PE3b0OBBIX (PHK-
caropoB Loctite siBrsieTcst uX cnocoOOHOCTh MPEIO0T-
Bpalatb CaMOOTBUHYMUBAHUC pe3I>6OBBIX coeamn-
HEHHI BCEX THUMOB. DTO TOCTUTAETCS 32 CUET Ipe-
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JIOTBpAIeHHsT (PETTHHT-KOPPO3HHU' — TIpolecca,
MIPU KOTOPOM LUKINYECKOE HArpyKeHHE B 30HE
KOHTaKTa CONPSLKEHHBIX JIeTajeil MpUBOIUT K IO-
Tepe HKCIUTyaTallMOHHBIX XapaKTePUCTHK MeTallIa
U €r0 yCTAJIOCTHOMY paspymienuto [12; 13].
Kpome Toro, pe3prboBbie ¢pukcaropsl Loctite
3aIOJTHSIOT 3a30PbI MEXKy TTOBEPXHOCTSIMH PE3b0,
obecrieunBasi aJare3wio COMPITaeMbIX H3ICTHH.
OTO MO3BOJISIET YIUIOTHUTHh Pe3bOOBBIE COEIMHE-
HUS M CO3/1aTh CKBO3HBIE Pe3b0OBBIE OTBEPCTHSI.
OparM W3 TOMYJSIPHBIX MPOAYKTOB Loctite
spisgercst Loctite 243 — yHHBepcaabHBIA OIHO-
KOMITOHEHTHBI aHa’pOOHBINH Pe3bO0BOM (prkca-
TOp CpemHel MpodHOCTH. [IponyKT Xapakrepusy-
€TCsl LIUPOKUM CIIEKTPOM COBMECTUMOCTH € METaJI-
JMYECKUMH TIOBEPXHOCTSIMH, BKJTFOUas TACCUBHBIC
MaTepHuallbl, TAKUE KaK HEPIKABEIOIAs CTallb, aJl0-
MUHHIA W OLMHKOBaHHBIE MOBepxHOCTH. Loctite
243 ycTOWYMB K MPUCYTCTBUIO 3arpsi3HUTENEH Ha

MOBEPXHOCTH, TAKMX KaK CMa30YHO-OXJIaXKIaro-
e xuakoctu (COX), MmoTopHBIE Macia U KOH-
CepBallMOHHbIE CMa3KU.

dukcaTop nNpeaoTBpaLIaeT 0CIabIeHNE Pe3b-
OOBBIX COCIMHCHHN B YCJIOBUAX BHOpammu [14],
YTO JIEJIAeT €r0 He3aMEHUMBbIM IS HCTIOJIb30BaHUS
B TaKMX YCTPOWCTBax, KaK HAaCOCHI, IBUTATEIIH,
PEIYKTOPBI, IPECCHI, KOMIIPECCOPHI, a TAKKE IS
MOHTaKHBIX OOJITOB M KOpOoOOK mepenay. bmaro-
napsi ceouM cBoiictBaM Loctite 243 momyckaeT BO3-
MOYKHOCTh TIEPHOJIMIECKON Pa300pKH pe3b00BBIX
COCMHEHUI ¢ IOMOUIBIO PYYHOTO WHCTPYMEHTA.
Xapakrepuctuku Loctite 243° npencrasieHsl B
Tabmn. 1.

[TpounocTs pe3rboBoTO coenuueHus [15—17]
OIICHMBAETCS TAaKWMHU NapaMeTpaMH, Kak MOMEHT
Cpe3aHusi pe3bObl U MOMEHT OTBUHUYMBAHUS (Mors).
MoOMEHT cpe3aHusi XapaKTepHu3yeT IPOYHOCTD
pe3bOBI Ha cpe3.

Tabsmya 1. TexHnyeckune xapakrepuctuku ¢ukcartopa Loctite 243

MapameTp 3HauyeHue MapameTp 3HauyeHue
MNpengapuTensHas coopka ysna Het ArperaTHoe COCTOsiHVE )KnakocTtb
MpoHukaroLwas cnocobHOCTb, MPOYHOCTb CpenHsas XumMunyeckasi ocHoBa MeTtakpunat
MakcumManbHbI anameTp pe3bbbl M36 BsaskocTtb, MIMNa*c 1300-3000
Bpemsa nonumepuzaumn (4,), 4 2 PaGouyas TemnepaTtypa, °C ot -55 0o +180
O6beM ynakoBku, M 10, 50, 250 Py4Hast NpOYHOCTb, MUH:

TUKCOTPONHOCTb EcTb : ﬁ;?c::b 150
MomeHT oTBOpaymBaHus, 6ont M10, H*m 26 ® HepaBeloLas cTanb 10

M € T 04 HMK: BbINOAHEHO A.B. A3aHOBbIM.

7able 1. Technical characteristics of the Loctite 243 retainer

Parameter Value Parameter Value
Pre-assembly of the unit No Aggregate state Liquid
Penetration ability, strength Average Chemical basis Methacrylate
Maximum thread diameter M36 Viscosity, mPa*s 1300-3000
Hardening time, h 2 Operating temperature, °c from -55to +180
Packaging volume, ml 10, 50, 250 Hand strength, min:
Thixotropy yes : Etrzzls 150
Loosening torque, bolt M10, N*m 26 = stainless steel 10

Source:byAV. Azanov

4 Heanourxun I1.T., Konecruxos U.B., Yenoxvsau A.B. VI3HAIINBaHNE HETOABIKHBIX COCIUHEHMUI (pperTunT-KOpPPO-

3us) : yuebHoe mocobme. Poctos u/J] : PI'VIIC, 2001. 28 c.

5 dukcanus pe3pboBbIX coenunennii. URL: https://tvita.ru/wp-content/uploads/2019/07/loctite-1.pdf?ysclid=masajd
2b2r905575563 (mata odpamenus: 01.06.2025); Loctite-henkel. URL: https://www.loctite-henkel.ru/ (maTa oOpamieHus:
01.06.2025); Loctite 243. URL: https://interoil-spb.ru/wp-content/uploads/2020/12/loctite 243.pdf (nata obpauieHus:

01.06.2025).
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[Ipn npeBbIlIeHNY BHYTPEHHUX HANTPSKEHAN
npezesa MpoYHOCTH (Os) HA pa3pbIB, KOTA KPyTs-
A MOMEHT (M ) TIpeBBIIACT CUTY TpeHUs (Frp)
U PAcYETHYIO NPOYHOCTb HW3AEIHS, MPOUCXOIUT
CPBIB pe3bObI M pa3ziesieHHue CTepKHsA. MOMEHT
cpe3aHusl MpecTaBisieT co00il KPpUTHUECKYIO Be-
JUYUHY, TIPU JOCTUKEHUU KOTOPOH pe3pOoBoe co-
eIMHEHNE Pa3pyIIaeTcs MO JeCTBUEM BHEUTHEH
CHJIBI, BBI3BIBAIOIICH CABHUI COEAMHSEMBIX JeTa-
JIel epIeHauKyIIPHO Ocu 6onTa. ITO MPUBOIUT
K Je(opMaIiy ¥ HapyIIeHUIO [IEIOCTHOCTH PE3b-
OOBBIX U3/IEIUH.

[IpoBepka Mo yuuThIBaeT creuupuky pa-
OOTHl BHUHTOBOHM Mapbl, Ili¢ MPU OTBUHUYUBAHHUU
OKpYXXHasi cuia U Frp MEHSIOT HampaBlieHHE Ha
MIPOTUBOMOJNIOKHOE. B oTimume or MoMeHTa 3a-
TSDKKH Mors TpeOyeT 3HAaYUTENBbHO OOJIBIETo Kpy-
TSIIIET0 MOMeHTa (puMepHo B 1,5 pasa), 4ro 00y-
CJIOBJICHO TpolieccaMu Koppo3uu u auddysun ma-
TEpPHUAJIOB B 30HE PE3LOOBOTO COCIUHEHUS.

MomeHT OTBUHYUBAHUS Mors BOHUKAET MPU
JOCTH)KEHUH TIpefieNia MPOYHOCTH Ha CIOBUT (Os)
pU aKCHAIBHOM HAarpykeHUHW, HIX MOMEHTa
cpbiBa (Mcp) [14]. Mcp ipencTaBiseT coO0i MHUHH-
MaJIbHbIII MOMEHT, HEOOXOAUMBII JJIsi TIPeoaoIie-
HUS CWIIBI (PUKCalMu pe3bObl M Hayasa Impoiecca
OTKpy4HBaHUA®. DTOT MOMEHT TaKKe Ha3bIBAIOT
HayaJIbHBIM MOMEHTOM CTparuBaHus. MOMEHT OT-
BUHYUBAHUS (Mors) — 3TO MOMEHT NPEOAOIECHUS
cuibl TpeHHus (Frp), TMO3BOJSIIOIIUI OTKPYTHTH
pe3b0oBOE CcoeqMHEHHE 0e3 €ro TOBPEKICHUS.
Opnnako u3-3a 3¢ exra CTaTHIEeCKOro TPEHUS MO-
MEHT cTparuBaHusi (Mcp) TIpeBbIIIaeT MOMEHT Bpa-
IICHUSI, HEOOXOAWMBIA JJIsl Hayana JBIKCHHUS
Pe3b00BOr0 COETUHEHHUS.

[Tpumenenue ¢ukcaropa pe3rObl MO3BOJISIET
MIOBBICHUTH CIIEYIOIINE TapaMEeTPhI:

1. os IpU aKCHANBHOM CJBWIE M, KaK CIeJ-
cTBHe, Mcp. [€pMETH3UPYIOIHE COCTABBI YCIOXK-
HSIOT 0CEBOE CMEIlEHUE Pe3bObl, YTO MPUBOAUT K
YBEIUYEHHIO TAHHBIX TIOKa3aTele;

2. Mors — 3TO CBSI3aHO C TE€M, YTO JOCTHXKE-
HUE 03 IPU AKCHAIILHOM CIIBUTE SIBJISICTCS] HAYaJIh-
HBIM STaroM yBearnueHUs: Mors.

3. MowmeHnT cpe3anus. Dukcarop pe3pObl odec-
HeYMBacT CTAOMIBHOCTh Pe3bOOBOTO COCAMHEHHUS
KakK [IPY CPe3aHuH, TaK U IPY OTBUHYMBAHUH, HE3a-
BHCHUMO OT HaIlpaBJICHUs BpaIllleHHsI. DTO 0COOEHHO
Ba)KHO JJIS1 COSTMHEHHIA, TIO/IBEPKEHHBIX pa3HOHA-
IpaBJIeHHBIM Harpy3kam, HalpuMep B pe3b0OBBIX
COCIMHEHUSIX BaJjia AIIEKTPOIBUTATENS 3aTOYHOTO
CTaHKa W KpEeNeXHoro nsiuemeHra (Oonara wim
raiku), KOTOpBIE MPIKUMAIOT a0pa3HBHBIA KPYT K
Baiy. [Ipu ucnonp3oBannu repmernka Loctite 243
dopmupyeTcs HepazbeMHOE pe3b0OBOE COeAMHE-
HUe. B ciyuae npeBbIIeHNs Oy CTUMOTO YCHIIUS
BpAIl[CHHsI, HE3aBUCHMO OT €r0 HaIlPaBJICHUs, IPO-
MCXOJIUT CPBIB PE3bOBI, 4TO MOKET PUBECTH K I10-
BPEXKJICHUIO COTIPSITaeMBIX JIeTalIeH.

B pamMkax maHHOTO MICCIeIOBaHUS MPOBEICH
noa0op aHanoroB pespboBoro ¢ukcaropa Loctite
243. B Tabn. 1 mpeacraBieHbl XapaKTEPUCTUKU
pa3IMUHBIX TepMEeTHKOB. [Ipu BBIOOpE OOBEKTOB
HCCIIEI0BaHUS PYKOBOJICTBOBAINCH IPAKTUIECKON
HaIpaBJIeHHOCThIO paboThl. [Ipu 3TOM OCHOBHAs
3ajJjadya 3aKjrovajach B 10J00pe TAKoro aHajora,
KOTOPBIIl MO0 XapaKTepUCTHKaM OyleT MaKCH-
MasibHO IpuomkeH Kk Loctite 243, a Takxke 103B0-
JIUT 3HAYUTEIHHO CHU3UTh CTOUMOCTbD MIPOIYKTA.

AKTyanbHOCTb HCCIIEIOBaHHS OOBSICHIMA HU3-
KO JIOCTYITHOCTBIO M BBICOKOH CTOMMOCTBIO TO-
Bapa Ha OTEUECTBEHHOM pbIHKE. [IpoBeneHHoe uc-
CJICZIOBAHKE HAIMPABIICHO HA TOWCK aJbTePHATHB-
HBIX pENICHUH I 0OecredeHrs MOTpeOHOCTEH
pBIHKA B pe3b00BBIX (prKcaTopax, KOTOpbIe ObI CO-
OTBETCTBOBAJIM BBICOKMM CTaHJapTaM KauecTBa,
HO TIPH 3TOM MMeJHU 0oJIee TOCTYITHYIO [IEHY.

Lenv uccneoosanusi — KCIEPUMEHTATIbHAS
NPOBEPKA M CPABHUTEIBHBIA aHAIHM3 XapaKTepH-
CTHK aHa3pOOHBIX (PUKCATOPOB Pe3bOOBBIX COCAU-
HEHUIl CpefHel MPOYHOCTH C ONPEIEICHUEM OIl-
TUMaJbHOTO OTEUECTBEHHOTO aHaJIora repMeTHKa
Loctite 243, o0ecrneunBaroIero COMOCTaBUMOE
KaueCTBO M HAJEKHOCTh (PUKCALUH TIPHU CHIDKE-
HUH KOHEYHOU CTOMMOCTH.

2. Marepuanbl U MeTOAbl

DKCHepUMEHTAIbHbIE HCCIENOBaHUS OBLTH
HampaBJIeHbl HA IPOBEPKY CTAaHAAPTHBIX XapaKTe-
pHUCTUK (PUKCATOPOB pe3bOOBBIX COCIMHEHUH, yKa-

¢ Merton npwioxenns kpyTsmero momenta. URL: https://smetiz.ru/tekhnicheskaya-informaciya/rezbovye-soedineniya/
metod-prilozheniya-krutyashchego-momenta/ (nara oopamenus: 01.06.2025).
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3aHHBIX B TEXHHUYECKON IOKyMEHTAIMH, TAKUX KaK
IpeseNn MPOYHOCTH Gs IPU AKCHAIBHOM CIBUTE
(Mcp) A Mors.

HccnenoBanue mpoBOIMIIOCH B HECKOJIBKO ATa-
IOB:

1) cocraBieHue mepevHs MOTEHIIUATBHBIX
aHanoroB Loctite 243, cOOTBETCTBYIOIIUX 3aJJaH-
HBIM KPUTEPHUSIM;

2) 3akynka oOpa31oB AJs IPOBEACHUS UCTIbI-
TaHUM;

3) pa3paboTka uiaHa cpaBHEHHs (UKcaTtopa
Loctite 243 ¢ BEIOpaHHBIMU aHAJIOTaMH, BKITIOUAS
oA00p KPUTEPUEB U XaPAKTEPUCTHK;

4) mpoBeAeHHE YKCTIEPUMEHTAIBHBIX HCCIIe-
JIOBaHUH;

5) aHayiu3 pe3ylbTaTOB U ONpeENeieHue Hau-
Oonee momxomAmmx 3ameHurteneii Loctite 243 ¢
Y4ETOM yCTaHOBJIEHHBIX KPUTEPHUEB.

Kpurepun ot00pa nmoTeHIMAaIbHBIX aHATIOTOB
BKJIFOYAIOT:

® [IpOM3BOACTBO Ha Tepputopuu Poccuiickoin
®denepanuuy;

B HaJW4Me YAOBJIETBOPUTEIbHOU JIOTHUCTH-
YECKOH JOCTYHMHOCTH (CTaOMIBHOCTH (HET pHCKa
MPUMEHEHHUS CAaHKIMI 1 HATMYue TOBapa), CHUXKe-
HHUE CPOKOB IOCTaBOK (ITOBBIIIEHUE YPOBHS JIOTHC-

THKH), BO3MOXHOCTb NIPHOOPETEHUS Yepe3 oTeye-
CTBEHHBIX JIUJIEPOB);

B CXO/ICTBO OCHOBHBIX XapaKTEPUCTHK, TAKHX
KaK CpeJHsIsA IPOYHOCTb, fp, Mcp U Mors;

B CHW)KCHHE CTOMMOCTH IO CPaBHEHUIO C
Loctite 243 He MeHee, 4eM B J1Ba pasa.

B Tabn. 2 mpexacraBieH mnepedeHb aHAJIOTOB
Loctite 243, 0TOOpaHHBIX B COOTBETCTBHH C yKa-
3aHHBIMH KPUTEPHUSIMH.

Hcnonb3yembie 000pynoBaHUE W CpEICTBA
m3mepenus (CH) (puc. 2):

1) fMHAMOMETPUYECKUI KITIOY AJIEKTPOHHBIH
3/8", 630 Hxm, Tum NTE12-030RR ¢ moBepkoii,
NORGAU 051130032/11; auana3oH u3MepeHuss —
1,5-30 Hxm, guckperHocts — 0,01 Hxm, muHm-
MaibHOE ycunue — 6 HxXM u MakcuManbHOE yCH-
e — 30 Hxwm;

2) TMHAMOMETPUYECKUN KITIOY AIIEKTPOHHBIN
3/8", 12—-60 Hxwm, Tun NTE12-060RR, NORGAU
051130061; muamazon u3mepenusi — 3—60 Hw,
nuckpetHocts — 0,01 HXM, MUHUMalIbHOE yCH-
e — 12 Hxm u makcumanbHoe yeume — 60 Hxwm;

3. Kinumaruueckasi kamepa XoJ10 — Terio —
Bnara KXTB-250; temneparypHblil 1uamnasoH OT
—75 mo +150 °C, nuana3oH OTHOCHUTEILHOM BIaXK-
HocTH oT 20 1o 98 % npu Temneparype ot +20 10
+90 °C, nmuckpernocts — 0,1 °C.

Tab/ma 2. NepedyeHb Noao06paHHbIX aHanoros Loctite 243 un ux ctrommocTb

Ne Ananor CToumoCTb, pyo. Ne Ananor CtoumocTb, pyo.
1 ROSLOCK 243 1100/ 1500
I M n* 2
5 AXIOM AS311 1400 / 1260 5 enb CaHTexMactep CuHui 60 /833
3 ADHESOL 534 2190/ 2214 6 Anakpon 2032 852 /1457
4 EFELE 113 1678 /1737 7 RusBond A2.43 1650/ 1138

* 3aKynneH BHE nnaHa (60 MJ'I), Tak Kak npuMeHaeTCcqd B OCHOBHOM B CaAHTEXHUYECKMX COeaANHEHNAX (60}168 YHMBEpPCanbHOE pelleHne: Nno3BondeT

AOCTUYb FepMeTI/I‘-IHOCTI/I).

CtoumocTb (50 mn) akTyanbHa Ha maii 2024 r. / mainn 2025 r. (OZON mapkeTnneic. URL: https://www.ozon.ru/ (aaTta o6patueHus: 01.06.2025)).

CtoumocTsb Loctite 243 — 14300 py6. (2024 r.) / 3541 py6. (2025T.).

M ¢ TOo4HMK: BbinonHeHo A.B. A3aHOBbIM

Table 2. List of selected alternatives to Loctite243 and their cost

No. Alternative Cost, rub. Ne Alternative Cost, rub.
1 | ROSLOCK 243 1100 / 1500
| SantekhMaster Blue* 2
2 | AXIOM AS311 1400 / 1260 5 | GelSantekhMaster Blue 60/833
3 | ADHESOL 534 2190 /2214 6 | Anacrol 2032 852 / 1457
4 | EFELE113 1678 / 1737 7 | RusBond A2.43 1650 /1138

*' Purchased outside the plan (60 ml), as it is mainly used in plumbing connections (a more universal solution: allows achieving tightness).
The cost (50 ml) is valid for May 2024 / May 2025. (OZON mapkeTnneiic. Available from: https://www.ozon.ru/ (accessed: 01.06.2025)).

The cost of Loctite 243 is 14.300 rubles (2024) / 3.541 rubles (2025).

Source:byA.V. Azanov.
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Puc. 2. icnonb3yemoe o6opynosaHne n CU*:
a — ANHAMOMETPUYECKNIA KNoY 9NeKTPOHHbIN 3/8", 6-30 H*M; 6 — kamepa xonoa-Ttenno-snara KXTB-250; 8 — knumaTorpamma
M cTo4HMk: BbinonHeHo K.B. AeiiHoBoM

Figure 2. Equipment and Ml used*:
a — Electronic torque wrench 3/8", 6-30 N*m; 6 — Cold-heat-humidity chamber KHTV-250; 8 — climatogram
Source: byK.B. Deynova.

" OneKTPOHHBI AMHaMoMeTpudeckuii kiiod NORGAU NTE12-030RR 3/8" 6-30 Hm. URL: https://www.vseinstrumenti.ru/product/
elektronnyj-dinamometricheskij-klyuch-norgau-3-8-6-30-nm-s-poverkoj-051130032-p- 1098306/ (nata obpaiueHus: 01.06.2025);
OneKkTpoHHbIN AnHaMmomMeTpuyeckuii kintod NORGAU NTE12-060RR 3/8" 12-60 Hm. URL: https://www.vseinstrumenti.ru/product/
elektronnyj-dinamometricheskij-klyuch-norgau-3-8-12-60-nm-051130061-984218/ (nata o6patieHus: 01.06.2025);

Kamepa xonoa-tenno-snara KXTB-250. URL: https://n-volga.ru/catalog/kamery-kholod-teplo-vliaga/khtv-250/ (nata obparieHus: 01.06.2025).

3. Kiiumarnyeckas kamepa X001 — TeIIo —
prnara KXTB-250; temneparypHbIii 1uana3oH oT —
75 mo +150 °C, mura30H OTHOCHUTEIILEHOH BIIaXKHO-
cta oT 20 no 98 % npu Temneparype ot +20 no
+90 °C, nuckpernocts — 0,1 °C.

B cooTBeTcTBUM ¢ MEXIyHapOTHBIM CTaH-
naptom [SO 10964, npu ucnbiTanuu ¢ukcatopa
Loctite 243 nanocar Ha pe3p00BbIe u3aenus bont-
raiika M10x15-6g/6H u3 cranmu mapku 30 TOCT
1050. McnpiTanus mpoBOJSATCS MPU TEMIIEPaType
OKpYXarollen cpe/pl B quanazone ot 18 go 25 °C.

Jns uccnenoBaHus BHIOPAHO W3/EJHE C IUH-
KOBBIM TOKPBITHEM, YTO CHOCOOCTBYET MOBBIIIIE-
HHUIO KOPPO3MOHHOW CTOMKOCTH. [[s1 momydyeHus
JIOCTOBEPHBIX PE3yJIbTaTOB U MUHHUMHU3ALUU IO-
IPELIHOCTU U3MEPEHUI UCTIBITAaHUS TPOBOIMINCH
Ha Tpex oOpasuax, K KOTOPBIM NPEIbSIBISIINCH
CIIeyIoIre TpeOOBaHUS:

1) Tun pe3pObr: M10 ¢ 3a30pom 1o 0,3 MM
(raiika — 7H, 6ont — 6g);

2) TOKpBITHE: IUHKOBOE.

B nmacnopre Ha pe3p00BOE COEAMHEHUE yKa-
3aHO Mcp O€3 MpeaBapUTEIbHOTO HATATa, pAaBHOE
26 Hxm. Oanaxo B pe3ysibTaTe SKCIIepUMEHTA 3Ha-
YEeHMsI KPYTSIIEro MOMEHTa OKa3ajJuch B J[Ba pas3a

100

MEHBIIIE B CBSI3U C HCIOJIB30BAaHUEM IIMHKOBOTO
TOKPBITHSI.

[lepBblii 5Tan dKcriepUMEHTa BKIIIOYAl HaHEe-
cenue (hukcaropa Ha pe3b0oBBIC coenHeHus. [is
anMpOKCUMAIUY 3HAYCHUN HCIONB30BaIMd 9 map
«BHHT-TalKa» ISl KaXJ0ro oOpaslia repMeTHKA.
[Tocne nanecenust puxcaropa 0Opasiibl BHLACPKH-
BaJIM IpU KOMHATHOM Temreparype B TeueHue 24 u
JUTSL TOCTHOKEHUSI TTOJTHOW TIOJIMMEPU3allui TepMe-
tuka [18-20]. Coenunenue pe3p00BOiA mapsl ocy-
MIECTBISUIOCH BPYYHYIO 0€3 HCIIONb30BAHUS WH-
CTpyMeHTa u 0e3 Harsra.

Ha BropoM »sTame skcrmepuMeHTa MPOBO-
qunu uzMepeHue Mo U Mors ¢ UCHOIB30BAHUEM
AIIEKTPOHHOTO TMHAMOMETPHUUYECKOro Kitoua 3/8"
¢ auama3zoHoM usMepenuit 6—30 Hxm mpu paznnd-
HBIX TEMIIepaTypHBIX yCIOBUAX. B cBsA3m co 3Ha-
YUTEILHBIM Pa30pOCOM 3HAUYCHUI U3MEPEHHH TTPH
MPEBBIIIICHUN JHara3oHa rapaHTUPOBAHHOW TOY-
HOCTH IMHAMOMETPHUYECKOTO KJTF0Ya €0 3aMEeHSIIH
Ha Mojenb ¢ auanazonom 12—60 Hxm. Temmepa-
TypHBIE YCIIOBUS UcHbITaHui coctasisin —30 °C,
23 +2°C, 150 °C. Bp1bop naHHBIX YCIOBHMA ObLT
00yCIIOBJICH HEOOXOIMMOCTHIO OIEHKH HaJIEKHO-
CTH pe3b00BOTO COENMHEHUS IPU HOPMAIbHBIX U
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IPAHUYHBIX KIMMaTHYeCKuX yciaoBusx. g co-
3/1aHUA 33JJaHHBIX TEMIIEPaTyPHBIX PEKUMOB 00-
pasipl MOMELIAJd B KIMMAaTHYECKYI0 KaMmepy
KXTB-250, npeHa3Ha4eHHYO 711 MOJIETHPOBa-
HUS YCIIOBUH X0JI0[] — Ter10 — Biara. OCHOBHOM
3aqadeil dKCIepuMeHTa ObLIO OIpeIeNeHHe CIIo-
coOHOCTH pe3r0OBOTO coenMHEHHs, 00paboTaH-
HOTO (PKCATOPOM, COXPAHSTh CBOM (DYHKIIMOHAIIb-
HBIC XapaKTEPUCTUKHA U HAJICKHOCTh MIPH Pa3Iny-
HBIX KJIMMAaTUYEeCKUX yCJIOBUsAX. Cxema sKcrepu-

MCHTA NPEACTaBJICHA HAa PUC. 3.

JIoTyCTHM BBICTYTI JIBYX HHTEI Pe3bObI
The protrusion of two threads is allowed

9. 9.9.9.9.9.9.9.3

MecTo HaneceHILs DHKcaToDa l
The place of application of the fixator

Puc. 3. Cxema akcnepmmeHTa*
M cT04HunK: BoinonHeHo K.B. JenHosow.

Figure 3. Experimental scheme*
Source: by K.B. Deynova.

71S0-10964-1993. Adhesives — Determination of torque strength
of anaerobic adhesives on threaded fasteners.
URL: https://cdn.standards.iteh.ai/samples/18936/
878f6a506e7841c18cead3c7f5a99cac/ISO-10964-1993.pdf
(nata obpaweHus: 01.06.2025); HaHeceHune pe3bboBbix durkcaTopos Loctite.
URL: https://loctite.gluesale.ru/support/infliction/
infliction_threadlocking/ (aaTta o6paweHus: 01.06.2025).

3. Pe3ynbTatbl n 06CcyXxaeHne

Jnst ucciaenoBaHus cCHeUUKH TOTEPH
cBoiicTB (pukcaropom Loctite 243 u omeHKH KOp-
PEKTHOCTH JKCHEPUMEHTANIbHBIX YCJIOBHHA OBLIH
CO3J1aHbl aHOMaJIbHbIE YCioBUs (Talm. 3, 4).

B xauecTBe 00BEKTa MCCIETOBAHUS UCIIONb-
30BaJicsl 00pasell ¢ UCTEKIIUM CPOKOM T'OJAHOCTU
(o 2023 1.), a tp cocTaBmiio 24 4 BMecTo Tpedye-
MbIX 7 nHer (mo macmopty). B pesyabrate Mep
OKa3aJlach MPUMEPHO B JBa pa3a HIDKE MacHopT-
HOT'O 3HaYEHUs.

VYuuteiBas CTaOMIBHOCTD fp M YCIOBHH JKC-
NEpUMEHTa, IPOBE/ICHO CPAaBHEHNE CPETHUX JaH-
HBIX C TACTIOPTHBIMU XapaKTepUCTUKaMH (Tabi. 4,
puc. 3, 4).

[Tpu martemaTnueckolr 00pabOTKe KCHEepu-
MEHTAJIBHBIX JTaHHBIX OBLIM BHIOpAaHBI aHAJIOTH,
HaubOonee Onu3kue K opuruHany (puc. 4). Cpas-
HEHHE C MACIOPTHBIMH JTaHHBIMU (pHUC. 5) moKa-
3aJ10, 4TO (pakTHUEcKas MPOYHOCTh (HPUKCATOPOB
HaXOAMTCA B Mpejenax cpeaHei npounoctu. OT-
ME4aeM, YTO Ha MOMEHT IPOBEACHUS UCCIIEI0Ba-
Hus s oOpasnoB Ne 7 m Ne 8 3aTpyaHeH mpo-
1IE€CC JIOTUCTUKH (3a/1ep>KKa IIOCTaBKH), YTO HE OT-
BEYAET BBIIBUHYTHIM TpeboBaHUsM 3a1aun. Cpeau
ananoroB Obutn BeIOpanbl EFELE 113 (Ne 5) n
ROSLOCK 243 (Ne 2).

Tabsmya 3. Pe3ynbTaTbl 3KCNEPUMEHTOB (TECT Ha OTKPY4YMBaHUe NMpu 3aaHHOK TeMmnepartype)

Ne Temnepartypa, °C -30 +22 +150
B dukcatop / PeaynbtaTtbl, Hxm M, M,.. M., M,.. m, M,..
6,40 4,95 10,10 3,75 6,47 2,45
1 LOCTITE 243 5,45 3,80 10,80 3,75 6,25 3,29
8,70 4,60 12,90 4,20 8,54 2,49
CpenHee 3HaveHne, Hxm 6,85 4,45 11,27 3,90 7,09 2,74
16,10 6,00 16,40 4,95 3,68 2,40
5 ROSLOCK 243 9,20 3,65 19,00 6,05 3,70 2,64
17,00 4,45 16,60 3,95 4,53 2,30
CpenHee 3HaveHne, Hxm 14,10 4,70 17,33 4,98 3,97 2,44
21,20 18,50 29,10 21,50 9,05 7,91
3 AXIOM AS311 30,00 19,50 30,60 27,50 8,17 6,75
30,00 23,50 30,00 23,50 9,53 10,50
CpenHee 3HaveHne, Hxm 27,07 20,50 29,90 24,17 8,92 8,39
30,00 20,50 36,00 33,00 13,20 3,45
4 ADHESOL 534 30,00 29,50 40,00 31,00 14,60 6,85
30,00 29,50 44,00 40,00 12,90 3,30
CpepnHee 3HavyeHne, Hxm 30,00 26,50 40,00 34,67 13,57 4,53
9,42 3,95 18,60 6,00 4,10 2,01
5 EFELE 113 18,00 5,80 18,30 6,60 4,75 2,20
16,70 4,65 17,10 4,75 4,48 2,50
CpepnHee 3HavyeHne, Hxm 14,71 4,80 18,00 5,78 4,44 2,24
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OkoH4aHue tabsn. 3

Ne Temnepartypa, °C -30 +22 +150

B dukcatop / PeaynbtaTtbl, Hxm M, M,.. M., M,.. m, M,..
17,80 10,60 10,80 5,40 4,90 4,33

6 lenb CaHtexMacTtep CuHuin 12,70 5,80 11,80 5,15 6,10 5,34
13,52 7,60 10,60 4,60 5,10 4,10

CpepHee 3HavyeHne, Hxm 14,67 8,00 11,07 5,05 5,37 4,59
21,30 6,85 15,50 3,90 3,40 2,45

7 AHakpon 2032 15,40 4,60 13,90 3,60 3,50 2,53
13,00 6,15 13,60 3,50 3,40 2,35

CpepnHee 3HaveHne, Hxm 16,57 5,87 14,33 3,67 3,43 2,44
30,00 29,50 34,00 27,00 16,10 9,25
8 RusBond A2.43 30,00 29,50 35,00 26,50 13,40 12,50
30,00 29,50 33,00 27,00 9,10 6,85

CpepnHee 3HaveHne, Hxm 30,00 29,50 34,00 26,83 12,87 9,53

MpumMeyaHue: M,, — MOMEHT cTparmeaHus, cpbiea, H*m; M., — MOMEHT OTBMHYMBAHUSA, BpaLLeHus, H*m
M cTo4HwMk: BbinonHeHo K.B. [leiiHoBoli, A.B. A3aHOBbIM.
Table 3. Experimental results (untwist test at a given temperature)
Temperature, °C -30 +22 +150

No. Fixative / Results, Nxm M, M., M, M, M, M,
6.40 4.95 10.10 3.75 6.47 2.45

1 LOCTITE 243 5.45 3.80 10.80 3.75 6.25 3.29
8.70 4.60 12.90 4.20 8.54 2.49

Average value, Nxm 6.85 4.45 11.27 3.90 7.09 2.74

16.10 6.00 16,40 4.95 3.68 2.40

5 ROSLOCK 243 9.20 3.65 19,00 6.05 3.70 2.64
17.00 4.45 16,60 3.95 4.53 2.30

Average value, Nxm 14.10 4.70 17,33 4.98 3.97 2.44

21.20 18.50 29,10 21.50 9.05 7.91

3 AXIOM AS311 30.00 19.50 30,60 27.50 8.17 6.75
30.00 23.50 30,00 23.50 9.53 10.50

Average value, Nxm 27.07 20.50 29,90 24.17 8.92 8.39
30.00 20.50 36,00 33.00 13.20 3.45

4 ADHESOL 534 30.00 29.50 40,00 31.00 14.60 6.85
30.00 29.50 44,00 40.00 12.90 3.30

Average value, N*m 30.00 26.50 40,00 34.67 13.57 4.53

9.42 3.95 18,60 6.00 4.10 2.01

5 EFELE 113 18.00 5.80 18,30 6.60 4.75 2.20
16.70 4.65 17,10 4.75 4.48 2.50

Average value, Nxm 14.71 4.80 18,00 5.78 4.44 2.24

17.80 10.60 10,80 5.40 4.90 4.33

6 Gel SantekhMaster Blue 12.70 5.80 11,80 5.15 6.10 5.34
13.52 7.60 10,60 4.60 5.10 4.10

Average value, Nxm 14.67 8.00 11,07 5.05 5.37 4.59

21.30 6.85 15,50 3.90 3.40 2.45

- Anacrol 2032 15.40 4.60 13,90 3.60 3.50 2.53
13.00 6.15 13,60 3.50 3.40 2.35

Average value, Nxm 16.57 5.87 14,33 3.67 3.43 2.44

30.00 29.50 34,00 27.00 16.10 9.25

8 RusBond A2.43 30.00 29.50 35,00 26.50 13.40 12.50
30.00 29.50 33,00 27.00 9.10 6.85

Average value, Nxm 30.00 29.50 34,00 26.83 12.87 9.53

Notes: M, — breakaway torque, N*m; M,.. — unscrewing torque, rotation, N*m
Source:byK.B. Deynova, A.V. Azanov.
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Tabmua 4. cpaBHEHMe cpeaHuxX 3KcnepmnmMeHTaJibHbIX AAaHHbIX C TACNOPTHbIMU 3HAYEHUAMMU

Ne dukcatop / Temneparypa, °C ‘ -30 ‘ 22 ‘ 150 ‘ 23* M, <M, *
MomeHT cpbiBa M, Hxm

1 LOCTITE 243 6,85 11,27 7,09 26

2 ROSLOCK 243 14,10 17,33 3,97 15-25 +
3 AXIOM AS311 27,07 29,90 8,92 25 makc -
4 ADHESOL 534 30,00 40,00 13,57 15 -
5 EFELE 113 14,71 18,00 4,44 8-25

6 enb CaHTexMacTtep CuHun 14,67 11,07 5,37 OTtcyTtcTBYET +
7 AHakpon 2032 16,57 14,33 3,43 8-25 +
8 RusBond A2.43 30,00 34,00 12,87 15-25 -

MoMeHT oTBUHYUBaAHUA M,,, Hxm

1 LOCTITE 243 4,45 3,90 2,74 5 +
2 ROSLOCK 243 4,70 4,98 2,44 5-10 +
3 AXIOM AS311 20,50 24,17 8,39 OTcyTcTBYET +
4 ADHESOL 534 26,50 34,67 4,53 6 -
5 EFELE 113 4,80 5,78 2,24 4-10

6 Fenb CantexMacTtep CuHui 8,00 5,05 4,59 OTcyTtcTBYET +
7 AHakpon 2032 5,87 3,67 2,44 4-10 +
8 RusBond A2.43 29,50 26,83 9,53 6-14 -

NMpunmMeyaHwue: (*) nacnopTHble AaHHble; My, < Mi,* — CpaBHEHWE MONYYEHHbIX MPY HOPManbHO TeMnepaType 3Ha4eHul ¢ NacnopPTHLIMU JAaHHbIMU;
(%) — n3-3a OTCYTCTBUSI NACNOPTHOrO 3HAYEHUs 0OHO3HAYHO OLEHUTbL MPMEMNEMOCTb MNOYYEHHOMO peldybTaTa HEBO3MOXHO UM NOJTly4eHHOe aKcne-
PVYMEHTaNbHOE 3HaYeHNE HE3HAYNTENIbHO OTIMYAETCS OT NACMNOPTHbIX AAHHbBIX.

Table 4. Comparison of average experimental data with rated values

M cT0o4HwMk: BbinonHeHo K.B. AeliHoBoii, M.B. A3aHOBbIM.

No. Fixative / Temperature, °C ‘ -30 ‘ 22 ‘ 150 ‘ 23* My <M *
Breakaway torque M, Nxm
1 LOCTITE 243 6.85 11.27 7.09 26
2 ROSLOCK 243 14.10 17.33 3.97 15-25
3 AXIOM AS311 27.07 29.90 8.92 25 max -
4 ADHESOL 534 30.00 40.00 13.57 15 -
5 EFELE 113 14.71 18.00 4.44 8-25 +
6 Gel SantekhMaster Blue 14.67 11.07 5.37 Absent +
7 Anacrol 2032 16.57 14.33 3.43 8-25 +
8 RusBond A2.43 30.00 34.00 12.87 15-25 -
Unscrewing torque Muns, Mxm
1 LOCTITE 243 4.45 3.90 2.74 5 +
2 ROSLOCK 243 4.70 4.98 2.44 5-10 +
3 AXIOM AS311 20.50 2417 8.39 Absent +
4 ADHESOL 534 26.50 34.67 4.53 6 -
5 EFELE 113 4.80 5.78 2.24 4-10 +
6 Gel SantekhMaster Blue 8.00 5.05 4.59 Absent +
7 Anacrol 2032 5.87 3.67 2.44 4-10 +
8 RusBond A2.43 29.50 26.83 9.53 6-14 -

N o t e s: (*) — manufacturer details; M, < M...* — comparison of values obtained at normal temperature with rated data; () — due to the absence
of arated value, it is impossible to unambiguously assess the acceptability of the obtained result, or the obtained experimental value differs slightly from
the rated data.

Source:byK.B. Deynova, M.V. Azanov.
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MOMEHT OTBUHYMBAHUA M., HxMm

N c104HMK: BbinonHeHo K.B. AeiiHoBon, M.B. A3aHOBbIM

Figure 4. Experimental dependence of the characteristics of fixatives on temperature:
a — breakaway torque M,,, Nxm; 6 — unscrewing moment M,,,, Nxm
Source:byK.B. Deynova, M.V. Azanov.
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MOMEHT OTBUHYNBAHUA M., HxM

N c 104HwMK: BbinonHeHo K.B. eriHosoin, M.B. A3aHOBbIM

Figure 5. Comparison of experimental data with rated values at normal temperature:
a — breakaway torque M,,, Nxm; 6 — unscrewing torque M,,,, Nxm
Source:byK.B. Deynova, M.V. Azanov.

XapakTepucTuku Mcp NP 3alaHHBIX TEMIIE-
paTtypax y BEIOpaHHBIX aHAJIOTOB OKA3aJIMCh JIyHIIIe,
YeM Y IPyTUX paCCMOTPEHHBIX BApUAHTOB, U HaXO-
JIUIUCh B Tpejaeiax MacloOpTHBIX 3HAYCHHH
(15-25 Hxm). D10 rapaHTUpyeT HaJIeKHOCTh (DUK-
callu¥ PH SKCIUTyaTall|H, TIPU STOM JIaHHbIE (PUK-
CaTopbl OTHOCATCS K CPEeIHEH MPOYHOCTH.

104

CpaBHUTEIBHBINA aHAIN3 XapAKTEPUCTUK TIO-
MOOpaHHBIX aHAJIOTOB TOKA3aJl, YTO HU OJUH W3
HUX IOJHOCThIO HE COOTBETCTBYET Mapamerpam
Loctite 243. bonpIIMHCTBO aHAJIOTOB JEMOHCTPH-
pyloT Ooiiee BhICOKME mokazarenu (puc. 6). Omu-
HAKO CJIeIyeT YYUTHIBATh, YTO (PHKCATOP-OpUTH-
HaJ OBUT MPOTECTHPOBAH B YCJIOBHSAX, KOTOPBIC
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MOTYT OBITh OXapaKTepU30BaHbI KaK AaHOMAJIbHBIE
110 CPaBHEHHIO C YCJIOBUSMU UCIIOJIH30BaHUS aHa-
joroB (cM. omMcaHue Bbille). B wacTHocTH, i
oOpa3oB Ne 3 u Ne 4 3apuKcupoBaHbl 3HAUCHUS,
MIPEBBIIIAOIINE TACTIOPTHBIC XapAKTEPUCTUKH, UTO

YKa3bIBaeT HA UX MPHUHAMIEKHOCTh K rpymme 00-
Jee TPOYHBIX (UKCATOPOB M HE COOTBETCTBYET
3asiBJICHHOU KaTeropuH CpeHe MPOYHOCTH, YTO
SBIISJIOCH OJIHUM M3 OCHOBHBIX TpeOOBaHHi IO-
CTaBJICHHOM 3a/1a4H.
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Puc. 6. CpaBHeHVe xapakTepncTmk GrUKCaTopoB-aHanoroB C OPUrmHanom:
a — MOMeHT cpbiBa M,,, HxM; 6 — MOMEHT oTBMHUMBaHUS M, Hxm
N cT0o4HuMK: BoinonHeHo K.b. JeriHoson, M.B. A3aHOBbIM
Figure 6. Comparison of the characteristics of analog fixators with the original:
a — breakaway torque M,,, Nxm; 6 — unscrewing torque M,,, Nxm
Source: byK.B. Deynova, M.V. Azanov.
3aknioyeHue JIOCTUYh KadecTBa (obecriedeHune Tpedyemoii Gpuk-

B pesynbpTare npoBeAEHHOTO MCCIEJOBAHUSL
10JJ00paHbl OTEYECTBEHHBIE aHATIOTH YHUBEPCATIb-
HOTO OJIHOKOMITIOHEHTHOTO aHa’poOHOTr0 pe3rdo-
BOro (ukcaropa cpeaneit npounoctu Loctite 243.
Hawnyuymumy U3 HUX OKa3aJIuCh T€PMETUKU Ma-
pox EFELE 113 u ROSLOCK 243. Onu obecre-
YHBAIOT COMOCTABUMOE KayecTBO (pMKCAIMU U Ha-
JIeKHOCTh IIPU COXPAaHEHMH YPOBHs (UKCAlUU B
YCIIOBUSX, QaHAJIOTHYHBIX SKCIIEPUMEHTAIbHBIM.

Hcnonp3oBanue BHIOpAHHBIX aHAJIOIOB MO3-
BOJISIET CHU3UTh CTOMMOCTb HPOIYKLUH IPUMEPHO
B 8,2 1 9,5 paza mo cpaBHeHuto ¢ Loctite 243. Oto
CIOCOOCTBYET MOBBIIIEHHIO TOCTYITHOCTH (CTa-
OUIIBHOCTH M YPOBHS JIOTUCTHUKH), COKpAIIEHUIO
CPOKOB ITOCTaBOK, a TAK)KE CHUYKEHHUIO CBSI3aHHBIX
C 3TUM PUCKOB, BKJItOYasi CaHKIMOHHbIE. COOTHO-
LIEHUE LEHbI ¥ KaueCTBa IPOILYKIMH PACCMOTPEH-
HBIX TPOHM3BOJUTENCH SIBISETCS ONTHMAIbHBIM.
BriOpanHbie (QUKCATOPBI-aHAIOTH IO3BOJISIOT

callii) W HAAKHOCTH (MOJAep KaHHE YPOBHS
(buKcanuu ¢ TeUSHHEM BPEMEHHU B paccMaTpHhBae-
MBIX YCJIOBHSIX).

HccnenoBanre nMeeT MpakTHYECKYIO HAIpaB-
JeHHOCTh U ocHOBaHO Ha FMEA-anammze (Failure
Mode and Effects Analysis), a Takxe oleHke po-
0acTHOCTH TIpoIiecca BHEPEHUS U MOCIIEIYIOIIEro
UCTIONIb30BAaHMsI AHAJIOTOB HA MPEANPUATHIAX Ma-
HMIMHOCTPOHUTENBHON OTpaciu. DKCIEPUMEHTAIb-
HBIC JaHHBIC, TIOTYYCHHBIE B XOJI¢ UCCIICIOBAHMS,
SBIISIIOTCSL  JIOCTOBEPHBIMU HMCKIIFOYUTEIBHO IS
KOHKPETHOT'O CJIy4asi K HE MOTYT CIIy>KUTh I1a0J10-
HOM JUTs BEIOOpA (PUKCATOPOB pe3bOOBBIX COCIH-
HEHHI YKa3aHHBIX MapOK.

[TomoOpanubie ananoru 00Ia1at0T UHAWBUY-
IFHBIMH IPEUMYIIECTBAMH, KOTOPBIE TIO3BOJISIOT
UM KOHKYPUPOBATh C OPUTUHAIBHBIM MTPOIYKTOM.
Opnako mist 6osee OOBEKTUBHOM OILEHKHA PEKO-
MEHJTyeTCs TPOBEICHUE JTOTIOJTHUTEILHBIX UCCIIe-
JOBaHUU.
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KoppO31OHHbIN N3BHOC TOHKOCTEHHbIX 3JIEMEHTOB KOHCTPYKLUUNA
noa BO3AenucTBMEeM MarHUTHOro nons

P.P. Tunusityaaun'®, C.H. Sxynos'®, H.M. Sikynos'™®, I X. Hu3amopa?

' Mncturyt mexanuku u Mamnoctpoenus OUILL Kazanckuii nayunsiii uentp PAH, Kazanv, Poccutickas Dedepayus
2 HaumoHasbHbIH HecienoBaTenbekuii MOCKOBCKHIA FOCy 1apCTBEHHbII CTPOUTENbHBIH yHUBEpCHTET, Mockea, Poccuiickas Dedepayus
4 yzsrr@mail.ru

Hcropus cratbu AHHoOTanus. MeTajuinueckye 3J1eMeHThl KOHCTPYKLUI IPOJOIDKAIOT 0CTaBaThCs
Iocrynuia B peakiuo: 30 Mapra 2025 1. OCHOBHBIM KOHCTPYKIMOHHBIM MATEPHATIOM MHOTHX COBPEMEHHBIX KOHCTPYK-
JlopaGorana: 20 urons 2025 1. LU, K KOTOPBIM IPEIbABILIIOTCS BEICOKUE TPeOOBaHUS 10 00eCIIeueHUI0 Oe3aBa-

Ipunsita K myOmikarn: 27 centsiops 2025 1. PUHHON 1 0e30Tka3HOM paboTHL.. B mporecce skCIIyaTanuy SIeMEHTHl KOH-
CTPYKIHUH Te(hOPMUPYIOTCS M HAXOAATCS IO BO3AeHCTBHEM (DI3UIECKHX MTONIeH
u cpea. OcoOyro ONMacHOCTb MPEJACTABISIIOT CIIy4au, KOTa UMEIOT MECTO JIBa U
Ooree MCTOUHMKA pa3pyleHUs. B paborte mpuBeneHBI HEKOTOPHIE PEe3yIbTaThl
9KCHEPUMEHTAIBHO-TEOPETUUCCKUX HCCIICOBAHUI BIMSHUS SJICKTPOMATrHHUT-
HOTO ITOJIS ¥ HAIIPABJICHUE €T0 CHIIOBBIX JIMHUI Ha KOPPO3HOHHBII H3HOC CTANIb-
ABTODEI 3asIBJISIOT 00 OTCYTCTBUH HBIX TOHKOCTECHHBIX 2JIEMEHTOB, a TAK)KE BIMSHUE MarHUTHOTO IIOJIS1 HA KOPPO-
KOH(IHUKTa HHTEPECOB. 3UI0 1e(OPMHUPOBAHHBIX TOHKOCTEHHBIX 00Pa3IoB. DKCIIEPHMEHTH! BBITOIHS-
JHUCHh B TOPOACKHUX YCIOBHSX W 3a IpejeramMu ropopa. OOpasmbl BeACPKUBA-
I0TCSL B HCCIIEyeMOil cpesie B TeUeHHE 3a1aHHOro BpeMeHH. Jledopmanun 06-
PAas3IOB CO3IABANNCh PA3IHYHBIMHU ITOAXOAAMU. [IJIs OLCHKHU CTEHNEeHH KOPPO3H-
OHHOTO M3HOCA U ONpPENENCHUs] MEXaHWIECKHX CBOMCTB 00pa3loB HCHONB3Y-
eTCsl SKCIEPUMEHTAIBHO-TEOPETHISCKUIT MoAXo . [ BEIYUCICHNS TaHT €HIU-
aITbHBIX M M3THOHBIX )KECTKOCTEH 00pa3IloB HCIOIB3YIOTCS COOTHOIICHUS IS
CIly4ast CpeJHero M3ruda. YCTaHOBIICHO, YTO KOPPO3HOHHBIN H3HOC 00pa3noB
0e3 BO3IEICTBUSI MArHUTHOTO TIOJIS BBIIIE, YeM 00pa3lOB, HAXOAMBIIMXCS O]
BO3ZeliCTBHEM MarHUTHOTO HOMs. Bombirei koppo3nu MogBepKeHbl 00pasIbl,
HOBEPXHOCTH KOTOPBIX MapajjIeNbHbl CHJIOBBIM JIMHUSM MAarHUTHOTO IIOJIS
3emin. YCTaHOBIICHO TaKXKe, YTO TaHTCHIMAIbHAS KECTKOCTh HenxedopMupo-
BaHHBIX 00PA3IOB MOJ] BO3ICHCTBUEM MarHUTHOTO HOJISI HECKOJIBKO BBIIIE COOT-
BETCTBYIOIINX KECTKOCTEH PacTAHYTHIX 00pa3IoB, IIPH 3TOM H3THOHAS XKecT-
KOCTb PacTAHYThIX 00pa3LoB Oobllle U3THOHBIX XKECTKOCTel HeaehopMUpoBaH-
HBIX 00pa3ioB. OOHApYykeHbI HOBBbIC 3()(EKTHI, UMEIOIINE BaXKHOE TEOPETHYE-
CKOE U IPaKTHYECKOEe 3HAYCHUE.

3asBiieHHe 0 KOH(JIUKTE HHTEPecoB

KawueBble ciioBa: Koppo3us, ,He(l)OpMHpOBaHHLIe o6pa3u51, CHUJIOBEBIC JIMHUHA
MAarHuTHOTO I10JIs1, OCTaTOYHAsA HAMarHM4€HHOCTbD, Z[B(I)OpMaIII/I}I IIOBEPXHOCTH
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Abstract. Metal structural elements remain the primary construction material in many
modern structures, which are subject to stringent requirements for safe and reliable operation.
During service, structural elements undergo deformation and are exposed to various physical
fields and environmental conditions. Situations involving two or more concurrent degradation
factors pose particular risks. This study presents selected results of experimental and theoretical
studies on the influence of an electromagnetic field and the orientation of its field lines on
the corrosion wear of thin-walled steel elements. It also examines the effect of a magnetic
field on the corrosion behavior of deformed thin-walled samples. The experiments were
conducted in both urban and rural environments. The samples were exposed to the test
environment for a specified period. Deformation was introduced using different methods.
An experimental — theoretical approach was employed to evaluate the degree of corrosion
wear and to determine the mechanical properties of the samples. Tangential and bending
stiffness were calculated using relationships derived for the case of pure bending. The results
indicate that corrosion wear is greater in samples not subjected to a magnetic field than in
those exposed to magnetic field effects. Samples with surfaces oriented parallel to the Earth’s
magnetic field lines exhibit more pronounced corrosion. It was also found that the tangential
stiffness of undeformed samples under magnetic field exposure is slightly higher than that
of tensile-deformed samples, whereas the bending samples of tensile-deformed samples
exceeds that of undeformed ones. The study reveals new effects of both theoretical and
practical significance.

Keywords: corrosion, deformed samples, magnetic field lines, residual magnetization,
surface deformation

Authors’ contribution

Giniyatullin R.R. — experimental research, processing and discussion of results, conclusions; Yakupov S.N. — experimental
research, processing and discussion of results, conclusions; Yakupov N.M. — statement of the problem, review, processing and
analysis of results, conclusions; Nizamova G.Kh. — materials for the review, discussion of results, preparation of the article for
publication. All authors read and approved the final version of the article.

For citation

Giniyatullin RR, Yakupov SN, Yakupov NM, Nizamova GKh. Corrosion wear of thin-walled structural elements under magnetic
field exposure. RUDN Journal of Engineering Research. 2026;27(1):109-121. (In Russ.) http://doi.org/10.22363/2312-8143-
2026-27-1-109-121 EDN: HYVDAO

110


https://orcid.org/0000-0003-2176-6913
https://orcid.org/0000-0003-0047-3679
https://orcid.org/0000-0001-8248-1589
https://orcid.org/0000-0002-7193-9125

TurmsTywmH P.P. 1 4p. BectHuk PYOH. Cepus: UHxeHepHble nccneposaHus. 2026. T. 27. Ne 1. C. 109-121

BBepeHune

KoHcTpyKimu 1 coopykeHus npeIHa3HauEHbI
JUISL BBITIOJIHEHHS 3a1aHHbIX pyHKmid. Ecou npu-
POIHBIE KOHCTPYKIIMH BOCXMILAIOT HAC CBOMM CO-
BEPILEHCTBOM, TO PYKOTBOPHbBIE KOHCTPYKLIUU Ja-
JIEKH OT COBEPUICHCTBA. MeTo1oM Ipo0 1 oIOoK
YeJIOBEK IM03HaBaJ TailHbl KOHCTPYKIIMI U MaTepu-
aJI0B, OLIEHUBAJI UX MPOYHOCTb U JOJITOBEYHOCTb,
yCTaHaBIMBaJl IPUYMHEI pazpytieHus [ 1-4].

HecMmorpst Ha mMpoKHii aCCOPTUMEHT UCTIOIIb-
3yeMbIX Mare€pHajioB B HACTOALIEE BPEMsI, JKEIE30
U €T0 CIUIaBbl MPOJOKAIOT OCTABAaThCSI OCHOBHBIM
KOHCTPYKIIMOHHBIM MaTepHajloM MHOTHMX COBpe-
MEHHBIX KOHCTPYKIHWA U coopyxeHuu. Mznenud
13 Kee3a ObLUTH M3BECTHBI yoke B XIV B. 10 H.3. B
rocymapcTBax Maioii Asuu. M3BectHa wuH)Op-
Manus 00 yAMBHUTEIBHOM CIulaBe «Oyrnare» Ha
Boctoke (V-VIBB.), 0 ITUTEHHOM NpPOU3BOJCTBE
Hammmx npenkoB B Bomkckoit bonrapuu (X—XII BB.),
0 YYTYHHBIX MOCTaX M JK€JIE3HbIX JOoporax B 3a-
naguoit Espone (XVII B.) u T.1. [5-7].

C nosiBneHNEM METAIIMYECKUX U3JEJINN BO3-
HUKJIa ¥ mpobnema kopposuu. Kopposus koH-
CTPYKIIMH U COOPYKCHHUI HAHOCUT OOJIBIIION BpeI:
MIOMUMO 3arpsi3HEHUs] OKpYXarolleld cpeabl OHa
MIPUBOAMT K CYLIECTBEHHOMY CHUKEHHUIO UX HECY-
nieit cnocodbnoctH. IlponcxoauT yToHeHue U u3-
MEHEHHE MEXaHMYECKHUX CBOMCTB IO TOJIILKHE
JJIEMEHTOB KOHCTPYKLHH, 00pa30BaHMIO Ha IIO-
BEPXHOCTH 3JIEMEHTOB KOHCTPYKLMH JIOKaJIbHBIX
yIIyOJeHnH, BBI3BIBAIONIMX KOHIIEHTPAIMIO HaIl-
psoxeHnil. KoHIIEHTparopsl HaNpsHKEHW B CBOKO
o4epesib MOTYT YCKOPATh U3HOC KOHCTPYKIMH [8—
13]. Bo3pactaet HEOOXOMUMOCTh yIITyOJICHHS 3HA-
HUI B U3y4YEHUU KOPPO3UH KaK SIBICHUS, C yUETOM
BIIMSIHUS PA3JIMYHBIX (PAKTOPOB, a TAKKEe M3bICKA-
HUE HOBBIX M COBEPILIEHCTBOBAHHUE HW3BECTHBIX
CH0CO00B 3alIUTHI OT KOPPO3HH.

[Ipupona nmpegycmorpena cnoco0 3aliuThl
MOBEPXHOCTU METaJlIa OT KOPPO3UU 00pa3oBaHUEM
TOHKOTO 3allIUTHOTO IACCUBUPYIOILIETO CII0sI, KOTO-
PBIii HE IO3BOJISIET KUCIOPOLY BO3AYXa U BOJE IPO-
HUKHYTh B OoJiee TiTyOOKHE CJIOHM, MPEeJOXpaHss
METaul OT OKHCJEHHUs. SIBleHUE MaccuBaluu
uccinenosano M. @apaneem [14], cnenaBmmm

3aKiIroYeHre 00 00pa3oBaHMM Ha TPAHUIE «Me-
TaJul — KUCJIO0Tay 3alIMTHOTO cios. B panphent-
1IeM SIBJICHHE MaccUBalMM O()OPMUIIOCH B BHJE
TEOPHHM, COIVIACHO KOTOPOIl Ha MOBEPXHOCTU Me-
Tajuia oOpasyercsi TOHKas OKCHaHas IuieHka. He-
KOTOpPbIE MOJEIM KOPPO3HMOHHOTIO M3HOCA OTMe-
yensl B [15-20].

Koppo3suonnslit n3noc merasmia Ha aepopmu-
POBaHHBIX U HeAe(HOPMUPOBAHHBIX AJIEMEHTaX
KOHCTPYKLIMH XapaKTEepPH3YeTCs 3aBHCHMOCTHIO
CKOPOCTH i €ro aHOIHOTO PACTBOPEHHS OT BEIH-
YMHBI QHOJHOTO TOTEHIMaNa @. JTa 3aBUCUMOCTb
3a71aéTCsl MOTEHIMAIAMU TTaCCUBAIIMU (n, aKTHBa-
UM Qg ¥ TIEPETIaCCUBALUH O (pHC. 1).

[TaccuBupyromuii ¢Ioil 10 HEKOTOPOro IO-
TEHIMAIAa Qrn 3aMEUIIET KOPPO3UI0 U TEM CAMBIM
3alMIaeT MOBEPXHOCTh MeTa/ula oT n3Hoca. Ha
COXPaHHOCTb 3AIUTHOTO CJIOS BIUSIOT PA3IUUHBIC
daxropsl. 1y obecriedeHnss HeOOXOTUMOTO Kade-
CTBa KOHCTPYKLHUI Ha CPOK SKCIUTyaTalluu HEoO-
XOJIUMO YUYHUTHIBATh 3TH (DaKTOPHI.

W3y4enuto BIUSHNAS MArHUTHOTO TTOJISI HA KOP-
PO3MOHHBII U3HOC YAESIETCs ONpeelIieHHOe BHU-
Mmanue [21-38].

HccnenoBanus MOATBEPKAAIOT, YTO MarHUT-
HBIE MOJII MOTYT OKa3bIBaTh Pa3jiMYHOE BIMSHUE
Ha TpOIIecC KOPPO3NH, U3MEHSS TTOBEICHHE DJIEK-
TPOXMMHYECKHX MPOLIECCOB U MEXaHU3MBI pa3py-
IICHUS] MaTepHuaa.

BrnusiHue MarHUTHBIX MOJIEH HA KOPPO3HOH-
HBI M3HOC TOHKOCTEHHBIX KOHCTPYKIMH HMeEeT
OosblIOe MIpaKkTHYecKoe 3HaueHue. B wactHOCTH,
BIIMSTHHE TIPHJIOKEHHOTO MarHUTHOTO TIOJISl Ha pac-
TBOPEHUE U NACCHUBALUIO XKeJe3a B CEPHOM KHC-
JI0TE UcclieoBaHo B [21], koppo3noOHHOE NOBeIe-
HU€ HU3KOYyDIIEPOIUCTON CTalIu B BOLOIIPOBOJHOMN
BO/ie, 00pabOTaHHOW MOCTOSHHBIM MarHUTHBIM
oJieM, paccMOTpeHo B [22]. HekoTopele acieKThI
BIIMSTHUSA HA Pa3pyIICHNUE 3alUTHOTO CJIOS MarHUT-
HOTO TIOJIsI paccCMOTpeHsI B [23; 24; 28], a ynbTpa-
¢uoneroBoro minydeHus B [29]. Pexe BcTpeua-
IOTCSI Pa0OTHI 110 UCCIIEIOBAHUIO OPUEHTALIUHU CH-
JIOBBIX JIMHUA MAarHUTHOTO TIOJNS OTHOCHUTEIHEHO
MOBEpXHOCTU MaTepuaia [31] u BnusiHUA OCTaTOU-
HOTO MarHWTHOTO MOJIsI HA KOPPO3UIO TOHKOCTEH-
HBIX JIEMEHTOB KOHCTPYKIHi [32; 36].
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= = = = CTAaTHKa/ static
m— = uHaMHKa / dynamics

lgi

6e3 neopmarmu / without deformation

TToBepxHOCTH MeTaLIa /
Formation of a Metal surface

O0pa3oBaHue ACCUBUPYIOIIETO CJIos /
Formation of a passivating layer

PaspymieHne nacCHBUPYIOLIETo ci1os /
Destruction of the passivating layer

Puc. 1. XapaktepHas 3aBMCMMOCTb CKOPOCTWN aHOAHOIO PaCTBOPEHMA MeTasna /0T noTeHumana ¢
M cTo4HMK: BbinonHeHo C.H. AkynosbiM.

Figure 1. Characteristic dependence of the rate of anodic dissolution of metal /on the potential ¢
Source:byS.N.Yakupov.

Pe3ynbrarsl ucciie0BaHUN BIUSHUS MarHUT-
HOTO IOJII Ha KOPPO3UIO CTaJId B PacTBOPE XJIO-
puna Harpus (NaCl) m akTUBHOTO pacTBOpPEHUS
npuBeAeHb! B [25-26]. BausiHue MarHuTHBIX M0-
JIel Ha aHOJHOE MOBEACHUE U JIOKAIBHYIO KOPpO-
3HMI0 JKeJle3a B PacTBOPAX CEPHOM KHCIIOTHI pac-
CMOTpeHO B [27]. Pe3ynbrarsl nccieaoBaHus Kop-
PO3HOHHOTO Bo3xelcTBUsl moToka Li-Pb Ha mo-
BEPXHOCTH cTanu P91 B mpucyTCTBMM MarHUTHOTO
noJst mpuBeAeHs! B [29]. OTCyTCTBYIOT paboTHI 11O
U3YUYEHHUIO BIMSHUS MarHUTHOTO Mo Ha aedop-
MHUPOBaHHBIE TOHKOCTEHHBIE 2JIEMEHTBI KOHCTPYK-
1uu. M3BeCTHBI Takke MaTeHThl Ha n300peTeHue,
B yacTHocTH Ne 2175737, nocpsiiieHHbIE paccMar-
puBaeMoil Teme. KoMOMHUMpOBaHHOE BIUsHUE
MarHMTHOTO IOJIS ¥ IIOTOKA Ha MPOLIECC KOPPO3UH
yrnepoauctoit cranmu API SL X65 wuccieno-
BaHO B [34]. Mopdonorus ToBepXHOCTH KOPpPO-
JUPOBaHHBIX 00pa3loB OblIa M3y4yeHa C IIOMO-
IbK0 CKAHUPYIOLIETO JEKTPOHHOIO MUKPOCKOIIA.
BnusiHve MarHUTHBIX TIOJIEH HAa KOPPO3UIO CIjIaBa
LaFel3.9Si1.4 paccmorpeno B [35]. YecranoBieHo,
YTO NPUCYTCTBUE MArHUTHBIX IIOJIEH OKa3bIBACT
3HAYUTEIILHOE BIMSIHHME HA CKOPOCTb KOPPO3HH:
MOrpykKeHHe B MarHutHele noss 1 Tin B TeueHue

112

72 9 IpUBENIO K 3HAYUTEIIbHOMY CHUKEHHIO CKO-
POCTH KOPPO3HH.

B [37] uccnenoBaHo KOPpO3MOHHOE MOBEE-
nue crasa La(Fe,Si) ¢ moMoIipio 31eKTpoXumMu-
YEeCKHX M3MEPEHUH B YCIOBUAX C HYJEBBIM, Mapaj-
JEIbHBIM ¥ TEPHEHIUKYISPHBIM MarHUTHBIMU
MOJISIMU.  YCTAHOBJICHO, YTO KaK MapaulesibHBIC,
TaK U MEePIEeHIUKYISIPHbIE MarHUTHBIE MOJI OKa-
3BIBAIOT TMOJIABJISIONIEE BO3/ICUCTBUE HA CKOPOCTh
KOPPO3HHU U3-3a KOMOMHUPOBAHHOTO BIIUSHUS Mar-
HUTOTHJIPOAMHAMUYECKUX CHJI U TPaTUEHTHBIX
CHJI MAarHUTHOTO TIOJISL; IIPU 3TOM 3P (PEKTUBHOCTD
MapajuIeTbHOTO TOJISl CHIDKANACh C YBEIMYCHUEM
nepuoja BO3IEHCTBHS, B TO BpeMsl Kak 3 HeKTHB-
HOCTb TEPIEHANKYISIPHOTO IOJIsI MPOJoIKaIa
YBEJIMYUBATHCA C TEUCHHEM BpeMeHH. Takoi -
bexT I KOHCTPYKIIMOHHON CTalM YCTaHOBIJICH
apropamu ctateu emie B 2015 1. [31].

3HaHME 3aKOHOMEPHOCTEW KOPPO3MHU IpHU
BO3JCMCTBUU PA3TUYHbBIX (PU3NYECKUX TOJEH MO-
’KeT OBITh MCIOJB30BAHO TPH CO3AHUHM HOBBIX
KOHCTPYKIIMOHHBIX MAaTepHajioB, IMPOEKTHPOBA-
HUU U DKCIUTyaTallid KOHCTPYKIHUUA U COOpYXKe-
HUI, a TaKkKe MpH pa3padboTke F3PPEeKTUBHBIX CIIO-
c000B 3aIIUTHI KOHCTPYKIIHIA OT U3HOCA.
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PesynbTaTtbl n 06CcyXaeHue

BimnsiHne a71eKTpomMarHUTHOro rnossi
Ha KOPPO3NOHHBIN U3HO

BrlinonHeHsl uccieoBaHus M0 U3y4YEHUIO
BJIMSTHUSI MarHUTHOTO TIOJSI HA KOPPO3HIO CTallb-
HBIX TOHKOCTEHHBIX 3JIEMEHTOB ToaMHON 0,5 u
0,6 MM B BOZIe M B KHCJION Cpe/ie COOTBETCTBEHHO.
Cxema ycTaHOBKM TpuBeneHa Ha puc. 2. Ha 00-
MOTKHU KaTYIIKH MPHUKIIAIbIBAJIOCh HAMPsHKEHHE
50 B. KontponbHbsie 00pa3mbl pa3Memainch
BHE 30HBI JIEUCTBUS 3JEeKTpoMarauTa. B nepsom
LUKJIE UCCIIEIOBAHUS CPEIHAs TONIMHA 00pa3-
LIOB, BBIIEpXKAHHBIX B cpene 79 cyT, cocTaBuia
0,475 MM, a BO BTOPOM IUKJIIE — BBIJIEP>KaHHBIX
B cpere 72 cyT — 0,590 MM; TONIIUHBI KOHTPOJIb-
HBIX 00pa3llOB COCTABUIM COOTBETCTBEHHO 0,452
u 0,577 mwMm.

Jl1 onpeneneHus *KeCTKOCTHBIX CBOMCTB 00-
Pa3LOB UCHOJIB30BAJICS 3KCIEPUMEHTAIBHO-TEOPE-
Trdeckuii monxoxn [38—39], marent PO Neo 2296976';
JUTSL BBIYUCIICHHUS] TaHTEHUUAJIbHBIX B U M3ru0-
HBIX D KecTKoCcTel 00pa3IoB NCTIOIH30BAINCH CO-
OTHOIIIGHUS JUIS CITydasi Cpe/I-HEeron3ruoa 1mo Kiac-
cudukanuu npodeccopa X.M. Mymrapu.

B, kg/cm
7.50x10* - _/
T
6.00x10°
Kucnas cpeaa / Acidic environment
p " O6paseL, nog marHutom /
4.50x10" The sample is under the magnet
= g = OB6pasel 6e3 marnuta /
The sample without magnet
BopaHan cpeaa / Aquatic environment
S I I S O6paseL, N0 MarHuTom /
3.00x10 o The sample is under the magnet
= «s ¢ - - = OBpaseu 6e3 marnura /
The sample without magnet
"ol I I I NP S U U S (e P,
1.50x10" 4 ===—— sk == e # __________ %_,_,___._..4_._.4_.._..-
T I S
P, MPa

Puc. 3. 3aBncmnmocTb «aaBneHne P — XeCcTKoCTb B»
M € T 04 HUK: BLINOSHEHO P.P. TMHUATYANVHBIM.

Figure 3. The relationship “pressure P— stiffness B”
Source: made by R.R. Giniyatullin

DJIeKTPOMArHUT/
The electromagnet

Oopasen / Sample

Cpena/
The environment, \\ e

Emxkoctsb / Container

Puc. 2. Cxema yCTaHOBKU
M cTo4HMK: BbinonHeHo C.H. AkynosbiM.

Figure 2. Installation diagram
Source:byS.N.Yakupov.

Ha puc. 3 u 4 npeacTaBieHbl H3MEHEHUS TaH-
TEHITHAIBHEIX B 1 M3rHOHBIX D KEeCTKOCTER 00-
pa3loB OT JaBieHusi P Jjisi epBOrO U BTOPOTO
[MKJIOB UCCIICIOBAHUM COOTBETCTBEHHO.

Kak BumHO u3 rpadukoB Ha puc. 3 u 4, TaH-
TeHIIMAJIbHBIE U M3THOHBIE KECTKOCTH KOHTPOJIb-
HBIX 00pa3I0B CYIIECTBEHHO HW)XE, YEM TAHTCH-
[AAIILHBIE KECTKOCTH 00pa3IOB, HAXOTUBIIUXCS
B arpecCUBHOM cpejie Mo BO3JACHCTBUEM MarHUT-
HoTo noJisA. Takum 0Opa3zoM, KOPPO3UOHHBIN U3HOC
00pa3IoB B BOJHOW U KHUCJIOW cperax 0e3 BO3/ICH-
CTBUSI MAarHUTHOTO TIOJIS BHINIE, YeM OOpa3IioB,
HAXOJUBILIMXCS B arPECCUBHOM cpejie o BO3EH-
CTBHEM MarHMTHOTO MOJIA.

*
D, kg*c \
Kucnas cpepa / Acidic environment
O6paseu noa marHuTom /
20 | The sample is under the magnet

— —s— — Obpaseu 6es marnura /
The sample without magnet
BopHan cpepaa / Aquatic environment

.« .y - « OBpasey nog marHuTom /
15 | The sample is under the magnet

=+« 4««=06pasey 6e3 marHuta /
The sample without magnet

D S B $oveiv
S G (S T N
10
S
L mie = e -+ ————— e R
5 o= e = S Y P S et e —— i i i el
0 T T T T T T T P’ MPa
0.06 0.08 0.10 0.12

Puc. 4. 3aBncnmocTb «gaBneHne P— XecTkocTb Db
M € T0Y4HMK: BLINONHEHO P.P. FTMHUATYANUHBLIM.

Figure 4. The relationship “pressure P- stiffness D”
S ource: made by R.R. Giniyatullin

' Hypaanuee A.P., Hypyanun P.I., Axynoe H.M., Sxynoe C.H. Crioco6 HCTIBITaHMM 00pa3oB METAINIMIECKAX MEM-
OpaH 1oJ| HAIIPSHKEHUEM U YCTPOUCTBO st ero ocymectBieHus. [larent Ne 2296976. 2007. URL: https://allpatents.ru/

patent/2296976.html (nara obparienus: 20.05.2025).

113



Giniyatullin R.R. et al. RUDN Journal of Engineering Research. 2026;27(1):109-121

MOKXHO TakKe OTMETHUTD, YTO KaK TaHTCHIIH-
aJbHBIE, TaK M HM3TUOHBIE KECTKOCTH KOHTPOJIb-
HBIX 00pa3IoB OCTAIOTCS MPAKTUYECKH HA OTHOM
YPOBHE, a KECTKOCTH 00pasiioB, MOJABEPKEHHBIX
BO3JICICTBUIO MAarHUTHOTO TIOJISl, C YBEITUYCHUEM
JABJICHUST U3MCHSIOTCS: JIJIsi 00pa3IoB, HAXOIHB-
IMXCS B KUCIION cpene, HaOMomaeTcs ympodHe-
HUE, a s 00pas3IoB, HAXOMUBIIMXCS B BOIHOW
cperne, — CHUYKEHHUE )KeCTKOCTH.

BrnnsHue HaripaB/1eHUSI CUJTOBbIX JIMHUI
MAarHUTHOIo NoJsiss 3eMsiM Ha KOppPo3uo

[IpakTu4ecku He BCTPEUAIOTCS UCCIEI0BAHMS
BIIMSTHUS HaNpaBJICHUS CUJIOBBIX JIMHUNA MarHuT-
HOTO 10JIs1 3eMJIM Ha MPOLIECC KOPPO3UU METAILIH-
YeCKUX 00pa3ioB. BhIMOMHEHBI HCCIENOBaHUS IO
W3y4YEHUIO BIIUSHUS HAIIPABICHUS CUIIOBBIX JIMHUH
MarHUTHOTO TOJISi HA KOPPO3HIO CTABbHBIX TOHKO-
CTEHHBIX d3JIeMeHTOB TommuHou 0,5 u 0,6 MM B
BOJIE U B KUCJIOH cpefie.

BrInosHeHbl OTHOBPEMEHHO JIBa HE3aBUCH-
MBIX HKCIIEpUMEHTA: B TOPOJCKUX YCIOBUSAX M 3a
npenenaMu ropoja. B wactHocTy, 1Be rpynmnsl Uc-
CJIETyeMbIX TOHKHX KPYTJIBIX 00pa3oB (10 1ecATh
B KaX/0i) pa3MellaloTcsi B OJHOM E€MKOCTU C
arpeccuBHOM cpenoi. [Ipu 3ToM CUIOBBIE TMHUA
36MHOI'0O MarHMUTHOTO IOJIS1 IPOHU3BIBAIOT IIEPBYIO
rpynmy (N-S) o0pa3uoB NepHeHIuKyISIpHO IO-
BEPXHOCTH, a BTOpyto (W-E) — no kacareabHOU
K ITOBEPXHOCTH (puc. 5).

3.5x10° } }

—=— kpusas 1 (N-S) / Curve 1 (N-S)
- -- -xpuBasi 2 (W-E)/ Curve 2 (W-E)
<-4 -- kpuBas 3 (N-S) / Curve 3 (N-S)
---v---xpuBas 4 (W-E)/ Curve 4 (W-E)

3.0x10°

2.5x10°

B, xr/em / B, kg/cm

2.0x10°

1.5x10°

T
0.06 0.08 0.10 0.12
P,MIla / P, MPa

Puc. 6. 3aBncnmocTb «gaBneHne P— XeCTKOCTb B>
M € TOYHMUK: BBINOAHEHO P.P. TMHUATYNNUHBIM

Figure. 6. «<Pressure P— stiffness B» relationship
Source: byR.R. Giniyatullin
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OO0pasibl BBLACPKHUBAIOTCS B HCCIIELYEMOM
cpele B TEUEHHE 3aJaHHOTO BPEMEHHU.

Obpasyvr W-E /

opasziybl N-
Samples W-E Obpasywi N-S /

Samples N-S

Puc. 5. Cxema pacnosnoxeHus o6pa3uos
K MarHMTHOMYy noJito 3emnn
M € T 04 HUK: BbINOAHEHO P.P. TMHUATYNANHBIM.

Figure 5. Layout of the samples relative
to the Earth's magnetic field
Source: byR.R. Giniyatullin.

B xaxmom skcniepuMeHTe paccMaTpuBajIKCh
00pa3ubl u3 cranu Mapku Ct3 ¢ HCXOAHOH TOMIIH-
HOM 4 = 0,6 MM, KOTOpBIE TIOIBEPTaINCh KOPPO3H-
OHHOMY H3HOCY B cpee 16 % runoxyiopura Har-
pust B Teuenue 30 cyt. s kaxoro oopasima skc-
MEePUMEHTAITLHO-TEOPETHUECKUM MeTosioM [38—-39]
MO0 CpPEeIHUM 3HAYEHUSM TMPOTUOOB MOCTPOECHBI
KpUBbIE «JIaBieHue P — nporud H», BBIYUCIEHBI
TaHTeHIMaabHbIe B (puc. 6) u n3ruoubie D (puc. 7)
’KECTKOCTH 00pa3IoB OT JaBieHus P.

\
70 ™ —=— kpugas 1 (N-S) / Curve 1 (N-S)
- - -xpuBas 2 (W-E)/ Curve 2 (W-E)
---&-- xpuBag 3 (N-S) / Curve 3 (N-S)
E 60 L -~ xpuBas 4 (W-E)/ Curve 4 (W-E)
Q S
~ 50 . =
E \\N\ \
< S
= Teeeald ' ~~a
S 40 e -l
‘\_\‘\‘ e
30 i s
____________ I
T

0.06 ' 0.08 ' 0.10 ' 0.12
P,MIla / P, MPa

Puc. 7. 3aBncnmocTb «gaBneHmne P — XeCcTKoCTb Db
M € TOY4HMUK: BBINOAHEHO P.P. TMHUATYNAVHBIM
Figure. 7. «Pressure P — stiffness [» relationship
Source: byR.R. Giniyatullin.
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BriepBrie 0OHapy>KEHO BIMSHIE HAIIPABICHHS
CUJIOBBIX JINHUM MarHUTHOTO OIS 3eMJIK Ha Npo-
1IeCC KOPPO3WH METAITMYECKUX 00pa3IoB: 0OJb-
meMy M3HOCY TIOJIBEPKEHBI 00pasipl, TOBEPXHO-
CTH KOTOPBIX TapaljelbHbl CUJIOBBIM JHHUSM
MarHuTHOTrO moins 3emud. [lomydeHHbIE pe3yib-
TaThl BKITFOUYCHBI B CIICTYIOIIHE PAOOTHI:

® Ortuer o pesrenpHOCTH PAH B 2006 T

® OCHOBHBIE PE3yJIBTaThl B 00JIACTH €CTEeCT-
BEHHBIX, TEXHHYECKUX, TYMaHUTAPHBIX U 001IIe-
CTBEHHBIX HayK. Mexanuka. Mocksa : Hayxka, 2007.
C. 62;

® OruerHbii noknan Ilpesmanyma Poccuii-
ckoii akanemun Hayk «Hayunsie noctmwkenus PAH
B 2009 romy». Mocksa : Hayxka, 2010. C. 137.

O creneHn W3HOCA PACCMOTPEHHBIX 00pa3-
II0B CBUJCTEILCTBYET WU3MEHEHHE 3HAYCHUU TOJI-
MH 00pasioB: cpefHee 3HAYCHHUE TOJIUHBI 00-
pasloB M3 TMEPBOTO IKCIEPUMEHTA YIS TPYIIIbI
(N-S) cocrasmio 0,464 mm, a st Tpynmsl (W-E) —
0,448 mMM; cpeiHEe 3HAUEHHUE TONIIMHBI 00pa3IoB

Cpena / [
Environment

Oopasen /
| __— Sample __
S
JlaBenue/

Presspre

U3 BTOPOTO JKCIEPHMEHTa — COOTBETCTBEHHO
0,501 u 0,472 mm. Dt1oT 3pdekT MOKHO 00BsIC-
HUTh, B YaCTHOCTH, T€M, YTO MArHUTHOE TMOJeE,
BO3HHKAIOIIlee Ha TIOBEPXHOCTH 00pasIia u3 rpyr-
bl (N-S), co3maer TONONHUTENBHYIO CUITY TIPHTSI-
YKEHUsI TACCHBHUPYIOIIETO CII0sl K OCHOBE 00pasiia.

BiimssHue marHuUTHOroO roJisi Ha KOppo3uio
AedopmupoBaHHbIx 06pa3LoB

Jedopmanuy Ha MOBEPXHOCTAX 0Opa3IOB
co3/aBaiuCh Ha 0a3ze MATEeHTOB Ha M300pETeHUS
PD Ne 2296976, Ne 2439537, Ne 2437077%: mytem
MOIa41 TIOBEPXHOCTHOTO JIABJICHUS HA 3aKPETICH-
HBIl 1O KOHTYpY Kpymiblii obOpasern (puc. 8, a),
MyTEeM CTATUBAHHS JBYX MPOTHBOIIOJIOKHBIX KOH-
TYpOB MPSIMOYTOJIbHOTO oOpa3ua (puc. 8, 6) u my-
TeM aeQOpMHpOBaHMS JBYX KpPYIJIbIX OOpa3loB
10 KPYTOBOMY KOHTYPY, OJKJIaIbIBasi MEXKIy 00-
paslaMu IIUIMIICOMAANBHYIO a0y (puc. 8, ).
[Ipu »TOM mpou3BoAMIACh MOKpacka OIHOM W3
CTOpOH o0pa3siia.

Oopa3zen / Sample

A
i
Il aiida /

O6pasen / Sampl
pasen / Sample Puck

Puc. 8. Cxembl nedopmmnpoBaHms 06pa3LoB:
a — Kpyrnbii obpasel,; 6 — NPSMOYrofibHbI 0b6pasel,; 8 — annuncongansbHas wanba
M €T 04HMK: BEINONAHEHO P.P. TMHUATYNNMHBLIM.

Figure 8. Deformation patterns of the samples:
a —round sample; 6 —round sample; 8 — ellipsoidal puck
S ource: byR. R. Giniyatullin.

3 Hypeanues A.P., Hypynnun PI, Axynoe H.M., Sxynoe C.H. Cioco6 UCTIBITaHUI 06pa3IoB METAJUINYECKHX MEM-
OpaH 1oJi HANPsHKEHUEM U YCTPOMCTBO AJisi ero ocyuiectBiaenus. [latent No2296976. 2007. URL: https://allpatents.ru/
patent/2296976.html (nara obpamenus: 20.05.2025); [unuamyanun P.P., Hypyainun PI., Axynoe H.M., HAxynos C.H.
Crioco0 ucrbITaHusl TOHKOCTEHHBIX 00PA31I0B MO/1 HAMIPSHKEHHUEM U YCTPOUCTBO «ICTAMOIIAS TAPENIKay IS €10 OCYIIECTB-
nmenust. [larent Ne 2437077. 2012. URL: https://allpatents.ru/patent/2439537.html (mara o6pamienus: 20.05.2025);
Anmonoe B.I, Benuonun U HU., Tunusmynnun P.P., Hypyinun P.I., Axynos H.M., Axynos C.H. Cnoco6 ucHbITaHus
TOHKOCTEHHBIX OOpA3L0B MOJ HAMpPSHKCHHEM M YCTPOWCTBO «IETAlollas Tapesika» IJisi ero ocyuiecTeieHus. [laTeHTt
Ne 2437077. 2011. URL: https://allpatents.ru/patent/2437077 .html (mara obpamienus: 20.05.2025).
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[Tpu uccnenoBaHNM KOPPO3MOHHOTO M3HOCA
nehopMHPOBAHHBIX 00PA3IOB MO/ BO3CHCTBHEM
MarHMTHOTO MOJIsE OBUT PACCMOTPEH BapUAHT Je-
dbopmupoBaHus MO puc. §, 6: paccMaTpUBAIUCH
miaacTuHel toiaumuHod 0,5 MM M pazmepom B
miaHe 240 x 140 mm (f/ L = 15/240 = 0,0625).

JedopmupoBanHbie 00pa3iibl HOMEIIATUCH B
arpecCcUBHYIO Cpe/ly Ha OCHOBE COJISIHOM KUCIIOTHI,
U Ha 3Ty CHUCTEMY NPHUKJIAIbIBAIOCH MAarHUTHOE

nosie HanpspbkeHHocThio 70 ['c. lnst oneHku cre-
IIEHU KOPPO3MOHHOIO U3HOCA U OIpPENEICHUs Me-
XaHUYECKHX CBOWMCTB 00pa3loB, BbIACPKAHHBIX
3aJaHHOE BPEMs B CpEZe, MCIIOJIb30BaJICs JKCIIe-
pUMEHTaIbHO-TeopeTndeckuil noaxon [38-39].

Ha puc. 9 npencrasienbl (OTOCHUMKH T10-
BEPXHOCTH Je(POPMHUPOBAHHBIX 00Pa3IOB MOCIE
BO3JIEUCTBUSI MAarHUTHOTO TOJISI U KOPPO3WOHHOM
Cpeabl PH 4-KPaTHOM YBEITHUYCHHU.

Puc. 9. ®oTtocHnMKM 06pa3LLoB:
a— HepedOopMMpPOBaHHbIE; 6 — cxXaTasi MOBEPXHOCTb; B — PACTsHyTas MOBEPXHOCTb
M ¢ To4HwMK: BbinosHeHo C.H. AkynosbiM

Figure 9. Photographs of the samples:
a— unreformed; 6 — compressed surface; 8 — stretched surface
Source:byS. N.Yakupov
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Puc. 10. 3aB1CMMOCTb TaHreHUManbLHOM XecTkocTn B

OT pasneHuns P
M € T 04 HWKK: BbINOAHEHO P.P. TMHUATYNNHBIM.

Figure 10. Dependence of tangential stiffness B
on pressure P
Source:byR.R. Giniyatullin.
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oT pasnexusa P
M €T 0O4HMUK: BbINONHEHO P.P. TMHUATYNANHBIM.

Figure. 11. Dependence of bending rigidity D
on pressure P
Source:byR. R. Giniyatullin.
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Ha puc. 10 u 11 npexacraBieHsl n3MEHEHUS
TaHTCHIIMATBHBIX B M M3rHOHBIX D KECTKOCTEH
00pa31oB OT JaBjieHUs P COOTBETCTBEHHO.

Kak BugHO u3 rpaguxos (puc. 10 u 11), Tan-
TeHIIUAIbHBIC U M3TUOHBIE )KECTKOCTH CHKaTBIX 00-
pasloB HMMEIT MaKcuMajbHble 3HaueHus. [lpu
9TOM TaHTEHIMAJIbHAS JKECTKOCTh HeAePOpPMHUPO-
BaHHBIX 00pa3I0B HECKOJIBKO BBIIIE COOTBETCTBY-
FOLUX JKECTKOCTEN pacTSIHYThIX 00pa310B, a U3TH-
OHasi KECTKOCTb PacTAHYTBIX 00pa3LoB OoJbIlIe
M3TUOHBIX )KECTKOCTEH Hene(opMHUPOBaHHBIX 00-
pasLoB.

MOXHO Tak)Ke OTMETHTb, YTO KaK TaHTEHITH-
aJbHBIE, TAK U M3TUOHBIE )KECTKOCTH PACCMOTPEH-
HBIX 00pas310B C YBEJINYCHUEM JaBJICHHS Ma/IAl0T.

3aknioyeHve

K coBpeMEeHHBIM TOHKOCTEHHBIM KOHCTPYK-
IUSIM TIPEABSBISIOTCS BBICOKHE TPEOOBaHHS IO
obecrieueHnto Oe3aBapuitHOW M OE30TKa3HOW pa-
00TbI KOHCTPYKIUH. OcoOyI0 OMacHOCTH JIJIsl TOH-
KOCTEHHBIX KOHCTPYKIIUH TPEICTABISIOT CIy4aH,
KOTJ]a UMEIOT MECTO JIBa M OoJiee NCTOUHUKA pa3-
pYyILIEHHUS. DKCIIEPUMEHTAIBHO-TEOPETUUECKUM Me-
TOJIOM BBITIOJTHEHBI UCCIICIOBAHUS BIIMSIHUS Mar-
HUTHOTO TI0JIS1 ¥ HAIIPaBJICHHE €T0 CHIIOBBIX JIMHUN
Ha KOPPO3UOHHBIN H3HOC CTAJIBHBIX TOHKOCTEHHBIX
AJIEMEHTOB, a TAKXKE BIUSTHIE MarHUTHOTO TIOJIS HA
KOpPO3HIO N1e(hOpMHUPOBAHHBIX TOHKOCTEHHBIX 00-
pasuoB. JKecTKOCTH KOHTPOIBHBIX 00pa3I0B, HAXO0-
JIMBILIUXCS B arPECCUBHOM cpefie 0e3 BO3IeHCTBUS
MarHUTHOTO TOJISA, CYIIECTBEHHO HIUXKE, YeM JKECT-
KOCTH 00pa3IoB, MOJABEPKEHHBIX BO3ACHCTBHUIO
MarHuTHOro nosst. Takum oOpazom, KOPPO3HOH-
HBII M3HOC 00pa3IoB 0e3 BO3IACHCTBHUS MAarHHT-
HOTO TI0JIS1 BBIIIE, YeM 00pa310B, HAXOAMBIIUXCS B
arpeccCUBHOM cpeje MoJ BO3/ICHCTBHEM MarHUT-
Horo nosst. XKectkoctu 00pa3iioB, HAXOUBIINXCS
B KUCIIOH Cpesie, C YBETMYCHHUEM JIaBICHUS yBEIH-
YHBAIOTCS, a 17151 00pa310B, HAXOIUBILIUXCS B BOJI-
HOHU cpenie, HAOIIONAETCs CHUKEHUE JKECTKOCTH.
TonkocTeHHbIE 00pa3Ibl, MOBEPXHOCTH KOTOPHIX
MapauIebHbl CHJIOBBIM JIMHUSM MarHUTHOTO TIOJIS
3emJtu, oIBEPKEHBI OOJIbIIIEH KOPPO3UH, YeM 00-
pasibl, MOBEPXHOCTH KOTOPBIX MEPIECHINKYISPHBI
JMHUSM MarHUTHOTO 1OJIsl. TaHTeHIInaIbHAs JKec-

TKOCTh HeZIe()OPMUPOBAHHBIX 00PAa3IOB MO BO3-
NEHCTBUEM MAarHUTHOTO TIOJISI HECKOJBKO BBIIIE
COOTBETCTBYIOIIUX JKECTKOCTEH pacTIHYTBIX 00-
pasLoB, MPH 3TOM M3rHMOHAs KECTKOCTh PACTAHY-
TBIX 00pa310B OOJIbIIIE N3TUOHBIX )KECTKOCTEH He-
nedopmupoBanHbIX 00pa3ioB. OOHapyKeHHbIE
3(QPEKTh UMEIOT BaKHOE TEOPETUYECKOE U MPAK-
THYECKOE 3HAUCHHE.
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HcTopus cratbu

[Toctynuna B penakuuto: 13 utomns 2025 r.
Jopa6otana: 11okTa6ps 2025 r.
IMpunsra k my6auxaruu: 20 okts0ps 2025 T.

3asBileHHE 0 KOH(JIUKTE HHTEPeCcoB

ABTOp 3asB1s1€T 00 OTCYTCTBUU
KOH(IMKTa UHTEPECOB.

AHHoTanus. TexHonorus miaBy4ux OyeB CTPEMHUTENBHO Pa3BUBAETCS U CTAHO-
BUTCSI BAYKHBIM KOMIIOHEHTOM MOPCKHX HAaY4HBIX HCCIIEIOBaHHUH, cOOpa BO300-
HOBJIIEMOM OHCPTUH U DKOJIOTUYCCKOT0O MOHUTOPHUHTIA. B stom HUCCICI0BAaHUHU
0000111eHBI OCIIEJTHHE HHHOBAIIMY B KOHCTPYKLUH OyeB, TEXHOJIOTHUAX MPe0d-
pa30BaHUs SHEPIUU M WHTErpaly TMOpUAHBIX cucteM. KirtoueBble NOCTHIKe-
HUS BKJIIOYAIOT B ¢€051 MOIYJIbHYIO KOHCTPYKINIO, OMOMHCTIEKIIHIO ¥ THAPOIH-
HaMHUYECKYIO ONTHMH3ALHIO IS OBBIIEHHS CTAOMILHOCTH U 2P (HEeKTHBHOCTH,
a TaK)Ke HOBbIE MEXaHU3MbI cOOpa PHEPIUH, UCIIOIBL3YIOMNE KOIEOIIOMIHUECs
Oyu, Mbe303JIeKTPHYECKHE U TPHOOIIEKTPHYECKHE CUCTEeMbI. MIHTerpanus mia-
By4ux OyeB ¢ THOPUAHBIMU IUIaTHOPMaMH, TAKUMH KaK IJIaBy4re BOJIHOPE3BI U
MOpPCKHE BETpSIHbIE TypOUHBI, IEMOHCTPUPYET 3HAYUTEIILHBIN IMOTEHIMAN IS
pacnperneneHus 3aTpar 1 MOBIIIEHHS IPOM3BOANTENbHOCTH. HecMoTps Ha 3Ha-
YUTENBHBIA MPOrPecC, OCTAIOTCS HEpelIeHHBIE BOIPOCHI, TaKWE KaK HaJexX-
HOCTb pabOTBl B PEaNbHBIX YCIOBHUSX, MAcCIITA0MPYyEeMOCTh M KOMILUIEKCHAs
OLICHKa BO3AEHCTBHUS Ha OKpY>XKaloUlylo cpely. B HacToseMm uccienoBaHUM
BBISIBIICHBI 3TH MPOOEJbl 1 HAMEUYeHbl OyIylHe HanpaBlieHHs, CIIOCOOCTBYIO-
Me MIMPOKOMY BHEIPEHHIO TEXHOJIOTHH IaByunx Oyes. IIpencraBieHHbIe
BBIBO/IbI UMEIOT pelIaroliee 3HaYeHUe Ui pyKOBOJCTBA JAIbHEHITUMHU HHHO-
BaIlMsIMH, yCTPAHEHHSI CYIIECTBYIONINX OTPAHUUESHUH U ITOICPKKHA HHHULATHB
YCTOHYMBOTO pa3BUTHSI FOIY00i SKOHOMHKH.

KiroueBble ci10Ba: TEXHOJIOTWH IUIAaBYYHX OyeB, IpeoOpa3oBaHHE SHEPTHU
BOJIH, THOPHIHBIC MOPCKHE CHCTEMBI, SKOJIOTHIECKHAIl MOHHTOPHUHT, cOOp BO3-
OOHOBIISIEMO SHEPTUU

(I)l/lHaHCI/IPOBaHl/le

HccnenoBanue npoBeneHoO nmpu GUHAHCOBOW mojiepxkke JlenmapraMeHTa HaAyKH U TEXHOJIOTWI npoBuHIMK ba Pua — ByHr
Tay (ubiHe JlemapTaMeHT HAYKU U TEXHOJIOTHH ropoja XOUIMMHH), B paMKax HCCIIEIOBATENbCKOro mpoekta «OIeHKa U H-
JIOTHAsI pean3alys CUCTEMbI cOOpa MIaBarOIEro Mycopa BI0JIb IPUOPEIKHOM 30HbI T. ByHrray» (2024—2026 1T.).

JJist ntMTHPOBaHUSA

Pham N.T. Advances and future directions in floating buoy technology for marine energy and environmental applications //
Bectauk Poccutickoro ynuBepcurera apyx0s1 HapoaoB. Cepust: MxeHepHbie uccnenoBanus. 2026. T. 27. Ne 1. C. 122-130.
http://doi.org/10.22363/2312-8143-2026-27-1-122-130 EDN: IAHRII

Introduction

research has focused on optimizing buoy designs
to improve stability, enhance energy harvesting

Floating buoy technology has evolved signi-
ficantly and has become indispensable in modern
marine science, renewable energy solutions, navi-
gation, and environmental monitoring. These
floating structures serve diverse roles, including
wave energy conversion, oceanographic data col-
lection, weather monitoring, and offshore wind
and aquaculture platform support [1-10]. Recent

efficiency, and enable integration with hybrid
systems, such as floating breakwaters and wind
turbines [4-8; 11-14].

Technological advances have benefited from
innovations in material science, modular construc-
tion methods, and enhanced power systems, inclu-
ding piezoelectric and triboelectric harvesters,
solar panels, and hybrid energy modules. These
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developments have enabled buoys to operate auto-
nomously and reliably under harsh marine con-
ditions [10; 15-18]. Moreover, amid the rising
global demand for high-resolution oceanographic
data and renewable marine energy, environmental
sustainability, cost-effectiveness, and scalability
have become critical considerations [19-21].

Despite significant progress, the literature
highlights persistent gaps in long-term operational
reliability, environmental impact assessments, and
scalable deployment solutions for diverse marine
settings. This review aims to synthesize current
advancements in floating buoy technology, identify
existing knowledge gaps, and outline future
research directions to support the broader adoption
of these systems. The ultimate goal is to promote
innovation while advancing sustainable practices
in the global ocean economy.

1. Methodology

A systematic and comprehensive literature
review was conducted using the Semantic Scholar
and PubMed databases. The search queries covered
foundational concepts, applications, design optimi-
zation, interdisciplinary perspectives, and adjacent

Identification
N = 1046

Screening
N = 642

o

Identified 1046 papers Removed papers with
that matched 21 missing abstracts
searches |
+1046 identified '
Removed duplicates
- 404 removed

o

technologies relevant to floating buoy systems.
The review was limited to peer-reviewed journal
articles published within the last five years to ensure
relevance and currency.

A multi-stage filtering process was employed:

1. The initial search identified approximately
1,046 articles using targeted keywords related
to buoy design, wave energy harvesting, environ-
mental impact, and hybrid systems.

2. Articles were first screened based on their
titles and abstracts, narrowing the selection to
642 relevant studies.

3. A full-text evaluation further reduced the
pool to 597 eligible papers.

4. The 50 most rigorous and high-quality
studies were selected based on criteria such as
experimental validation, advanced simulation tech-
niques, methodological rigor, and publication in
Q1/Q2 journals indexed in the SCOPUS or Web of
Science databases.

A flow diagram of the literature identification,
screening, eligibility assessment, and inclusion pro-
cess is shown in Figure 1. This visual representation
outlines the structured approach to refining the
initial pool of 1,046 studies to the 50 most relevant
and high-quality papers selected for this review.

Included
N=50

Eligibility
N =597

—

Selected the top 50
highest quality papers
after final ranking
- 547 removed

Removed papers with
low semantic relevance
to each search

- 45 removed

Figure 1. Flow diagram of the literature search and selection process
Source:byN.T. Pham.

The selected papers were categorized into key
themes: design principles, energy harvesting tech-
nologies, practical applications, environmental
concerns, and hybrid-system integration. The ex-
tracted data included research methods, key
findings, scalability assessments, and identified
gaps. A thematic synthesis and comparative
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analysis were conducted to highlight trends, com-
monalities, divergences, and research needs in the
current state of buoy technology.

A bibliometric analysis complemented this
thematic classification to identify the most fre-
quently cited authors and journals in the selected
studies. Figure 2 visualizes the key contributors,
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showing that scholars such as Cheng et al., Zhang
et al., and Du et al. are among the most prominent
authors. Additionally, journals such as Energy,

Cheng et al. |
Zhang et al. |
Duetal. |

Sunetal. f

Applied Energy, and Ocean Engineering appeared
most frequently, reflecting the interdisciplinary
and energy-focused nature of the field.

Top Contributing Authors

Energy

Applied Energy |

Renewable & Sustainable Energy Reviews
Ocean Engineering |

Journal of Marine Science & Eng. |

Sensors

2 3 4 5
Number of Appearances

Top Journals Cited

0 1

2 3 4 5 6
Number of Appearances

Figure 2. The authors and journals that appeared most frequently in the included papers.
Source:byNgocT. Pham.

2. Results

The analysis identified several major themes
representing the current trends and innovations in
floating buoy technology:

1. Design principles and structural innova-
tions. Recent research has highlighted advance-
ments in modular construction, composite materials,
and hydrodynamic optimization. Novel buoy
shapes, such as teardrop, turbinate, and top-shaped,
have significantly reduced drag forces and im-
proved energy capture efficiency [22-26]. Bio-
inspired features, such as water lily shaped sta-
bilizers, have contributed to buoy resilience in
dynamic ocean environments.

2. Energy harvesting and conversion techno-
logies. Wave energy conversion remains a central
focus, with oscillating buoy systems and hybrid

devices incorporating oscillating water columns
showing substantial performance improvements.
Innovations include multi-degree-of-freedom har-
vesters, piezoelectric and triboelectric generators,
and dual-mode devices that combine wave and
tidal energy [15—18; 27-31]. By integrating floating
breakwaters with energy converters, hybrid systems
also demonstrate cost efficiency and enhanced
coastal protection [4-8].

3. Applications in oceanography, monitoring,
and renewable energy. Buoys are widely used in
ocean monitoring, weather forecasting, navigation
support, and integration with offshore wind and
aquaculture systems [32-36]. Advances in sensor
technologies, wireless communication, and self-
sustaining power systems have significantly
improved data quality and system longevity [33;
36-37].
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4. Challenges, limitations, and environmental
considerations. These include optimizing energy
capture in low-energy seas, maintaining operational
stability under extreme conditions, reducing system
costs, and addressing environmental impacts [28;
38]. The need for robust mooring, reliable data
transmission, and sustainable materials is frequently
emphasized [32; 37]. Environmental impact assess-
ments remain limited, particularly for large-scale
deployments [19— 21].

The key claims and their corresponding evi-
dence strength are summarized in Table 1 to syn-
thesize insights from the reviewed literature. The
table categorizes the level of empirical support,
ranging from strong evidence validated by multiple
studies to areas where the evidence is weak or
emerging.

This structured framework clarifies the maturity
of research themes and highlights areas that require

further validation.

Table 1. Summary of key claims and the strength of supporting evidence

. Evidence .
Claim Strength Reasoning Papers

Hybrid WEC-breakwater systems enhance both Strong Multiple experimental and simulation studies showed 1[21 232 1203
energy conversion and wave attenuation superior performance over single devices 2‘5 3:0] ’
Optimized buoy geometry and array configurations Strong Simulation and laboratory experiments confirmed | [2, 17, 21,
significantly improve wave energy capture up to 50% efficiency gains with optimized designs 39, 49, 50]
Piezoelectric and triboelectric harvesters enable Moderate Prototypes and field tests demonstrated reliable [4, 15, 44]
self-powered, autonomous buoy operation power for sensors and data transmission T
Modular and eco-friendly buoy designs are Moderate Design studies and prototypes demonstrated cost- [19, 27,
feasible and scalable for large deployments effectiveness and environmental benefits 31, 33]
Real-world, long-term performance data for Most studies are laboratory-based or short-term | 45 54

R Weak field trials, and few long-term deployments have
advanced buoy systems is limited been reported 31,41, 42]
The environmental impacts of large-scale buoy Weak Limited research on ecological effects and sustain- | [2, 34, 39,
deployments require further investigation ability at scale 50]

Source:byNgocT. Pham.

3. Discussion

Recent advancements in floating buoy tech-
nology have significantly expanded their role in
marine energy harvesting, environmental moni-
toring, and multi-platform hybrid systems. The
reviewed literature highlights significant improve-
ments in buoy design optimization, energy
harvesting mechanisms, and integration with other
marine structures, such as floating breakwaters and
offshore wind turbines. These innovations enable
buoys to serve as multifunctional platforms for
sustainable ocean observation and renewable-
energy production.

Despite these achievements, several know-
ledge gaps remain. Long-term real-world perfor-
mance data for many advanced buoy systems are
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limited. Although informative, laboratory and short-
term field trials do not fully capture the operational
challenges in harsh and dynamic marine environ-
ments. Similarly, the environmental sustainability
and scalability of buoy deployments require further
research. Modular and eco-friendly designs are
promising; however, their ecological impacts and
long-term viability for widespread implementation
remain untested.

Interdisciplinary collaboration is essential to
address these gaps. Future research should prioritize
large-scale, long-duration field trials and compre-
hensive assessments of environmental impacts.
The development of adaptive mooring solutions
and robust communication networks is critical for
improving the reliability and resilience of floating
buoy systems under extreme conditions.
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To illustrate ongoing efforts in advancing
buoy-based observation systems, Figure 3 (adapted
from Zhang et al. [50]) presents the conceptual
design of the Mooring Buoys Observation System
for Benthic with Electro-Optical-Mechanical Cable
(MBOSBC).

This hybrid system integrates surface buoys
and seafloor nodes through an Electro-Optical-
Mechanical (EOM) cable, enabling simultaneous
data and power transmission. The surface buoy is
powered by wind and solar energy. It communicates
via satellite, wireless radio, and acoustic links,
whereas the benthic node collects environmental
data such as temperature, pressure, salinity, and
video imagery. The modularity of the system
and its ability to coordinate with other under-
water platforms (e.g., AUVs and landers) exemplify
a next-generation approach to ocean observation.
MBOSBC represents a transitional design that
bridges traditional buoy networks and fully cabled
observatories, offering enhanced monitoring capa-

n'J

Real Time ¢ * g

bilities with greater deployment flexibility. Floating
buoy technology can evolve into an integral com-
ponent of intelligent, sustainable ocean networks
by incorporating hybrid observation platforms
and novel energy-harvesting devices. Addressing
current limitations through long-term trials and
environmental studies and integrating multi-sensor,
energy-autonomous systems will pave the way
for scalable and eco-friendly solutions in the blue
economy.

To further illustrate the state of research cove-
rage and gaps, Table 2 presents a matrix that maps
key research topics to five critical study attributes:
lab-scale prototypes, field trials, long-term deploy-
ments, environmental impact, and hybrid integ-
ration.

The table shows that although wave energy
conversion has received extensive lab-based study,
there is a notable deficiency in real-world vali-
dations and environmental research, particularly
for sustainable design and long-term deployment.
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Figure 3. Concept design of mooring buoys observation system
Source:by AliAzam et al. [50].
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Table 2. Research coverage matrix by topic and study attribute

Topic /Atibute | Sabectle | poatias | dongiems | Enveonmental | Hybrid
Wave Energy Conversion 18 7 3 2 10
Oceanographic Monitoring 8 6 2 3 1
Offshore Wind / Aquaculture 4 2 1 1 2
Power / Data Transmission 5 2 1 1 GAP
Environmental Sustainability 3 1 GAP 2 GAP

Source:byNgocT. Pham.

Conclusions

This study reviewed the key innovations,
challenges, and future directions in floating buoy
technology. Based on this analysis, the following
conclusions can be drawn:

1. Floating buoy technology has significantly
improved, particularly in marine application design
optimization, material engineering, and hybrid
system integration.

2. Modular construction, bio-inspired hydro-
dynamics, and smart sensor integration have im-
proved performance, enabling buoys to operate
autonomously under harsh marine conditions.

3. Hybrid systems combining buoys with
breakwaters or wind turbines demonstrate strong
potential for cost efficiency and energy yield but
require further real-world validation.

4. Major challenges remain in the long-term
deployment of data, operational reliability under
extreme sea states, and insufficient environmental
impact assessments.

5. Future research should prioritize scalable
designs, interdisciplinary collaboration, and com-
prehensive ecological assessments to enhance the
role of buoys in a sustainable blue economy.
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